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ENVIRONMENT, INC., a Washington 
Non-Profit Corporation 
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CENTER FOR FOOD SAFETY, INC., 
a Washington, D.C. Non-Profit 
Corporation, 
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DOLSEN COMPANIES, a Washington 
Corporation, and THREE D 
PROPERTIES, LLC, a Washington 
Limited Liability Company, 
 

Defendants. 
------------------------------------------------- 
COMMUNITY ASSOCIATION 
FOR RESTORATION OF THE 
ENVIRONMENT, INC., a 
Washington Non-Profit Corporation 

and 

NO.  13-CV-3016-TOR 
NO.  13-CV-3017-TOR 
NO.  13-CV-3019-TOR 
 
 
 
DECLARATION OF DR. 
MICHAEL RUSSELLE IN 
SUPPORT OF PLAINTIFFS’ 
MOTION FOR AWARD OF 
ATTORNEY AND EXPERT 
WITNESS FEES AND COSTS 
 
 
 



 

DECL. OF RUSSELLE IN SUPPORT OF PLAINTIFFS’ MOT. FOR AWARD OF ATTORNEYS & EXPERT 
WITNESS FEES AND COSTS 2 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

 

CENTER FOR FOOD SAFETY, 
INC., a Washington D.C. Non-Profit 
Corporation, 

Plaintiffs, 

v. 

GEORGE & MARGARET, LLC, a 
Washington Limited Liability 
Company, GEORGE DeRUYTER & 
SON DAIRY, LLC, a Washington 
Limited Liability Company, and 
D&A DAIRY and D&A DAIRY 
LLC, a Washington Limited Liability 
Company, 

Defendants. 
------------------------------------------------- 
COMMUNITY ASSOCIATION FOR 
RESTORATION OF THE 
ENVIRONMENT, INC., a Washington 
Non-Profit Corporation 
 and 
CENTER FOR FOOD SAFETY, INC., a 
Washington, D.C. Non-Profit 
Corporation, 
    Plaintiffs, 
 v. 
 
HENRY BOSMA DAIRY, a 
Washington Proprietorship, aka HANK 
BOSMA DAIRY, aka BOSMA DAIRY, 
LIBERTY DAIRY, LLC, a Washington 
Limited Liability Company, ARIZONA 
ACRES LIMITED PARTNERSHIP, a 
Washington limited partnership, 
LIBERTY ACRES, LLC, a Washington 
Limited Liability Company, and MR. 
HENRY BOSMA, an individual, 
    Defendants. 
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I, Dr. Michael Russelle, hereby declare as follows: 

1. I am over the age of eighteen and competent to make this declaration.  I 

make this declaration in support of Plaintiffs’ Motion for Award of Attorneys and 

Expert Witness Fees and Costs. 

2. I received my B.S. in Agronomy from Oregon State University in 1976, and 

in 1978, received an MS in Crop Science from that same University.  I received a 

Ph.D in Agronomy from the University of Nebraska in 1982.   

3. I have not been involved or consulted in this litigation in any way before the 

Consent Decrees were signed and entered by the Court.  I am offering the 

following opinions voluntarily, without any fee.  A list of citations is contained at 

the end of this declaration.   

4. I retired in January 2015 after more than 32 years as a Research Soil 

Scientist with the USDA-Agricultural Research Service. I worked in the Plant 

Science Research Unit in St. Paul, MN, was affiliated with the US Dairy Forage 

Research Center in Madison, WI, and am an Adjunct Professor in the Dept. of Soil, 

Water, and Climate at the University of Minnesota. Before joining ARS in 1982, I 

worked for four years to optimize nitrogen fertilizer management on irrigated corn 

for my Ph.D. research in Nebraska. 

5. With the finding that dairy manure can be considered a solid waste under the 

Resource Conservation and Recovery Act (RCRA) of 1976, the US District Court 
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for the Eastern District of Washington (Community Association for Restoration of 

the Environment (CARE) v. Cow Palace, LLC, No. 13-CV-3016-TOR (E.D. Wash 

1/14/15)) set a clear precedent that other regulatory bodies should follow, in my 

professional opinion. I have conducted research for over 36 years to help farmers 

and their advisors understand how to manage sources of nitrogen on farms, but the 

problems with poor manure management, in particular, continue to grow.   

6. My research has focused on nitrogen cycling in agricultural systems, 

particularly on dairy farms, with the goal of minimizing nitrogen losses to water 

and the atmosphere, and maximizing its use as a crop nutrient. This has required an 

understanding of nitrogen transformations and cycling in soil, water, livestock, 

manure, and the atmosphere, effects of feed composition, soil conditions, weather, 

crop species, management of soil, crops, nutrient application, and water supply, 

and practical logistics on the farm. Because phosphorus similarly is both critical 

for crop and livestock growth and can be a significant environmental contaminant, 

I also worked on its management. Much of my work involved transferring research 

results to farmers, farm advisors, state and federal personnel, and the public.  

7. When well managed, dairy cattle produce more food protein per unit feed 

protein than fish, laying hens, chicken, swine, or beef cattle (Smil, 2002). Most 

nitrogen in feed is contained in protein. After utilizing feed nitrogen for milk, the 

growing calf, and small amounts needed by the cow herself, dairy cattle then 
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excrete most of the remaining feed nitrogen (roughly 60% of their dietary nitrogen) 

as urine and dung (collectively with bedding material called manure).  

8. The problem of manure mismanagement and disposal is widespread but is 

not typical of all operations. In answers to surveys, many farmers self-reported that 

they follow best management practices and nutrient management guidelines from 

the Extension Service or Land Grant Universities. In the same surveys, however, 

many others have reported rates of fertilizer and manure applications that greatly 

exceed the guidelines. For example, more than 70% of surveyed dairy operators in 

Minnesota reported applying manure and fertilizer to corn at rates that exceeded 

the recommended rate by at least 30 and up to 260 pounds of N per acre (Yost et 

al., 2014).  

9. This problem is not new. A century ago, two professors at the Iowa State 

College wrote,  “Manure is considered a waste product on the average farm and 

very often care is not taken that it be stored properly and losses of valuable 

portions be prevented.” (Stevenson and Brown, 1918, p.12). The number of 

publications on Google Scholar including terms “waste disposal” and “dairy,” and 

excluding references to wastes other than manure, rose from about 20 in the 1920s 

to over 1000 in the 1980s, and to more than 7000 in 2001 to 2010. The use of 

“waste” to refer to manure and the mindset of “disposal” indicate the prevalence of 

this concerning mindset among authors. In contrast, a similar search with “manure 
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utilization” replacing “waste disposal” yielded none before 1964 and fewer than 

300 in 2001-2010, only 4% as many as those using “waste disposal.”  

10. There now are excellent on-line manure management planners available and 

private and public farm advisory services that can help farm operators determine 

how to optimize nutrient utilization from manure. Scientists and Extension 

specialists have called for more work with dairy farmers to reduce purchased 

fertilizer input in proportion to the nutrient supply by manure and by terminated 

annual and perennial forage stands in crop rotations (Cela et al., 2014; Powell and 

Rotz, 2015). Despite these advances, University faculty in the US felt that 

regulation was the primary reason that producers managed manure better (Schmitt 

et al., 1999). 

11. Over the past 20 years, dairy farm numbers declined by nearly 60% 

(MacDonald and Newton, 2014), driven largely by the prevailing economics of 

dairy farming. Although many smaller dairy farms are profitable, especially when 

producing for niche markets, the average costs of production per hundredweight 

(cwt) of milk produced are higher for smaller herds ($39.11/cwt for herds < 49 

cows) than for larger herds ($13.80/cwt for herds >1,999 cows), and operations 

with large herds are more often profitable (MacDonald and Newton, 2014). 

12. But many dairy farms also have specialized in the livestock enterprise, and 

reduced the amount of land they farm. As a result, dairy cows are now 
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concentrated on fewer farms with smaller land base per cow. For example, on 

farms with herds of 200 to 699 cows averaged 2.5 acres per cow, whereas herds of 

1000 cows or more averaged 5.4 cows per acre (0.18 acre per cow) in 2005 

(MacDonald et al., 2007). Stocking rate in two important dairy regions showed that 

half of the dairy farms in Wisconsin had more than 5 acres per lactating cow in 

2002, whereas half the farms in the Central Valley of California had more than 3.2 

cows per acre (Powell et al., 2010). These large, land-poor operations must have 

agreements in place with neighbors to utilize the manure at agronomic (i.e., 

beneficial) rates. The same trends have occurred in poultry, swine, and beef cattle 

production.  

13. Due to greater size of operations, increasing livestock-to-land area ratios, 

limitations in labor or equipment, and adverse weather and soil conditions, farmers 

often are faced with difficult management decisions. Manure handling, storage, 

and application also cost money. The decision in CARE v. Cow Palace makes it 

clear that dairy farm operators, and other livestock and poultry producers, can be 

held liable for their manure, regardless of the size of the operation. This should 

motivate these producers to overcome the difficulties involved in proper manure 

handling, storage, and application that have prevented them from conserving and 

utilizing this beneficial material. Furthermore, it should encourage the use of 
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terminology that eventually transforms the prevailing attitude about manure being 

a “waste” to be “disposed.” 

14. Achieving beneficial use of manure nutrients is easiest with an adequate 

cropland area, whether crop production is an integral part of the dairy farm, or 

whether they are separate operations that trade feed and manure (Russelle et al., 

2007). Although it is only one of the concerns for long-term sustainability raised 

by the concentration of animals (Rosenstock et al., 2014), exceeding the carrying 

capacity of the land for manure nutrients clearly increases the risk of 

environmental degradation, and changes how manure is viewed by the courts. For 

example, significant nitrogen contamination of groundwater has occurred under 

dairy cow loafing areas even in areas where annual rainfall is too low to cause 

nitrate leaching by itself (Harter et al., 2014). The Wisconsin Supreme Court 

(Wilson Mutual Insurance Co. v. Falk, 2014 WI 136 (Wis. 2014)) recently held 

that manure meets the definition of a pollutant when it contaminates drinking 

water. CARE v. Cow Palace goes further in holding that leaching of manure 

contaminants into the environment can present “an imminent and substantial 

endangerment” under RCRA.  

15. The settlement reached in the CARE v. Cow Palace case provides crucial 

manure management limitations. I am not familiar with this particular facility or 

two others in the Yakima Valley that are involved in similar settlements. However, 
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given the findings of the Court, the elements of the settlement concerning lagoon 

lining, adjustments of future nitrogen and phosphorus applications based on 

appropriate soil sampling for the region, changes in composting operations, and 

use of impermeable surfaces with runoff collection for animals and ensiled feed 

provide the kind of site specific limitations that all facilities with such similar 

pollution problems should adopt. 

16. I have spent a great deal of my career researching issues of manure 

management in the dairy sector and have published numerous articles and 

presented dozens of invited talks on this subject. In my years working for USDA, I 

often made recommendations for changes in practices and guidelines to achieve 

better economic return from manure nutrients and to better protect the environment 

from poor manure management. Those recommendations have not been generally 

well accepted due, I think, to the additional direct and indirect costs entailed, and, I 

speculate, to the reluctance of regulators and non-regulatory agricultural advisory 

groups to be perceived by dairy operators as unduly interfering with farm 

operations. The findings of the CARE v. Cow Palace case emphasize the need for 

clear communication with farm operators by all advisors about prudent manure 

storage and application to minimize risk of undesirable outcomes. 

17. The requirements in the settlement agreement in this case provide 

dramatically more protective elements of improved manure management that I 
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ac-ft acre-feet 

AOC Administrative Order on Consent 

AASHTO American Association of State Highway and Transportation Officials 

AMRL AASHTO Materials Reference Laboratory 

ASTM American Society of Testing and Materials 

cm/s centimeters per second 

EPA U.S. Environmental Protection Agency 

FML Flexible Membrane Liner 

ft foot or feet 

GCL Geosynthetic Clay Liner 

HSP Health and Safety Plan 

HDPE High-Density Polyethylene 

lb pounds (U.S.) 

lb/in pounds per inch 

lb/in2 pounds per square inch 

in inch 

IES Inland Earth Sciences Corporation 

µm micrometers 

NRCS Natural Resources Conservation Service 

NAVD North American Vertical Datum 

OM&M Operations, Monitoring, and Maintenance 

PC Project Coordinator 

oz ounce (U.S.) 

oz/sq yd ounce per square yard 

WA Washington State 

YVD Yakima Valley Dairies 
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1 INTRODUCTION 

This Lagoon Work Plan was prepared by Inland Earth Sciences Corporation (IES) on behalf of 
Cow Palace, LLC. (Cow Palace). This Lagoon Work Plan is a work plan for the design and 
installation of liner systems in lagoons located at the Cow Palace Dairy consistent with the 
requirements identified in Section III.F.6 of the Statement of Work (SOW) [Appendix A of the 
Administrative Order on Consent (AOC) SDWA 10-2013-0080].  

Specifically, Section III.F.6 of the AOC SOW identifies that “the Lagoon Work Plan shall describe, 
at the Respondents election, measures to address leakage or how Respondents will line those 
lagoons to meet the current standard at the rate of one lagoon per Dairy Facility per year.” The 
“current standard” is identified as the soil permeability rate of 1×10-6 centimeters per second 
(cm/s) identified in the Washington National Resources Conservation Service (WA NRCS) 
Conservation Practice Standard No. 313 – Waste Storage Facility (WA NRCS, 2004). Further, 
lining is identified as lining as described in NRCS Conservation Practice Standard No. 521 A 
through D (NRCS, 2011). 

2 BACKGROUND 

Pursuant to the requirements of Section III.F.6 of the AOC SOW, the Cow Palace Dairy submitted 
to the U.S. Environmental Protection Agency (EPA) a Cow Palace, LLC Lagoon Review Report – 
Version 2 (ARCADIS, 2013) on August 8, 2013. As required by Section III.F.6 of the AOC SOW, 
the purpose of the Lagoon Review Report was to “provide(s) information, i.e., plans and 
specifications signed by a State of Washington licensed professional engineer, that shows that 
existing lagoons are constructed to current WA NRCS 313 standards, including a soil 
permeability rate not to exceed 1×10-6 (“NRCS 313 standard”).” The results of the Cow Palace, 
LLC Lagoon Review Report – Version 2 showed that Lagoon #4 was the only lagoon at the Cow 
Palace Dairy that was constructed after the promulgation of the current 2004 Washington (WA) 
NRCS Conservation Practice Standard No. 313 – Waste Storage Facility. Lagoon #4 was 
constructed in 2006. Sufficient design and construction quality assurance/quality control 
documentation was available to show that Lagoon #4 was constructed to have a soil foundation 
material permeability of 5.7×10-7 centimeters per second (cm/s). Because the remainder of 
lagoons at the Cow Palace Dairy were constructed prior to the promulgation of the 2004 WA 
NRCS Conservation Practice Standard No. 313 foundation material permeability requirement, no 
documentation was found or expected to be found that showed the lagoons complied with the 
2004 WA NRCS Conservation Practice Standard No. 313 foundation material permeability 
requirement. 

Figure 1 shows the locations of liquid manure storage lagoons and other water storage facilities 
at the Cow Palace Dairy that either contain liquid manure or water that may have come into 
contact with manure at the dairy. In total, there are four lagoons (numbered 1 through 4), two 
settling basins (A and B), two catch basins (Northeast [NE] and Northwest [NW]), and a Safety 
Debris Basin. The approximate dimensions of each facility are shown on Table 1. 
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Table 1 – Cow Palace Lagoon Dimensions 

Lagoon 
Length 

(ft) 
Width 

(ft) 
Depth 

(ft) 
Capacity 
(gallons) 

Capacity 
(ac-ft) 

Interior Side 
Slopes 

Lagoon #1 430 280 30 18,300,000 56 2H:1V 
Lagoon #2 200 300 15 5,200,000 16 2H:1V 
Lagoon #3 200 225 20 4,400,000 13.6 2H:1V 
Lagoon #4 265 200 15 3,700,000 11.3 3H:1V 
Settling Basin A 200 133 10 1,500,000 4.7 1H:1V 
Settling Basin B 200 133 10 1,500,000 4.7 1H:1V 
Catch Basin NE 130 175 7 1,100,000 3.4 2H:1V 
Catch Basin NW 135 243 25 3,100,000 9.4 2H:1V 
Safety Debris 
Basin 

170 200 8 2,000,000 6.2 2H:1V 

 
Section III.F.6 of the AOC SOW requires the development of a Lagoon Evaluation Plan “to 
determine whether each such lagoon meets the current NRCS 313 standard. This evaluation 
shall include leak detection or water balance tests to determine that each lagoon is not leaking 
beyond the current NRCS 313 standard.” The Cow Palace Dairy has submitted to EPA several 
iterations of the Lagoon Evaluation Plan that included different evaluation methods (water 
balance testing and physical testing of in situ soil foundation material) for the purpose of 
determining the leakage rates and/or soil permeability rates of the lagoon soil foundation 
materials without coming to agreement with EPA on an evaluation method amenable to both 
parties.  

In order to move forward with implementation of the AOC in a timely manner, the Cow Palace 
Dairy has elected to forgo pursuit of the development and implementation of a Lagoon Evaluation 
Plan to determine which, if any, lagoons may require measures to address leakage or lining. 
Rather, the Cow Palace Dairy has elected to install liner systems in all of its lagoons that contain 
liquid manure or water that may have come into contact with manure at the dairy regardless of 
their status with respect to the 2004 WA NRCS Conservation Practice Standard No. 313 
permeability standard (soil foundation material permeability of 1×10-6 cm/s). 

The Cow Palace Dairy will install liner systems in the following lagoons consistent with the 
requirements of WA NRCS Conservation Practice Standard 521A – Pond Sealing or Lining – 
Flexible Membrane (WA NRCS, 2011) in order to demonstrate compliance with WA NRCS 
Conservation Practice Standard No. 313 permeability requirements: 

 Catch Basin NW 
 Settling Basin A 
 Settling Basin B 
 Lagoon #1 
 Lagoon #2 
 Lagoon #3 
 Lagoon #4 
 Safety Debris Basin 

As noted above, Lagoon #4 was constructed in 2006, following promulgation of the 2004 WA 
NRCS Conservation Practice Standard No. 313 permeability requirement. Construction quality 
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assurance documentation was available to demonstrate that the permeability of the Lagoon #4 
foundation material (5.7×10-7 cm/s) was less than the permeability requirement (1×10-6 cm/s). 
While the Cow Palace Dairy has demonstrated that Lagoon #4 is in compliance with the 
requirements of Section III.F.6 of the AOC SOW, the Cow Palace Dairy has elected to conduct 
additional work at Lagoon #4 to maintain consistency in operations and maintenance with the 
other manure storage lagoons in its manure management system. 

Catch Basin NE is not currently included in this Lagoon Work Plan for the installation of a liner 
system because it is currently slated for elimination. Instead of lining Catch Basin NE, a lagoon 
abandonment design will be developed for Catch Basin NE that is consistent with the 
requirements of NRCS Conservation Practice Standard No. 360 – Waste Facility Closure (WA 
NRCS, 2013). In the event that operational circumstances do not allow for the abandonment of 
Catch Basin NE, a lagoon liner system design package consistent with this Lagoon Work Plan will 
be developed and implemented for Catch Basin NE. 

3 PROJECT ORGANIZATION 

This section presents the organization structure and lines of communication that will be followed 
to implement the activities presented in this Lagoon Work Plan. 

The Cow Palace Dairy has retained IES to develop and implement this Lagoon Work Plan for the 
purposes of designing lagoon liner systems for each of the lagoons identified in Section 2.0 and 
implementation of the lagoon liner system designs.  

The Yakima Valley Dairies (YVD) Project Coordinator (PC) is responsible for the implementation 
of all activities identified in this Lagoon Work Plan, and will maintain communication with the EPA 
PC as required to communicate progress and resolve issues that may arise during the design and 
implementation process. The YVD PC has overall authority over the project team and 
implementation of the Lagoon Work Plan. 

The Design Engineer is responsible for the implementation of pre-design data collection activities 
(Section 5); review and use of data for the purpose of lagoon liner design; and development and 
review of lagoon liner system design basis reports, design drawings, specifications, and cost 
estimates that will be generated during the implementation of the Lagoon Work Plan. The Design 
Engineer is a Washington State licensed Professional Engineer and will sign and seal the final 
design drawings developed for each lagoon. 

The YVD PC and the Design Engineer will develop appropriate corrective actions to address any 
potential issues or deficiencies that may occur related to pre-design data collection activities and 
laboratory analysis. Corrective actions, if required, will be communicated to the EPA PC and will 
be implemented and documented, as required. 

Laboratory analysis of soil samples will be performed by soils laboratories certified to perform the 
testing using the methods identified in Section 5 by the American Association of State Highway 
and Transportation Officials (AASHTO) Materials Reference Laboratory (AMRL). Because of the 
large number of samples that will be collected during the pre-design data collection phase at the 
Cow Palace Dairy and other facilities subject to the requirements of the AOC SOW, the 
compressed design schedule required to accommodate implementation of lagoon lining in a 
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timely manner, and the limited number of laboratories and laboratory capacity, it will be necessary 
to employ multiple laboratories to perform analysis of the samples. At a minimum, all samples 
collected form a single lagoon will be sent to the same laboratory. This will maintain consistency 
in sample results and eliminate variability that may occur between laboratories conducting the 
same analysis.  

4 CONCEPTUAL LAGOON LINING DESIGN  

This section presents an overview of the major components of the typical conceptual design that 
will be employed for liner systems for the lagoons and water storage features at the Cow Palace 
Dairy identified in Section 2.0. The major components of the typical conceptual design were 
selected and developed to comply with design criteria and additional considerations identified in 
the 2004 WA NRCS Conservation Practice Standard No. 313. The major components discussed 
in this section are not intended to present an exhaustive or all-inclusive listing of all components 
that will be incorporated into each lagoon liner system design. However, the major components of 
the typical conceptual design discussed in this section are sufficient to provide a clear picture and 
understanding of the technologies that will be employed to line lagoons and water storage 
features at the Cow Palace Dairy. As noted in the subsections below, some components will be 
common to all lagoons and water features (such as, geosynthetic clay liners and synthetic flexible 
membrane liners) while others may only be employed at select locations (such as, concrete 
access ramps). 

4.1 Flexible Membrane Liners 

All lagoons and water storage features identified for lining will be lined with a liner system 
consisting of a geosynthetic clay liner (GCL) and a 40 mil high density polyethylene (HDPE) liner 
system. A typical cross-section showing the lagoon liner system is shown on Figure 2. The GCL 
will be placed over a compacted soil foundation consistent with the requirements of WA NRCS 
Conservation Practice Standard No. 521A – Pond Sealing or Lining – Flexible Membrane (WA 
NRCS, 2011). The GCL will meet the minimum requirements identified in WA NRCS Material 
Specification MS-223: “Geosynthetic Clay Liner” (WA NRCS, 2002).  

A cushion layer may be placed between the GCL and the underlying compacted soil foundation if 
the underlying soil foundation material (interior side slopes and bottoms) contains sharp rocks or 
rocks greater than three-eighths (3/8) of an inch (in) in diameter in the upper 6 inches of the soil 
foundation material. The cushion layer will consist of a 10-ounce per square yard (oz/sq yd) or 
heavier non-woven geotextile placed between the soil foundation material and the GCL. In the 
event that it is determined that the use of a geotextile cushion layer is not optimal, then the upper 
6 inches of the soil foundation material may be removed, screened to remove rocks greater than 
3/8-in diameter, replaced, and recompacted prior to placement of the GCL.   

The 40 mil HDPE liner will be placed directly above the GCL. The 40 mil HDPE liner material will 
meet the requirements presented in WA NRCS Material Specification MS-222: “HDPE and 
LLDPE Flexible Membrane Liner” (WA NRCS, 2002) shown in Table 2. Table 2 presents material 
specifications for both smooth and textured 40 mil HDPE liner material. The selection of smooth 
versus textured HDPE liner will be determined during design based on the expected operational 
conditions and maintenance requirements for each lagoon or water storage feature. 
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Table 2 – WA NRCS Material Specification MS- 222 – 40 mil HDPE Liner 

Property Test Method Smooth Textured 
Density, g/cc ASTM D 1505 0.940 0.940 
Tensile Properties: 
 Yield Stress, lb/in 
 Break Stress, lb/in 
 Yield Elongation, % 
 Break Elongation, % 

ASTM D 638  
84 
152 
12 
560 

 
84 
60 
12 
100 

Tear Resistance, lb ASTM D 1004 28 28 
Puncture Resistance, lb ASTM D 4833 72 60 
Carbon Black Content, % ASTM D 1603 2-3 2-3 
Carbon Black Dispersion ASTM D 5596 Cat 1-2 Cat 1-2 
Seam Properties: 
 Shear Strength, lb/in 
 Peel Strength, lb/in2 

ASTM D 4437  
80 
52/FTB 

 
80 
52/FTB 

 
If during design, it is determined that a cushion layer is required to provide protection for the GCL 
and 40 mil HDPE liner during installation, a cushion layer may be placed over the GCL prior to 
the installation of the 40 mil HDPE liner. The cushion layer will consist of a 3 oz/sq yd or heavier 
non-woven geotextile. 

The combined GCL and 40 mil HDPE liner system will be secured in a continuous anchor trench 
located on top of the lagoon embankment a minimum of 1 foot above the maximum operating 
level. The dimensions of the anchor trench will be determined during design. 

A minimum of 12 inches of compacted fill will be placed over the liner system. The fill material will 
be screened to remove all sharp rocks and rocks greater than 3/8 of an inch in diameter. The fill 
material will be compacted to a level equal to or greater than 90 percent of the Standard Proctor 
(ASTM D 698) density for those soils to reduce the potential for settlement, ensure slope stability, 
and reduce soil permeability. The thickness of the cover fill material will be increased in higher 
traffic areas and areas where additional protection of the liner system is desired. A non-woven 
geotextile will be placed 3 inches below the surface of the final top elevation of the fill to act as a 
warning layer to protect the liner system. 

During design, it may be determined that operations and maintenance of the liner system may be 
simplified by exposing the 40 mil HDPE liner. In this event, a minimum of 12 inches of compacted 
fill will be placed directly over the GCL liner and the 40 mil HDPE liner will be placed on top of the 
compacted fill. 

4.2 Side Slopes 

The interior and exterior (where present) side slopes of all lagoons will be evaluated for 
compliance with design criteria in the current 2004 WA NRCS Conservation Practice Standard 
No. 313. The current design criteria identify that the combined side slopes (interior plus exterior) 
shall not be less than 5 horizontal to 1 vertical (5H:1V), with no single slope greater than 2H:1V. 
In the event that an exterior side slope is not present, for example, a lagoon completed below or 
at grade, then the no single slope greater than 2H:1V guides the maximum slope allowable. 
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For all lagoon liner systems designed under this Lagoon Work Plan, the interior side slopes will 
be reshaped and graded to a 3H:1V or flatter slope prior to the installation of the liner system.  All 
exterior side slopes, if present, will be graded to a 2H:1V or flatter slope as determined during 
design.  

All side slope material will be compacted to a level equal to or greater than 90 percent of the 
Standard Proctor (ASTM D 698) density for those soils to reduce the potential for settlement, 
ensure slope stability, and reduce soil permeability.  

In the event that import material or local borrow material is required to meet material balances 
required for the reshaping and regrading of interior and exterior slopes, the material 
requirements, testing, and placement specifications will be included in the lagoon lining design. 

4.3 Lagoon Bottom 

Lagoon bottoms will be regraded and sloped to encourage drainage to one point in the lagoon 
bottom. This low spot will be the location where solids cleanout will occur. Depending on 
operational and maintenance requirements, the low spot may be configured as a swale or sump 
to facilitate cleanout. 

All lagoon bottom foundation material will be compacted to a level equal to or greater than 90 
percent of the Standard Proctor (ASTM D 698) density for those soils to reduce the potential for 
settlement and reduce soil permeability. 

4.4 Embankment 

Embankment top widths will meet the criteria contained in WA NRCS Conservation Practice 
Standard No. 313 (Table 3).  

Table 3 – Embankment Minimum Top Widths 

Total Embankment Height (ft) Top Width (ft) 
15 or less 8 
15 – 20 10 
20 – 25 12 
25 – 30 14 
30 – 35 15 

 
At a minimum, all embankments will extend 2 feet above the lagoon’s maximum operating level. 
The first foot above the operating level will contain the liner system and anchor trench and the 
second foot will include the liner soil protective cover and lagoon access roadway at the top of the 
embankment. In cases where no embankment is present (such as lagoons constructed below 
grade) then the maximum operating level will be one foot below grade, and the liner system will 
extend up to grade. The soil protective cover and lagoon access roadway will be constructed 
above grade. 
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4.5 Lagoon Access 

Access to the bottoms of manure storage lagoons and other water storage features that 
experience significant solids build up is required in order to remove solids physically with heavy 
equipment or introduce agitation to the solids that results in their liquefaction allowing their 
removal by pumping. The Cow Palace Dairy is in the process of installing a centrifuge at the 
facility. The centrifuge will be placed in the manure process stream after the current solid 
separator screens. Liquid from the separator screens will be directed through the centrifuge. It is 
anticipated that the use of the centrifuge will greatly reduce the volume of solids entering the 
liquid manure storage system.  

As part of the introduction of the centrifuge into the solid separation process at the Cow Palace 
Dairy, some modifications to the liquid manure handling system will also occur. Settling Basin A 
will be used solely to handle liquid manure collected using vacuum trucks. This material is 
typically sold directly to third party farmers for use as a fertilizer and is therefore not screened or 
added to the rest of the liquid manure storage system. Liquid from the centrifuge will be directed 
to Settling Basin B, then to Lagoon #1, Lagoon #2, Lagoon #3, and finally Lagoon #4 before 
application as a fertilizer to the Cow Palace Dairy cropping fields.  

The use of the centrifuge is expected to greatly reduce the volume of solids remaining in the 
liquid manure and therefore reduce the amount of solids that will settle out of the liquid manure as 
it moves through the liquid manure storage system. Therefore, access for cleanout using agitation 
equipment would only likely be needed at Settling Basin A, Settling Basin B, and Lagoon #1. 

For Settling Basin A, Settling Basin B, and Lagoon #1, concrete access ramps and equipment 
pads will be included in the lagoon liner design package. The concrete ramps and equipment 
pads will be constructed above the liner system. This will allow the liner system to be continuous 
across the lagoon. The access ramps will be placed on slopes of 5H:1V or flatter and will extend 
to the bottom elevation of the lagoon. At the end of the access ramp, an equipment pad will be 
placed that is, at a minimum, equal in width to the access ramp and of sufficient length to 
accommodate solids cleanout equipment safely. 

4.6 Gas Venting 

The presence of organic materials, even at trace levels, can allow for the production of gasses. 
The presence of these gasses can result in whaling, bubbling, uplift, or the eventual failure of 
flexible membrane liners. This is a common occurrence when manure lagoons have been 
retrofitted with flexible membrane liners.  

Prior to the initiation of design activities, all liquid and solid manure will be removed from lagoons 
down to the current soil foundation material at the direction of the Design Engineer. While every 
effort will be made to ensure that all organics have been removed, the potential exists that some 
organic material or residuals may remain behind. Therefore, gas venting will be included in all 
lagoon liner system designs developed under this work plan. 

The gas venting system will include vents penetrating the liner system. The vents will be located 
in the upper portion of the 1 foot of freeboard between the maximum operating level and the top 
of the embankment or ground surface. The vent penetrations in the HDPE material will be 
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covered by a layer of HDPE that is sealed to the 40 mil HDPE liner on three sides allowing 
gasses to escape on the fourth side. The dimensions of the gas vent penetrations and their 
spacing along the perimeter of the liner will be determined during design. 

In addition to the vents, a piping system may also be included to aid in venting gasses from 
beneath the liner. The need for the piping system will be determined during design, but would 
likely include perforated pipe placed in sand-filled ditches located in the lagoon bottom and side 
slopes. The spacing and configuration of the piping vent system would be determined during 
design. 

4.7 Inlet and Outlet Piping 

All inlet and outlet piping associated with lagoons being lined will be replaced with HDPE piping. 
The use of HDPE piping will allow for more secure and consistent connections with the GCL and 
HDPE liner materials versus other materials. The extent of piping replacement upstream or 
downstream of the lagoon liner will be determined during design and construction. 

4.8 Operations, Maintenance, and Monitoring Plan 

All lagoon liner designs will include and operations, maintenance, and monitoring plan (OM&M 
Plan). Appropriate operations, maintenance, and monitoring are necessary to ensure the safe 
and efficient operation of lagoon liner systems. The OM&M Plan will include, at a minimum: 

 Identification of the maximum operating liquid level 
 Lagoon liquid level and water balance monitoring 
 Lagoon operation details 
 Piping and pump maintenance 
 Lagoon cleanout methodology 
 Lagoon liner inspection and testing schedule 

4.9 Washington Dam Safety Act 

For all waste storage ponds that impound 10 acre-feet or more of wastewater, Washington 
Administrative Code (WAC) Chapter 173-175 Dam Safety Regulation, requires review and 
approval of the construction plans and specifications by the Washington Dam Safety Office 
(Department of Ecology).  

Review of Table 1 shows that four lagoons at the Cow Palace Dairy currently exceed the 10 acre-
feet volume threshold. However, the volume used to determine if a structure exceeds 10 acre-feet 
of storage is the volume of wastewater stored behind a dam from the elevation measured from 
the lowest point of the outside limit of the impoundment barrier to the maximum attainable water 
surface elevation of the reservoir pool that could occur during extreme operating conditions. 
Taking this into consideration, only Lagoon #1 would be expected to trigger Dam Safety Act 
requirements.  

Following the topographic survey and design of lagoon side slopes and bottoms, each lagoon will 
be evaluated with respect to Dam Safety Act storage threshold requirements. If lagoons are found 
to have stored volumes that exceed Dam Safety Act criteria, either changes to the design of the 
lagoon will be made to reduce the volume below the criteria or design and schedule modifications 
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will be made to accommodate Washington Department of Ecology Dam Safety Act review. Any 
changes to design or schedule resulting from the need to accommodate Washington Department 
of Ecology Dam Safety Act review will be conveyed by the YVD PC to the EPA PC. 

Lagoon #1 is currently included in the Washington Department of Ecology inventory of regulated 
dams and modifications were previously made to comply with Dam Safety Act Criteria, 
specifically the inclusion of a concrete emergency spillway. As noted in the project schedule 
(Section 8), Lagoon #1 is slated for design and construction in 2016. The Design Engineer will 
contact the Washington Department of Ecology regarding the potential need for additional review 
of the Lagoon #1 liner design package as a result of changes to the lagoon resulting from 
installation of a liner. If modifications to the schedule resulting from inclusion of Washington 
Department of Ecology Dam Safety Act review are required, they will be conveyed by the YVD 
PC to the EPA PC. 

5 PRE-DESIGN DATA COLLECTION 

This section identifies the anticipated pre-design data collection activities required to provide 
information necessary to support lagoon liner design activities. All anticipated pre-design data 
collection activities are commonly conducted data collection activities identified in American 
Society for Testing and Materials (ASTM) standards and are implemented by or under the 
direction of a professional engineer. While every effort has been made to identify all pre-design 
data collection activities that will occur to support the lagoon liner design process, unforeseen 
circumstances or design requirements may require collection of additional data that were not 
anticipated during the development of this Lagoon Work Plan. In the event that this occurs, the 
YVD PC will convey these additional data collection activities to the EPA PC for discussion prior 
to the initiation of data collection activities. 

Lagoon liquid removal and solid material cleanout will be necessary prior to the commencement 
of pre-design data collection activities. Lagoon liquid removal and solid material cleanout will be 
conducted by Cow Palace Dairy personnel or a contractor hired by the Cow Palace Dairy. All free 
liquid will be removed from the lagoon and solids will be removed down to the current lagoon soil 
foundation material. The extent of material removal will be checked by the Design Engineer to 
ensure that solids removal are sufficient to provide a sufficient beginning surface for design 
purposes. Under no circumstances will collection of pre-design data occur until the liquids and 
solids have been removed from the lagoon to the satisfaction of the Design Engineer. 

5.1 Topographic Survey 

Following lagoon drawdown and cleanout, a topographic survey of the lagoon will be conducted 
by a Washington State licensed surveyor. Lagoon dimensions and elevations will be recorded as 
well as the presence and location of all inlet and outlet structures associated with the lagoon. The 
lagoon topographic survey will extend a minimum of 50 feet beyond the edge of the lagoon 
embankment or the toe of the lagoon embankment, if present.   

All lagoon-specific survey information will be recorded in a local coordinate system for the facility. 
Horizontal measurements will be accurate within 1.0-foot and vertical measurement will be 
accurate within 0.01-feet. The local coordinate system will be converted to the Washington State 
Plane Coordinate System for horizontal measurements and the North American Vertical Datum of 
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1988 (NAVD88) for mapping and other purposes by surveying in the base control points used to 
conduct the survey at the facility. 

5.2 Foundation Material Geotechnical Soil Sampling 

Samples of foundation material will be collected from each lagoon. The foundation material soil 
samples will be sent to a soils laboratory for testing using the following methods: 

 ASTM D2487 – Classification of Soils for Engineering Purposes – using: 

 ASTM D422 – Test Method for Particle Size Analysis of Soils 
 ASTM D1140 – Test Method for Amount of Material in Soils Finer than No. 200 (75 µm) 

Sieve 
 ASTM D4318 – Test Method for Liquid Limit, Plastic Limit, and Plasticity Index of Soils 

 ASTM D 698 – Test Methods for Moisture-Density Relations of Soils and Soil-Aggregate 
Mixtures Using 5.5-lb Rammer and 12-in Drop (Standard Proctor) 

Sample collection activities will be conducted by or under the direction of the Design Engineer 
and will follow the sampling guidelines and requirements presented in ASTM D 420, “Standard 
Guide to Site Characterization for Engineering, Design, and Construction Purposes,” specifically 
Section 8 “Sampling”. 

Based on historic site observations, the material types within each lagoon are generally 
consistent within a single lagoon. Therefore, collection of representative samples is not expected 
to be complicated by heterogeneities within a lagoon. However, the Design Engineer will inspect 
the foundation material within each lagoon to verify this assumption or identify areas where 
heterogeneities may be present. For lagoons with relatively heterogeneous foundation materials, 
three samples will be collected; one from the bottom of the lagoon and two from opposite interior 
side slopes. If heterogeneities or significant differences in material types are determined to be 
present within a lagoon, additional samples will be collected from these areas in addition to the 
three planned samples. All samples will be sent to the laboratory and homogenized prior to 
testing. 

5.3 Borrow/Import Material Sampling 

In the event that additional material is required in order to perform side slope and lagoon bottom 
reshaping required as part of the lagoon liner design, soil samples will be collected from potential 
borrow areas or import material sources to verify their ability to meet design requirements and 
specifications using the same laboratory analysis methods described for foundation material 
sampling in Section 5.2. The need for and collection of borrow or import material samples will be 
determined and implemented by or under the direction of the Design Engineer.  
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6 DESIGN PROCESS 

This section presents a description of the design process that will be employed for the design of 
lagoon liner systems for the Cow Palace Dairy lagoons. The design process selected for the 
design of the lagoon liner systems was selected based on the relatively straight-forward design 
requirements associated with design of lagoon liner systems for existing lagoons as well as the 
significant time constraints associated with operational considerations and a desire to implement 
a portion of the designs in 2015.  

Rather than the traditional design process of Preliminary (30%), Intermediate (60%), Pre-Final 
(90%), and Final (100%) design packages. The first design package that will be submitted to EPA 
will be at the Pre-Final (90%) design level. This will provide EPA with a relatively complete and 
straight-forward design package for review. In order to facilitate EPA design review, a design 
team review meeting between EPA and the design team will occur approximately two weeks after 
the submittal of the Pre-Final (90%) design packages to EPA. The purpose of this meeting is to 
allow EPA and the design team to go over the design together and answer questions and provide 
clarification regarding components of the design. The intent of the design team meeting is to 
facilitate the review process and allow the design team to be prepared to fully address any design 
comments in an appropriate and efficient manner. 

It is assumed that by having a design team meeting that any comments on the Pre-Final design 
will be easily addressed allowing the Final design to be submitted and approved without 
additional review and allow bidding, procurement, and construction activities to proceed in time 
for lagoon liner installation to occur during the 2015 construction season. 

6.1 Pre-Final (90%) Design 

The Pre-Final (90%) design package will include: 

 A Draft Basis of Design Report 

 Pre-Final construction drawings – currently anticipated to include: 

 Title Sheet 
 Legend and General Notes 
 Existing Conditions 
 Final Grades & Erosion Control 
 Liner Layout 
 Cross-Sections 
 Details 

 Pre-Final Specifications in Construction Specifications Institute’s Master Format. This 
document is currently anticipated to include: 

 DIVISION 1 – GENERAL REQUIREMENTS 

 01 35 13 – Special Project Procedures 
 01 57 13 – Temporary Erosion and Sediment Control 
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 DIVISION 2 – EXISTING CONDITIONS 

 02 41 00 – Demolition 

 DIVISION 3 – CONCRETE (for lagoons with access ramps) 

 DIVISION 31 – EARTHWORK 

 31 10 00 – Site Preparation and Surveying 
 31 23 13 – Subgrade Preparation 
 31 23 16 – Excavation 
 31 23 23 – Fill and Backfill 
 31 23 23.15 – Trench Backfill 
 31 32 00 – Soil Stabilization 
 Supplement: Contractor’s Certification of Subsurface Acceptability 
 31 32 19.16 – Geotextile 

 DIVISION 32 – EXTERIOR IMPROVEMENTS 

 32 11 23 – Aggregate Base Courses 

 DIVISION 33 – UTILITIES 

 33 40 00 – Storm Drainage Utilities 
 33 47 13.01 – High Density Polyethylene (HDPE) Liner 
 Supplement: Geomembrane Installer’s Certification of Subsurface Acceptability 

 Draft Final Operations, Monitoring, and Maintenance (OM&M) Plan 

 Draft Final Cost Estimate 

 Updated Construction Schedule 

6.2 Final (100%) Design 

Following EPA review and approval of the Pre-Final (90%) design package, a Final (100%) 
design package will be developed and issued that is sufficient for procurement and construction 
of the lagoon liner. 

The Final (100%) design package will include: 

 A Final Basis of Design Report 
 Final construction drawings signed and sealed by a Washington Professional Engineer 
 Final construction specifications 
 Final OM&M Plan 
 Final cost estimate 
 Final construction schedule 
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7 IMPLEMENTATION STRATEGY 

This section provides an overview of the implementation strategy that will be employed by the 
Cow Palace Dairy to install lagoon liner systems in lagoons at the facility. Given the compressed 
schedule required in order to line lagoons and still maintain operations at the dairy, a modified 
design/bid/build process will be employed for lagoon lining at the Cow Palace Dairy. 

The lagoon liner design will be prescriptive enough to allow bidding from multiple contractors for 
well-defined portions of the work. Currently it is anticipated that one contractor will be engaged for 
earth work activities (regrade and reslope of interior lagoon slopes and bottoms) and another 
contractor for liner system installation. In addition, portions of the earthwork may be self-
performed by Cow Palace if personnel and equipment are available. IES will serve as the owner’s 
engineering representative during the bidding process and provide oversight and quality 
assurance and control during the construction process. 

The preliminary construction sequence is currently anticipated to include the following, with the 
responsible party indicated in parentheses: 

1. Lagoon pumping and soilds removal to soil subgrade (Cow Palace) 

2. Topographic survey (Subcontractor - TBD) 

3. Pre-design data collection (Design Engineer) 

4. Regrade, reslope, and compact interior slopes, bottom, and exterior slopes (Earthwork 
Contractor) 

5. Trenching & Piping (Earthwork Contractor) 

6. Geotextile Placement (Liner Contractor) 

7. Liner Placement (Liner Contractor) 

8. Backfilling (Earthwork Contractor) 

9. Embankment Treatment – liner protection and access (Earthwork Contractor) 

10. Concrete Ramps (Earthwork Contractor or separate Concrete Contractor) 

The preliminary construction sequence will be modified and roles and responsibilities will be 
refined during the design, bidding, and award process. 

8 PROJECT SCHEDULE 

This section presents the preliminary project schedule for the implementation of lagoon lining 
activities at the Cow Palace Dairy. Table 4 presents the anticipated 2015 schedule. Subsequent 
years will observe a similar schedule. However, a revised schedule will be submitted by the YVD 
PC to the EPA PC at the beginning of each year. 
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Table 4 – 2015 Project Schedule 

Task Start Date Completion Date 
2015 Lagoons (Settling Basin 
A, Settling Basin B, Catch 
Basin NW) – Topographic 
Survey and Pre-Design Data 
Collection 

Upon EPA Approval of 
Lagoon Work Plan 
(Estimated April 15, 2015) 

Approximately 2 weeks 
(Estimated May 1, 2015) 

Pre-Final (90%) Design for 
2015 Lagoons (Settling Basin 
A, Settling Basin B, Catch 
Basin NW) 

Upon completion of 
Topographic Survey and 
Pre-Design Data Collection 
(Estimated May 1, 2015) 

Approximately 1 month after 
completion of Topographic 
Survey and Pre-Design Data 
Collection (Estimated June 1, 
2014) 

EPA Review of Pre-Final 
(90%) Design for 2015 
Lagoons (Settling Basin A, 
Settling Basin B, Catch Basin 
NW) 

Upon submittal of Pre-Final 
(90%) Design (Estimated 
June 1, 2015) 

30 days following submission 
of Pre-Final (90%) Design 
(Estimated July 1, 2015) 

Pre-Final (90%) Design 
Meeting 

2 weeks after submittal of 
Pre-Final Design for 2015 
Lagoons (Estimated June 
15, 2015) 

2 weeks after submittal of 
Pre-Final Design for 2015 
Lagoons (Estimated June 15, 
2015) 

Final (100%) Design for 2015 
Lagoons (Settling Basin A, 
Settling Basin B, Catch Basin 
NW) 

Upon receipt of EPA 
Review and Approval of 
Pre-Final (90%) Design 
(Estimated July 1, 2015) 

15 days after receipt of EPA 
comments on Pre-Final (90%) 
Design (Estimated July 15, 
2015) 

Bidding and Procurement Upon issue of Final (100%) 
Design (Estimated July 15, 
2015) 

30 days after issue of Final 
(100%) Design (Estimated 
August 1, 2015) 

Construction of 2015 Lagoons 2 weeks after completion of 
bid and procurement 
(Estimated August 15, 2015 

75 days after start of 
construction (Estimated 
October 31, 2015) 

 
The above schedule was developed to allow the Cow Palace Dairy to implement liner 
construction in Settling Basin A, Settling Basin B, and Catch Basin NW in 2015. The time lines for 
design development and agency review are extremely tight and will require significant efforts on 
behalf of the Cow Palace Dairy, design team, and EPA to ensure the successful implementation 
of lagoon lining activities. In the event that any time slippage occurs as a result of scheduling 
difficulties, it is likely that implementation of the designs will not be able to occur until the 2016 
construction season and would likely delay any subsequent year’s groupings of lagoons for one 
year. 
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Currently, the Cow Palace Dairy has identified the following lagoon groupings for implementation 
each year: 

 2015: 

 Settling Basin A 
 Settling Basin B 
 Catch Basin NW 

 2016 

 Lagoon #1 
 Lagoon #4 

 2017 

 Lagoon #2 
 Lagoon #3 

 2018 

 Safety Debris Basin 
 Abandon Catch Basin NE 

For lagoons in years 2016 through 2018, the review schedule will still remain similar to the 2015 
schedule shown in Table 4. However, while it may be possible to perform lagoon cleanout and 
pre-design data collection activities earlier depending on weather and irrigation schedules it is 
likely to only gain a number of weeks versus months for the schedule. 
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10 CERTIFICATION 

I certify under the penalty of law that this document and all attachments were prepared by me or 
under my direction or supervision in accordance with a system designed to assure that qualified 
personnel gathered and evaluated the information submitted. Based on my inquiry of any and all 
persons directly responsible for gathering and analyzing the information obtained, I certify that the 
information contained in or accompanying this submittal is to the best of my knowledge and 
belief, true, accurate and complete. As to those identified portion(s) of this submittal for which I 
cannot personally verify the accuracy, I certify that this submittal and all attachments were 
prepared in accordance with procedures designed to assure that qualified personnel properly 
gathered and evaluated the information submitted. Based on my inquiry of the person or persons 
who manage the system, or those directly responsible for gathering the information, or the 
immediate supervisor of such person(s), the information submitted is, to the best of my 
knowledge and belief, true, accurate, and complete. I am aware that there are significant 
penalties for submitting false information, including the possibility of fine and imprisonment for 
knowing violations. 

 

Cow Palace, LLC 

 
 
Signature   
 
 
 
Name: Adam Dolsen  
 
 
 
Title: Member  
 
 
 
Date:   
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Designation: D 420 – 98

Standard Guide to
Site Characterization for Engineering Design and
Construction Purposes 1

This standard is issued under the fixed designation D 420; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (e) indicates an editorial change since the last revision or reapproval.

INTRODUCTION

Investigation and identification of subsurface materials involves both simple and complex
techniques that may be accomplished by many different procedures and may be variously interpreted.
These studies are frequently site specific and are influenced by geological and geographical settings,
by the purpose of the investigation, by design requirements for the project proposed, and by the
background, training, and experience of the investigator. This guide has been extensively rewritten and
enlarged since the version approved in 1987. Material has been added for clarification and for
expansion of concepts. Many new ASTM standards are referenced and a bibliography of non-ASTM
references is appended.
This document is a guide to the selection of the various ASTM standards that are available for the

investigation of soil, rock, and ground water for projects that involve surface or subsurface
construction, or both. It is intended to improve consistency of practice and to encourage rational
planning of a site characterization program. Since the subsurface conditions at a particular site are
usually the result of a combination of natural, geologic, topographic, and climatic factors, and of
historical modifications both natural and manmade, an adequate and internally consistent exploration
program will allow evaluation of the results of these influences.

1. Scope

1.1 This guide refers to ASTM methods by which soil, rock,
and ground water conditions may be determined. The objective
of the investigation should be to identify and locate, both
horizontally and vertically, significant soil and rock types and
ground water conditions present within a given site area and to
establish the characteristics of the subsurface materials by
sampling or in situ testing, or both.
1.2 Laboratory testing of soil, rock, and ground water

samples is specified by other ASTM standards not listed herein.
Subsurface exploration for environmental purposes will be the
subject of a separate ASTM document.
1.3 Prior to commencement of any intrusive exploration the

site should be checked for underground utilities. Should
evidence of potentially hazardous or otherwise contaminated
materials or conditions be encountered in the course of the
investigation, work should be interrupted until the circum-
stances have been evaluated and revised instructions issued
before resumption.
1.4 The values stated in (SI) inch-pound units are to be

regarded as the standard.

1.5 This guide offers an organized collection of information
or a series of options and does not recommend a specific
course of action. This document cannot replace education or
experience and should be used in conjunction with professional
judgment. Not all aspects of this guide may be applicable in all
circumstances. This ASTM standard is not intended to repre-
sent or replace the standard of care by which the adequacy of
a given professional service must be judged, nor should this
document be applied without consideration of a project’s many
unique aspects. The word“ Standard” in the title of this
document means only that the document has been approved
through the ASTM consensus process.
1.6 This guide does not purport to address all of the safety

concerns, if any, associated with its use. It is the responsibility
of the user of this standard to establish appropriate safety and
health practices and determine the applicability of regulatory
limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:
C 119 Terminology Relating to Dimension Stone2

C 294 Descriptive Nomenclature for Constituents of Natu-
ral Mineral Aggregates3

1 This guide is under the jurisdiction of ASTM Committee D-18 on Soil and
Rock and is the direct responsibility of Subcommittee D18.01 on Surface and
Subsurface Characterization.

Current edition approved March 10, 1998. Published January 1999. Originally
published as D 425 – 65 T. Last previous edition D 420 – 93.

2 Annual Book of ASTM Standards, Vol 04.08.
3 Annual Book of ASTM Standards, Vol 04.09.

1

AMERICAN SOCIETY FOR TESTING AND MATERIALS
100 Barr Harbor Dr., West Conshohocken, PA 19428

Reprinted from the Annual Book of ASTM Standards. Copyright ASTM
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C 851 Practice for Estimating Scratch Hardness of Coarse
Aggregate Particles3

D 75 Practice for Sampling Aggregates4

D 653 Terminology Relating to Soil, Rock, and Contained
Fluids2

D 1194 Test Method for Bearing Capacity of Soil for Static
Load and Spread Footings2

D 1195 Test Method for Repetitive Static Plate Load Tests
of Soils and Flexible Pavement Components, for Use in
Evaluation and Design of Airport and Highway Pave-
ments2

D 1196 Test Method for Nonrepetitive Static Plate Load
Tests of Soils and Flexible Pavement Components, for Use
in Evaluation and Design of Airport and Highway Pave-
ments2

D 1452 Practice for Soil Investigation and Sampling by
Auger Borings2

D 1586 Test Method for Penetration Test and Split-Barrel
Sampling of Soils2

D 1587 Practice for Thin-Walled Tube Sampling of Soils2

D 2113 Practice for Rock Core Drilling, and Sampling of
Rock for Site Investigation2

D 2487 Classification of Soils for Engineering Purposes
(Unified Soil Classification System)2

D 2488 Practice for Description and Identification of Soils
(Visual-Manual Procedure)2

D 2573 Test Method for Field Vane Shear Test in Cohesive
Soil2

D 2607 Classification of Peats, Mosses, Humus, and Re-
lated Products2

D 3017 Test Method for Water Content of Soil and Rock in
Place by Nuclear Methods (Shallow Depth)2

D 3213 Practices for Handling, Storing, and Preparing Soft
Undisturbed Marine Soil2

D 3282 Classification of Soils and Soil-Aggregate Mixtures
for Highway Construction Purposes2

D 3385 Test Method for Infiltration Rate of Soils in Field
Using Double-Ring Infiltrometers2

D 3404 Guide to Measuring Matric Potential in the Vadose
Zone Using Tensiometers2

D 3441 Test Method for Deep, Quasi-Static, Cone and
Friction-Cone Penetration Tests of Soil2

D 3550 Practice for Ring-lined Barrel Sampling of Soils2

D 3584 Practice for Indexing Papers and Reports on Soil
and Rock for Engineering Purposes2

D 4083 Practice for Description of Frozen Soils (Visual-
Manual Procedure)2

D 4220 Practices for Preserving and Transporting Soil
Samples2

D 4394 Test Method for Determining the In Situ Modulus
of Deformation of Rock Mass Using the Rigid Plate
Loading Method2

D 4395 Test Method for Determining the In Situ Modulus
of Deformation of Rock Mass Using the Flexible Plate
Loading Method2

D 4403 Practice for Extensometers Used in Rock2

D 4428 Test Methods for Crosshole Seismic Testing2

D 4429 Test Method for CBR (California Bearing Ratio) of
Soils in Place2

D 4452 Methods for X-Ray Radiography of Soil Samples2

D 4506 Test Method for Determining the In Situ Modulus
of Deformation of Rock Mass Using a Radial Jacking
Test2

D 4544 Practice for Estimating Peat Deposit Thickness2

D 4553 Test Method for Determining the In Situ Creep
Characteristics of Rock2

D 4554 Test Method for In Situ Determination of Direct
Shear Strength of Rock Discontinuities2

D 4555 Test Method for Determining Deformability and
Strength of Weak Rock by an In Situ Uniaxial Compres-
sive Test2

D 4622 Test Method for Rock Mass Monitoring Using
Inclinometers2

D 4623 Test Method for Determination of In Situ Stress in
Rock Mass by Overcoring Method—USBM Borehole
Deformation Gage2

D 4630 Test Method for Determining Transmissivity and
Storativity of Low Permeability Rocks by In Situ Mea-
surements Using the Constant Head Injection Test2

D 4631 Test Method for Determining Transmissivity and
Storativity of Low Permeability Rocks by In Situ Mea-
surements Using the Pressure Pulse Technique2

D 4633 Test Method for Stress Wave Energy Measurement
for Dynamic Penetrometer Testing Systems2

D 4645 Test Method for Determination of the In Situ Stress
in Rock Using the Hydraulic Fracturing Method2

D 4700 Guide for Soil Sampling from the Vadose Zone2

D 4719 Test Method for Pressuremeter Testing in Soils2

D 4729 Test Method for In Situ Stress and Modulus of
Deformation Using the Flatjack Method2

D 4750 Test Method for Determining Subsurface Liquid
Levels in a Borehole or Monitoring Well (Observation
Well)2

D 4879 Guide for Geotechnical Mapping of Large Under-
ground Openings in Rock2

D 4971 Test Method for Determining the In Situ Modulus
of Deformation of Rock Using the Diametrically Loaded
76-mm (3-in.) Borehole Jack5

D 5079 Practices for Preserving and Transporting Rock
Core Samples5

D 5088 Practice for Decontamination of Field Equipment
Used at Nonradioactive Waste Sites5

D 5092 Practice for Design and Installation of Ground
Water Monitoring Wells in Aquifers5

D 5093 Test Method for Field Measurement of Infiltration
Rate Using a Double-Ring Infiltrometer with a Sealed-
Inner Ring5

D 5126 Guide for Comparison of Field Methods for Deter-
mining Hydraulic Conductivity in the Vadose Zone5

D 5195 Test Method for Density of Soil and Rock In-Place
at Depths Below the Surface by Nuclear Methods5

E 177 Practice for the Use of the Terms Precision and Bias

4 Annual Book of ASTM Standards, Vol 04.03.
5 Annual Book of ASTM Standards, Vol 04.09.

D 420

2
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in ASTM Test Methods6

E 380 Practice for the Use of the International System of
Units (SI) (the Modernized Metric System)6

G 51 Test Method for pH of Soil for Use in Corrosion
Testing7

G 57 Method for Field Measurement of Soil Resistivity
Using the Wenner Four-Electrode Method7,8

3. Significance and Use

3.1 An adequate soil, rock, and ground water investigation
will provide pertinent information for decision making on one
or more of the following subjects:
3.1.1 Optimum location of the structure, both vertically and

horizontally, within the area of the proposed construction.
3.1.2 Location and preliminary evaluation of suitable bor-

row and other local sources of construction aggregates.
3.1.3 Need for special excavating and dewatering tech-

niques with the corresponding need for information, even if
only approximate, on the distribution of soil water content or
pore pressure, or both, and on the piezometric heads and
apparent permeability (hydraulic conductivity) of the various
subsurface strata.
3.1.4 Investigation of slope stability in natural slopes, cuts,

and embankments.
3.1.5 Conceptual selection of embankment types and hy-

draulic barrier requirements.
3.1.6 Conceptual selection of alternate foundation types and

elevations of the corresponding suitable bearing strata.
3.1.7 Development of additional detailed subsurface inves-

tigations for specific structures or facilities.
3.2 The investigation may require the collection of suffi-

ciently large soil and rock samples of such quality as to allow
adequate testing to determine the soil or rock classification or
mineralogic type, or both, and the engineering properties
pertinent to the proposed design.
3.3 This guide is not meant to be an inflexible description of

investigation requirements; methods defined by other ASTM
standards or non-ASTM techniques may be appropriate in
some circumstances. The intent is to provide a checklist to
assist in the design of an exploration/investigation plan.

4. Reconnaissance of Project Area

4.1 Available technical data from the literature or from
personal communication should be reviewed before any field
program is started. These include, but are not limited to,
topographic maps, aerial photography, satellite imagery, geo-
logic maps, statewide or county soil surveys and mineral
resource surveys, and engineering soil maps covering the
proposed project area. Reports of subsurface investigations of
nearby or adjacent projects should be studied.

NOTE 1—While certain of the older maps and reports may be obsolete
and of limited value in the light of current knowledge, a comparison of the
old with the new will often reveal valuable information.

4.1.1 The United States Geological Survey and the geologi-
cal surveys of the various states are the principal sources of
geologic maps and reports on mineral resources and ground
water.
4.1.2 United States Department of Agriculture Soil Conser-

vation Service soil surveys, where available and of recent date,
should enable the investigator to estimate the range in soil
profile characteristics to depths of 5 or 6 ft (1.5 or 2 m) for each
soil mapped.

NOTE 2—Each soil type has a distinctive soil profile due to age, parent
material, relief, climatic condition, and biological activity. Consideration
of these factors can assist in identifying the various soil types, each
requiring special engineering considerations and treatment. Similar engi-
neering soil properties are often found where similar soil profiles
characteristics exist. Changes in soil properties in adjacent areas often
indicate changes in parent material or relief.

4.2 In areas where descriptive data are limited by insuffi-
cient geologic or soil maps, the soil and rock in open cuts in the
vicinity of the proposed project should be studied and various
soil and rock profiles noted. Field notes of such studies should
include data outlined in 10.6.
4.3 Where a preliminary map covering the area of the

project is desired, it can be prepared on maps compiled from
aerial photography that show the ground conditions. The
distribution of the predominant soil and rock deposits likely to
be encountered during the investigation may be shown using
data obtained from geologic maps, landform analysis and
limited ground reconnaissance. Experienced photo-interpreters
can deduce much subsurface data from a study of black and
white, color, and infrared photographs because similar soil or
rock conditions, or both, usually have similar patterns of
appearance in regions of similar climate or vegetation.

NOTE 3—This preliminary map may be expanded into a detailed
engineering map by locating all test holes, pits, and sampling stations and
by revising boundaries as determined from the detailed subsurface survey.

4.4 In areas where documentary information is insufficient,
some knowledge of subsurface conditions may be obtained
from land owners, local well drillers, and representatives of the
local construction industry.

5. Exploration Plan

5.1 Available project design and performance requirements
must be reviewed prior to final development of the exploration
plan. Preliminary exploration should be planned to indicate the
areas of conditions needing further investigation. A complete
soil, rock, and ground water investigation should encompass
the following activities:
5.1.1 Review of available information, both regional and

local, on the geologic history, rock, soil, and ground water
conditions occurring at the proposed location and in the
immediate vicinity of the site.
5.1.2 Interpretation of aerial photography and other remote

sensing data.
5.1.3 Field reconnaissance for identification of surficial

geologic conditions, mapping of stratigraphic exposures and
outcrops, and examination of the performance of existing
structures.
5.1.4 On site investigation of the surface and subsurface

materials by geophysical surveys, borings, or test pits.

6 Annual Book of ASTM Standards, Vol 14.02.
7 Annual Book of ASTM Standards, Vol 03.02.
8 The boldface numbers in parentheses refer to the list of references at the end of

this standard.
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5.1.5 Recovery of representative disturbed samples for
laboratory classification tests of soil, rock, and local construc-
tion material. These should be supplemented by undisturbed
specimens suitable for the determination of those engineering
properties pertinent to the investigation.
5.1.6 Identification of the position of the ground water table,

or water tables, if there is perched ground water, or of the
piezometric surfaces if there is artesian ground water. The
variability of these positions in both short and long time frames
should be considered. Color mottling of the soil strata may be
indicative of long-term seasonal high ground water positions.
5.1.7 Identification and assessment of the location of suit-

able foundation material, either bedrock or satisfactory load-
bearing soils.
5.1.8 Field identification of soil sediments, and rock, with

particular reference to type and degree of decomposition (for
example, saprolite, karst, decomposing or slaking shales), the
depths of their occurrence and the types and locations of their
structural discontinuities.
5.1.9 Evaluation of the performance of existing installa-

tions, relative to their structure foundation material and envi-
ronment in the immediate vicinity of the proposed site.

6. Equipment and Procedures for Use in Exploration

6.1 Pertinent ASTM Standards—Practices D 1452, D 2113,
D 4544, D 5088, D 5092; Method D 1586; and Test Methods
D 4622, D 4633, D 4750.
6.2 The type of equipment required for a subsurface inves-

tigation depends upon various factors, including the type of
subsurface material, depth of exploration, the nature of the
terrain, and the intended use of the data.
6.2.1 Hand Augers, Hole Diggers, Shovels, and Push Tube

Samplersare suitable for exploration of surficial soils to
depths of 3 to 15 ft (1 to 5 m).
6.2.2 Earth Excavation Equipment, such as backhoes, dra-

glines, and drilled pier augers (screw or bucket) can allow in
situ examination of soil deposits and sampling of materials
containing very large particles. The investigator should be
aware of the possiblity of permanent disturbance of potential
bearing strata by unbalanced pore pressure in test excavations.
6.2.3 Soil and rock boring and drilling machines and proof-

ing devices may be used to depths of 200 to 300 ft in soil and
to a much greater depth in rock.
6.2.4 Well drilling equipment may be suitable for deep

geologic exploration. Normally samples are in the form of
sand-sized cuttings captured from the return flow, but coring
devices are available.

7. Geophysical Exploration

7.1 Pertinent ASTM Standards—Test Methods D 4428 and
Method G 57.
7.2 Remote sensing techniques may assist in mapping the

geological formations and for evaluating variations in soil and
rock properties. Satellite and aircraft spectral mapping tools,
such as LANDSAT, may be used to find and map the areal
extent of subsurface materials and geologic structure. Interpre-
tation of aircraft photographs and satellite imagery can locate
and identify significant geologic features that may be indicative
of faults and fractures. Some ground control is generally

required to verify information derived from remote sensing
data.
7.3 Geophysical survey methods may be used to supplement

borehole and outcrop data and to interpolate between holes.
Seismic, ground penetrating radar, and electrical resistivity
methods can be particularly valuable when distinct differences
in the properties of contiguous subsurface materials are indi-
cated.
7.4 Shallow seismic refraction/reflection and ground pen-

etrating radar techniques can be used to map soil horizons and
depth profiles, water tables, and depth to bedrock in many
situations, but depth penetration and resolution vary with local
conditions. Electromagnetic induction, electrical resistivity,
and induced polarization (or complex resistivity) techniques
may be used to map variations in water content, clay horizons,
stratification, and depth to aquifer/bedrock. Other geophysical
techniques such as gravity, magnetic, and shallow ground
temperature methods may be useful under certain specific
conditions. Deep seismic and electrical methods are routinely
used for mapping stratigraphy and structure of rock in con-
junction with logs. Crosshole shear wave velocity measure-
ments can provide soil and rock parameters for dynamic
analyses.
7.4.1 The seismic refraction method may be especially

useful in determining depth to, or rippability of, rock in
locations where successively denser strata are encountered.
7.4.2 The seismic reflection method may be useful in

delineating geological units at depths below 10 ft (3 m). It is
not constrained by layers of low seismic velocity and is
especially useful in areas of rapid stratigraphic change.
7.4.3 The electrical resistivity method, Method G 57, may

be similarly useful in determining depth to rock and anomalies
in the stratigraphic profile, in evaluating stratified formations
where a denser stratum overlies a less dense stratum, and in
location of prospective sand-gravel or other sources of borrow
material. Resistivity parameters also are required for the design
of grounding systems and cathodic protection for buried
structures.
7.4.4 The ground penetrating radar method may be useful in

defining soil and rock layers and manmade structures in the
depth range of 1 to 30 ft (1⁄3 to 10 m).

NOTE 4—Surface geophysical investigations can be a useful guide in
determining boring or test hole locations. If at all possible, the interpre-
tation of geophysical studies should be verified by borings or test
excavations.

8. Sampling

8.1 Pertinent ASTM Standards—Practices D 75, D 1452,
D 1587, D 2113, D 3213, D 3550, D 4220, D 5079; Test
Method D 1586; Methods D 4452; and Guide D 4700.
8.2 Obtain samples that adequately represent each subsur-

face material that is significant to the project design and
construction. The size and type of sample required is depen-
dent upon the tests to be performed, the relative amount of
coarse particles present, and the limitations of the test equip-
ment to be used.

NOTE 5—The size of disturbed or bulk samples for routine tests may
vary at the discretion of the geotechnical investigator, but the following
quantities are suggested as suitable for most materials: (a) Visual
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classification—50 to 500 g (2 oz to 1 lb); (b) Soil constants and particle
size analysis of non-gravelly soil—500 g to 2.5 kg (1 to 5 lb); (c) Soil
compaction tests and sieve analysis of gravelly soils—20 to 40 kg (40 to
80 lb); (d) Aggregate manufacture or aggregate properties tests—50 to 200
kg (100 to 400 lb).

8.3 Accurately identify each sample with the boring, test
hole, or testpit number and depth below reference ground
surface from which it was taken. Place a waterproof identifi-
cation tag inside the container, securely close the container,
protect it to withstand rough handling, and mark it with proper
identification on the outside. Keep samples for natural water
content determination in sealed containers to prevent moisture
loss. When drying of samples may affect classification or
engineering properties test results, protect them to minimize
moisture loss. Practices D 4220 and D 5079 address the trans-
portation of samples from field to laboratory. Most of the titles
of the referenced standards are self-explanatory, but some need
elaboration for the benefit of the users of this guide.
8.3.1 Practice D 75 describes the sampling of coarse and

fine aggregates for the preliminary investigation of a potential
source of supply.
8.3.2 Practice D 1452 describes the use of augers in soil

investigations and sampling where disturbed soil samples can
be used. Depths of auger investigations are limited by ground
water conditions, soil characteristics, and equipment used.
8.3.3 Test Method D 1586 describes a procedure to obtain

representative soil samples for identification and classification
laboratory tests.
8.3.4 Practice D 1587 describes a procedure to recover

relatively undisturbed soil samples suitable for laboratory
testing.
8.3.5 Practice D 2113 describes a procedure to recover

intact samples of rock and certain soils too hard to sample by
Test Method D 1586 or Practice D 1587.
8.3.6 Practice D 3550 describes a procedure for the recov-

ery of moderately disturbed, representative samples of soil for
classification testing and, in some cases, shear or consolidation
testing.

9. Classification of Earth Materials

9.1 Pertinent ASTM Standards—Terminology C 119; De-
scriptive Nomenclature C 294; Classifications D 2487, D 2607,
D 3282; Practices D 2488, D 4083.
9.2 Additional description of samples of soil and rock may

be added after submission to the laboratory for identification
and classification tests in accordance with one or more ASTM
laboratory standards or other applicable references, or both.
Section 10.6.3 discusses the use, for identification and for
classification purposes, of some of the standards listed in 9.1.

10. Determination of Subsurface Conditions

10.1 Subsurface conditions are positively defined only at the
individual test pit, hole, boring, or open cut examined. Condi-
tions between observation points may be significantly different
from those encountered in the exploration. A stratigraphic
profile can be developed by detailed investigations only where
determinations of a continuous relationship of the depths and
locations of various types of soil and rock can be inferred. This
phase of the investigation may be implemented by plotting logs

of soil and rock exposures in walls of excavations or cut areas
and by plotting logs of the test borings. Then one may
interpolate between, and extrapolate a reasonable distance
beyond, these logs. The spacing of these investigations should
depend on the geologic complexity of the project area and on
the importance of soil and rock continuity to the project design.
Exploration should be deep enough to identify all strata that
might be significantly affected by the proposed use of the site
and to develop the engineering data required to allow analysis
of the items listed in Section 4 for each project.

NOTE 6—Plans for a program of intrusive subsurface investigation
should consider possible requirements for permits for installation and
proper closure of bore holes and wells at the completion of the investi-
gation.

10.2 The depth of exploratory borings or test pits for
roadbeds, airport paving, or vehicle parking areas should be to
at least 5 ft (1.5 m) below the proposed subgrade elevation.
Special circumstances may increase this depth. Borings for
structures, excavations, or embankments should extend below
the level of significant stress or ground water influence from
the proposed load as determined by subsurface stress analysis.
10.3 When project construction or performance of the

facility may be affected by either previous water-bearing
materials or impervious materials that can block internal
drainage, borings should extend sufficiently to determine those
engineering and hydrogeologic properties that are relevant to
the project design.
10.4 In all borrow areas the borings or test pits should be

sufficient in number and depth to outline the required quantities
of material meeting the specified quality requirements.
10.5 Where frost penetration or seasonal desiccation may be

significant in the behavior of soil and rock, borings should
extend well below the depth from finished grade of the
anticipated active zone.
10.6 Exploration records shall be kept in a systematic

manner for each project. Such records shall include:
10.6.1 Description of each site or area investigated. Each

test hole, boring, test pit, or geophysical test site shall be
clearly located (horizontally and vertically) with reference to
some established coordinate system, datum, or permanent
monument.
10.6.2 Logs of each test hole, boring, test pit, or cut surface

exposure shall show clearly the field description and location
of each material and any water encountered, either by symbol
or word description. Reference to a Munsell color chart
designation is a substantial aid to an accurate description of soil
and rock materials.

NOTE 7—Color photographs of rock cores, soil samples, and exposed
strata may be of considerable value. Each photograph should include an
identifying number or symbol, a date, and reference scale.

10.6.3 Identification of all soils based on Classification
D 2487, Practice D 2488, Classification D 2607, or Practice
D 4083. Identification of rock materials based on Terminology
C 119, Descriptive Nomenclature C 294, or Practice C 851.
Classification of soil and rock is discussed in Section 9.
10.6.4 Location and description of seepage and water-

bearing zones and records of piezometric elevations found in
each hole, boring, piezometer, or test pit.
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10.6.5 The results and precise locations of in situ test results
such as the penetration resistance or vane shear discussed in
8.3, plate load tests, or other in situ test-engineering properties
of soils or rock.
10.6.6 Percentage of core recovery and rock quality desig-

nation in core drilling as outlined in 8.3.5.
10.6.7 Graphical presentation of field and laboratory and its

interpretation facilitates comprehensive understanding subsur-
face conditions.

11. In Situ Testing

11.1 Pertinent ASTM Standards—Test Methods D 1194,
D 1195, D 1196, D 1586, D 2573, D 3017, D 3441, D 3885,
D 4394, D 4395, D 4429, D 4506, D 4553, D 4554, D 4555,
D 4623, D 4630, D 4631, D 4645, D 4719, D 4729, D 4971,
D 5093, D 5195, G 51; Guides D 3404, D 5126; and Practice
D 4403.
11.2 In situ testing is useful for: (a) measurement of soil

parameters in their undisturbed condition with all of the
restraining or loading effects, or both, of the surrounding soil or
rock mass active, and (b) for rapid or closely spaced measure-
ments, or both, of earth properties without the necessity of
sampling. Most of the titles of the various referenced standards
are self-explanatory, but some need elaboration for the users of
this guide.
11.2.1 Test Method D 1586 describes a penetration test that

has been correlated by many authors with various strength
properties of soils.
11.2.2 Test Method D 2573 describes a procedure to mea-

sure the in situ unit shear resistance of cohesive soils by
rotation of a four-bladed vane in a horizontal plane.
11.2.3 Test Method D 3441 describes the determination of

the end bearing and side friction components of the resistance
to penetration of a conical penetrometer into a soil mass.
11.2.4 Practice D 4403 describes the application of various

types of extensometers used in the field of rock mechanics.
11.2.5 Test Method D 4429 describes the field determina-

tion of the California Bearing Ratio for soil surfaces in situ to
be used in the design of pavement systems.
11.2.6 Test Method D 4719 describes an in situ stress-strain

test performed on the walls of a bore hole in soil.

NOTE 8—Other standards for in situ test procedures and automated data
collection are being prepared by ASTM Committee D-18 for publication
at a later date.

12. Interpretation of Results

12.1 Interpret the results of an investigation in terms of
actual findings and make every effort to collect and include all
field and laboratory data from previous investigations in the
same area. Extrapolation of data into local areas not surveyed
and tested should be made only for conceptual studies. Such
extrapolation can be done only where geologically uniform
stratigraphic and structural relationships are known to exist on
the basis of other data. Cross sections may be developed as part
of the site characterization if required to demonstrate the site
conditions.
12.1.1 Cross sections included with the presentation of

basic data from the investigation should be limited to the
ground surface profile and the factual subsurface data obtained

at specific exploration locations. Stratigraphic units between
the locations of intrusive explorations should only be indicated
if supported by continuous geophysical profiles.
12.1.2 Cross sections showing interpretations of strati-

graphic units and other conditions between intrusive explora-
tions but without support of continuous geophysical profiles
should be presented in an interpretative report appendix or in a
separate interpretative report. The interpretive cross sections
must be accompanied by notes describing anomalies or other-
wise significant variations in the site conditions that should be
anticipated for the intended design or construction activities.

NOTE 9—Additional exploration should be considered if there is not
sufficient knowledge to develop interpretative cross sections, with realistic
descriptions of anticipated variations in subsurface conditions, to meet
project requirements.

12.2 Subject to the restrictions imposed by state licensing
law, recommendations for design parameters can be made only
by professional engineers and geologists specializing in the
field of geotechnical engineering and familiar with purpose,
conditions, and requirements of the study. Soil mechanics, rock
mechanics, and geomorphological concepts must be combined
with a knowledge of geotechnical engineering or hydrogeology
to make a complete application of the soil, rock, and ground
water investigation. Complete design recommendations may
require a more detailed study than that discussed in this guide.
12.3 Delineate subsurface profiles only from actual geo-

physical, test-hole, test-pit, or cut-surface data. Interpolation
between locations should be made on the basis of available
geologic knowledge of the area and should be clearly identi-
fied. The use of geophysical techniques as discussed in 7.2 is a
valuable aid in such interpolation. Geophysical survey data
should be identified separately from sample data or in situ test
data.

13. Report

13.1 Pertinent ASTM Standards—Terminology D 653;
Practices D 3584, E 177, E 380; and Guide D 4879.
13.2 The report of a subsurface investigation shall include:
13.2.1 The location of the area investigated in terms perti-

nent to the project. This may include sketch maps or aerial
photos on which the test pits, bore holes, and sample areas are
located, as well as geomorphological data relevant to the
determination of the various soil and rock types. Such data
includes elevation contours, streambeds, sink holes, cliffs, and
the like. Where feasible, include in the report a geologic map
or an agronomic soils map, or both, of the area investigated.
13.2.2 A description of the investigation procedures, includ-

ing all borings and testhole logs, graphic presentation of all
compaction, consolidation, or load test data tabulation of all
laboratory test results, and graphical interpretations of geo-
physical measurements.
13.2.3 A summary of the findings obtained under Sections

4, 10, and 12, using subhead titles for the respective sections
and appropriate recommendations and disclaimers for the use
of the report.

14. Precision and Bias

14.1 This guide provides qualitative data only; therefore, a
precision and bias statement is not applicable.
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15. Keywords

15.1 explorations; feasibility studies; field investigations;
foundation investigations; geological investigations; geophysi-
cal investigation; ground water; hydrologic investigations;

maps; preliminary investigations; reconnaissance surveys;
sampling; site investigations (see Practice D 3584); soil sur-
veys; subsurface investigations
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Designation: D422 − 63 (Reapproved 2007)´1

Standard Test Method for
Particle-Size Analysis of Soils1

This standard is issued under the fixed designation D422; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (´) indicates an editorial change since the last revision or reapproval.

ε1 NOTE—Editorial changes made throughout in February 2014.

1. Scope

1.1 This test method covers the quantitative determination
of the distribution of particle sizes in soils. The distribution of
particle sizes larger than 75 µm (retained on the No. 200 sieve)
is determined by sieving, while the distribution of particle sizes
smaller than 75 µm is determined by a sedimentation process,
using a hydrometer to secure the necessary data (Note 1 and
Note 2).

NOTE 1—Separation may be made on the No. 4 (4.75-mm), No. 40
(425-µm), or No. 200 (75-µm) sieve instead of the No. 10. For whatever
sieve used, the size shall be indicated in the report.

NOTE 2—Two types of dispersion devices are provided: (1) a high-
speed mechanical stirrer, and (2) air dispersion. Extensive investigations
indicate that air-dispersion devices produce a more positive dispersion of
plastic soils below the 20-µm size and appreciably less degradation on all
sizes when used with sandy soils. Because of the definite advantages
favoring air dispersion, its use is recommended. The results from the two
types of devices differ in magnitude, depending upon soil type, leading to
marked differences in particle size distribution, especially for sizes finer
than 20 µm.

2. Referenced Documents

2.1 ASTM Standards:2

D421 Practice for Dry Preparation of Soil Samples for
Particle-Size Analysis and Determination of Soil Con-
stants

E11 Specification for Woven Wire Test Sieve Cloth and Test
Sieves

E100 Specification for ASTM Hydrometers

2.2 ASTM Adjuncts:
Air-Jet Dispersion Cup for Grain-Size Analysis of Soil3

3. Apparatus

3.1 Balances—A balance sensitive to 0.01 g for weighing
the material passing a No. 10 (2.00-mm) sieve, and a balance
sensitive to 0.1 % of the mass of the sample to be weighed for
weighing the material retained on a No. 10 sieve.

3.2 Stirring Apparatus—Either apparatus A or B may be
used.

3.2.1 Apparatus A shall consist of a mechanically operated
stirring device in which a suitably mounted electric motor turns
a vertical shaft at a speed of not less than 10 000 rpm without
load. The shaft shall be equipped with a replaceable stirring
paddle made of metal, plastic, or hard rubber, as shown in Fig.
1. The shaft shall be of such length that the stirring paddle will
operate not less than 3⁄4 in. (19.0 mm) nor more than 11⁄2 in.
(38.1 mm) above the bottom of the dispersion cup. A special
dispersion cup conforming to either of the designs shown in
Fig. 2 shall be provided to hold the sample while it is being
dispersed.

3.2.2 Apparatus B shall consist of an air-jet dispersion cup
(see drawing 3) (Note 3) conforming to the general details
shown in Fig. 3 (Note 4 and Note 5).

NOTE 3—The amount of air required by an air-jet dispersion cup is of
the order of 2 ft3/min; some small air compressors are not capable of
supplying sufficient air to operate a cup.

NOTE 4—Another air-type dispersion device, known as a dispersion
tube, developed by Chu and Davidson at Iowa State College, has been
shown to give results equivalent to those secured by the air-jet dispersion
cups. When it is used, soaking of the sample can be done in the
sedimentation cylinder, thus eliminating the need for transferring the
slurry. When the air-dispersion tube is used, it shall be so indicated in the
report.

NOTE 5—Water may condense in air lines when not in use. This water
must be removed, either by using a water trap on the air line, or by
blowing the water out of the line before using any of the air for dispersion
purposes.

3.3 Hydrometer—An ASTM hydrometer, graduated to read
in either specific gravity of the suspension or grams per litre of
suspension, and conforming to the requirements for hydrom-
eters 151H or 152H in Specifications E100. Dimensions of
both hydrometers are the same, the scale being the only item of
difference.

3.4 Sedimentation Cylinder—A glass cylinder essentially 18
in. (457 mm) in height and 21⁄2 in. (63.5 mm) in diameter, and

1 This test method is under the jurisdiction of ASTM Committee D18 on Soil and
Rock and is the direct responsibility of Subcommittee D18.03 on Texture, Plasticity
and Density Characteristics of Soils.

Current edition approved Oct. 15, 2007. Published October 2007. Originally
approved in 1935. Last previous edition approved in 2002 as D422 – 63 (2002)ε1.
DOI: 10.1520/D0422-63R07E01.

2 For referenced ASTM standards, visit the ASTM website, www.astm.org, or
contact ASTM Customer Service at service@astm.org. For Annual Book of ASTM
Standards volume information, refer to the standard’s Document Summary page on
the ASTM website.

3 Available from ASTM International Headquarters. Order Adjunct No.
ADJD0422.

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959. United States
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marked for a volume of 1000 mL. The inside diameter shall be
such that the 1000-mL mark is 36 6 2 cm from the bottom on
the inside.

3.5 Thermometer—A thermometer accurate to 1°F (0.5°C).

3.6 Sieves—A series of sieves, of square-mesh woven-wire
cloth, conforming to the requirements of Specification E11. A
full set of sieves includes the following (Note 6):

3-in. (75-mm) No. 10 (2.00-mm)
2-in. (50-mm) No. 20 (850-µm)
11⁄2-in. (37.5-mm) No. 40 (425-µm)
1-in. (25.0-mm) No. 60 (250-µm)
3⁄4-in. (19.0-mm) No. 140 (106-µm)
3⁄8-in. (9.5-mm) No. 200 (75-µm)
No. 4 (4.75-mm)

NOTE 6—A set of sieves giving uniform spacing of points for the graph,
as required in Section 17, may be used if desired. This set consists of the
following sieves:

3-in. (75-mm) No. 16 (1.18-mm)
11⁄2-in. (37.5-mm) No. 30 (600-µm)
3⁄4-in. (19.0-mm) No. 50 (300-µm)
3⁄8-in. (9.5-mm) No. 100 (150-µm)
No. 4 (4.75-mm) No. 200 (75-µm)
No. 8 (2.36-mm)

3.7 Water Bath or Constant-Temperature Room—A water
bath or constant-temperature room for maintaining the soil
suspension at a constant temperature during the hydrometer
analysis. A satisfactory water tank is an insulated tank that
maintains the temperature of the suspension at a convenient
constant temperature at or near 68°F (20°C). Such a device is
illustrated in Fig. 4. In cases where the work is performed in a
room at an automatically controlled constant temperature, the
water bath is not necessary.

3.8 Beaker—A beaker of 250-mL capacity.

3.9 Timing Device—A watch or clock with a second hand.

4. Dispersing Agent

4.1 A solution of sodium hexametaphosphate (sometimes
called sodium metaphosphate) shall be used in distilled or
demineralized water, at the rate of 40 g of sodium
hexametaphosphate/litre of solution (Note 7).

NOTE 7—Solutions of this salt, if acidic, slowly revert or hydrolyze
back to the orthophosphate form with a resultant decrease in dispersive
action. Solutions should be prepared frequently (at least once a month) or
adjusted to pH of 8 or 9 by means of sodium carbonate. Bottles containing
solutions should have the date of preparation marked on them.

4.2 All water used shall be either distilled or demineralized
water. The water for a hydrometer test shall be brought to the
temperature that is expected to prevail during the hydrometer
test. For example, if the sedimentation cylinder is to be placed
in the water bath, the distilled or demineralized water to be
used shall be brought to the temperature of the controlled water
bath; or, if the sedimentation cylinder is used in a room with
controlled temperature, the water for the test shall be at the

Metric Equivalents
in. 0.001 0.049 0.203 1⁄2 3⁄4
mm 0.03 1.24 5.16 12.7 19.0

FIG. 1 Detail of Stirring Paddles

Metric Equivalents
in. 1.3 2.6 3.75
mm 33 66 95.2

FIG. 2 Dispersion Cups of Apparatus
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temperature of the room. The basic temperature for the
hydrometer test is 68°F (20°C). Small variations of tempera-
ture do not introduce differences that are of practical signifi-
cance and do not prevent the use of corrections derived as
prescribed.

5. Test Sample

5.1 Prepare the test sample for mechanical analysis as
outlined in Practice D421. During the preparation procedure
the sample is divided into two portions. One portion contains
only particles retained on the No. 10 (2.00-mm) sieve while the
other portion contains only particles passing the No. 10 sieve.
The mass of air-dried soil selected for purpose of tests, as
prescribed in Practice D421, shall be sufficient to yield
quantities for mechanical analysis as follows:

5.1.1 The size of the portion retained on the No. 10 sieve
shall depend on the maximum size of particle, according to the
following schedule:

Nominal Diameter of
Largest Particles,

in. (mm)

Approximate Minimum
Mass of Portion, g

3⁄8 (9.5) 500
3⁄4 (19.0) 1000
1 (25.4) 2000
11⁄2 (38.1) 3000
2 (50.8) 4000
3 (76.2) 5000

5.1.2 The size of the portion passing the No. 10 sieve shall
be approximately 115 g for sandy soils and approximately 65
g for silt and clay soils.

5.2 Provision is made in Section 5 of Practice D421 for
weighing of the air-dry soil selected for purpose of tests, the
separation of the soil on the No. 10 sieve by dry-sieving and
washing, and the weighing of the washed and dried fraction
retained on the No. 10 sieve. From these two masses the
percentages retained and passing the No. 10 sieve can be
calculated in accordance with 12.1.

FIG. 3 Air-Jet Dispersion Cups of Apparatus B

Metric Equivalents
in. 7⁄8 1 3 61⁄4 14 37
mm 22.2 25.4 76.2 158.2 356 940

FIG. 4 Insulated Water Bath
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NOTE 8—A check on the mass values and the thoroughness of
pulverization of the clods may be secured by weighing the portion passing
the No. 10 sieve and adding this value to the mass of the washed and
oven-dried portion retained on the No. 10 sieve.

SIEVE ANALYSIS OF PORTION RETAINED ON NO.
10 (2.00-mm) SIEVE

6. Procedure

6.1 Separate the portion retained on the No. 10 (2.00-mm)
sieve into a series of fractions using the 3-in. (75-mm), 2-in.
(50-mm), 11⁄2-in. (37.5-mm), 1-in. (25.0-mm), 3⁄4-in. (19.0-
mm), 3⁄8-in. (9.5-mm), No. 4 (4.75-mm), and No. 10 sieves, or
as many as may be needed depending on the sample, or upon
the specifications for the material under test.

6.2 Conduct the sieving operation by means of a lateral and
vertical motion of the sieve, accompanied by a jarring action in
order to keep the sample moving continuously over the surface
of the sieve. In no case turn or manipulate fragments in the
sample through the sieve by hand. Continue sieving until not
more than 1 mass % of the residue on a sieve passes that sieve
during 1 min of sieving. When mechanical sieving is used, test
the thoroughness of sieving by using the hand method of
sieving as described above.

6.3 Determine the mass of each fraction on a balance
conforming to the requirements of 3.1. At the end of weighing,
the sum of the masses retained on all the sieves used should
equal closely the original mass of the quantity sieved.

HYDROMETER AND SIEVE ANALYSIS OF PORTION
PASSING THE NO. 10 (2.00-mm) SIEVE

7. Determination of Composite Correction for
Hydrometer Reading

7.1 Equations for percentages of soil remaining in
suspension, as given in 14.3, are based on the use of distilled
or demineralized water. A dispersing agent is used in the water,
however, and the specific gravity of the resulting liquid is
appreciably greater than that of distilled or demineralized
water.

7.1.1 Both soil hydrometers are calibrated at 68°F (20°C),
and variations in temperature from this standard temperature
produce inaccuracies in the actual hydrometer readings. The
amount of the inaccuracy increases as the variation from the
standard temperature increases.

7.1.2 Hydrometers are graduated by the manufacturer to be
read at the bottom of the meniscus formed by the liquid on the
stem. Since it is not possible to secure readings of soil
suspensions at the bottom of the meniscus, readings must be
taken at the top and a correction applied.

7.1.3 The net amount of the corrections for the three items
enumerated is designated as the composite correction, and may
be determined experimentally.

7.2 For convenience, a graph or table of composite correc-
tions for a series of 1° temperature differences for the range of
expected test temperatures may be prepared and used as
needed. Measurement of the composite corrections may be
made at two temperatures spanning the range of expected test

temperatures, and corrections for the intermediate temperatures
calculated assuming a straight-line relationship between the
two observed values.

7.3 Prepare 1000 mL of liquid composed of distilled or
demineralized water and dispersing agent in the same propor-
tion as will prevail in the sedimentation (hydrometer) test.
Place the liquid in a sedimentation cylinder and the cylinder in
the constant-temperature water bath, set for one of the two
temperatures to be used. When the temperature of the liquid
becomes constant, insert the hydrometer, and, after a short
interval to permit the hydrometer to come to the temperature of
the liquid, read the hydrometer at the top of the meniscus
formed on the stem. For hydrometer 151H the composite
correction is the difference between this reading and one; for
hydrometer 152H it is the difference between the reading and
zero. Bring the liquid and the hydrometer to the other tempera-
ture to be used, and secure the composite correction as before.

8. Hygroscopic Moisture

8.1 When the sample is weighed for the hydrometer test,
weigh out an auxiliary portion of from 10 to 15 g in a small
metal or glass container, dry the sample to a constant mass in
an oven at 230 6 9°F (110 6 5°C), and weigh again. Record
the masses.

9. Dispersion of Soil Sample

9.1 When the soil is mostly of the clay and silt sizes, weigh
out a sample of air-dry soil of approximately 50 g. When the
soil is mostly sand the sample should be approximately 100 g.

9.2 Place the sample in the 250-mL beaker and cover with
125 mL of sodium hexametaphosphate solution (40 g/L). Stir
until the soil is thoroughly wetted. Allow to soak for at least 16
h.

9.3 At the end of the soaking period, disperse the sample
further, using either stirring apparatus A or B. If stirring
apparatus A is used, transfer the soil-water slurry from the
beaker into the special dispersion cup shown in Fig. 2, washing
any residue from the beaker into the cup with distilled or
demineralized water (Note 9). Add distilled or demineralized
water, if necessary, so that the cup is more than half full. Stir
for a period of 1 min.

NOTE 9—A large size syringe is a convenient device for handling the
water in the washing operation. Other devices include the wash-water
bottle and a hose with nozzle connected to a pressurized distilled water
tank.

9.4 If stirring apparatus B (Fig. 3) is used, remove the cover
cap and connect the cup to a compressed air supply by means
of a rubber hose. A air gage must be on the line between the
cup and the control valve. Open the control valve so that the
gage indicates 1 psi (7 kPa) pressure (Note 10). Transfer the
soil-water slurry from the beaker to the air-jet dispersion cup
by washing with distilled or demineralized water. Add distilled
or demineralized water, if necessary, so that the total volume in
the cup is 250 mL, but no more.

NOTE 10—The initial air pressure of 1 psi is required to prevent the
soil-water mixture from entering the air-jet chamber when the mixture is
transferred to the dispersion cup.
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9.5 Place the cover cap on the cup and open the air control
valve until the gage pressure is 20 psi (140 kPa). Disperse the
soil according to the following schedule:

Plasticity Index
Dispersion Period,

min

Under 5 5
6 to 20 10
Over 20 15

Soils containing large percentages of mica need be dispersed
for only 1 min. After the dispersion period, reduce the gage
pressure to 1 psi preparatory to transfer of soil-water slurry to
the sedimentation cylinder.

10. Hydrometer Test

10.1 Immediately after dispersion, transfer the soil-water
slurry to the glass sedimentation cylinder, and add distilled or
demineralized water until the total volume is 1000 mL.

10.2 Using the palm of the hand over the open end of the
cylinder (or a rubber stopper in the open end), turn the cylinder
upside down and back for a period of 1 min to complete the
agitation of the slurry (Note 11). At the end of 1 min set the
cylinder in a convenient location and take hydrometer readings
at the following intervals of time (measured from the beginning
of sedimentation), or as many as may be needed, depending on
the sample or the specification for the material under test: 2, 5,
15, 30, 60, 250, and 1440 min. If the controlled water bath is
used, the sedimentation cylinder should be placed in the bath
between the 2- and 5-min readings.

NOTE 11—The number of turns during this minute should be approxi-
mately 60, counting the turn upside down and back as two turns. Any soil
remaining in the bottom of the cylinder during the first few turns should
be loosened by vigorous shaking of the cylinder while it is in the inverted
position.

10.3 When it is desired to take a hydrometer reading,
carefully insert the hydrometer about 20 to 25 s before the
reading is due to approximately the depth it will have when the
reading is taken. As soon as the reading is taken, carefully
remove the hydrometer and place it with a spinning motion in
a graduate of clean distilled or demineralized water.

NOTE 12—It is important to remove the hydrometer immediately after
each reading. Readings shall be taken at the top of the meniscus formed
by the suspension around the stem, since it is not possible to secure
readings at the bottom of the meniscus.

10.4 After each reading, take the temperature of the suspen-
sion by inserting the thermometer into the suspension.

11. Sieve Analysis

11.1 After taking the final hydrometer reading, transfer the
suspension to a No. 200 (75-µm) sieve and wash with tap water
until the wash water is clear. Transfer the material on the No.
200 sieve to a suitable container, dry in an oven at 230 6 9°F

(110 6 5°C) and make a sieve analysis of the portion retained,
using as many sieves as desired, or required for the material, or
upon the specification of the material under test.

CALCULATIONS AND REPORT

12. Sieve Analysis Values for the Portion Coarser than
the No. 10 (2.00-mm) Sieve

12.1 Calculate the percentage passing the No. 10 sieve by
dividing the mass passing the No. 10 sieve by the mass of soil
originally split on the No. 10 sieve, and multiplying the result
by 100. To obtain the mass passing the No. 10 sieve, subtract
the mass retained on the No. 10 sieve from the original mass.

12.2 To secure the total mass of soil passing the No. 4
(4.75-mm) sieve, add to the mass of the material passing the
No. 10 sieve the mass of the fraction passing the No. 4 sieve
and retained on the No. 10 sieve. To secure the total mass of
soil passing the 3⁄8-in. (9.5-mm) sieve, add to the total mass of
soil passing the No. 4 sieve, the mass of the fraction passing the
3⁄8-in. sieve and retained on the No. 4 sieve. For the remaining
sieves, continue the calculations in the same manner.

12.3 To determine the total percentage passing for each
sieve, divide the total mass passing (see 12.2) by the total mass
of sample and multiply the result by 100.

13. Hygroscopic Moisture Correction Factor

13.1 The hydroscopic moisture correction factor is the ratio
between the mass of the oven-dried sample and the air-dry
mass before drying. It is a number less than one, except when
there is no hygroscopic moisture.

14. Percentages of Soil in Suspension

14.1 Calculate the oven-dry mass of soil used in the
hydrometer analysis by multiplying the air-dry mass by the
hygroscopic moisture correction factor.

14.2 Calculate the mass of a total sample represented by the
mass of soil used in the hydrometer test, by dividing the
oven-dry mass used by the percentage passing the No. 10
(2.00-mm) sieve, and multiplying the result by 100. This value
is the weight W in the equation for percentage remaining in
suspension.

14.3 The percentage of soil remaining in suspension at the
level at which the hydrometer is measuring the density of the
suspension may be calculated as follows (Note 13): For
hydrometer 151H:

P 5 @~100 000/W! 3 G/~G 2 G 1!#~R 2 G1! (1)
NOTE 13—The bracketed portion of the equation for hydrometer 151H

is constant for a series of readings and may be calculated first and then
multiplied by the portion in the parentheses.

For hydrometer 152H:
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P 5 ~Ra/W! 3 100 (2)

where:
a = correction faction to be applied to the reading of

hydrometer 152H. (Values shown on the scale are
computed using a specific gravity of 2.65. Correction
factors are given in Table 1),

P = percentage of soil remaining in suspension at the level
at which the hydrometer measures the density of the
suspension,

R = hydrometer reading with composite correction applied
(Section 7),

W = oven-dry mass of soil in a total test sample represented
by mass of soil dispersed (see 14.2), g,

G = specific gravity of the soil particles, and
G1 = specific gravity of the liquid in which soil particles are

suspended. Use numerical value of one in both in-
stances in the equation. In the first instance any
possible variation produces no significant effect, and in
the second instance, the composite correction for R is
based on a value of one for G1.

15. Diameter of Soil Particles

15.1 The diameter of a particle corresponding to the per-
centage indicated by a given hydrometer reading shall be
calculated according to Stokes’ law (Note 14), on the basis that
a particle of this diameter was at the surface of the suspension
at the beginning of sedimentation and had settled to the level at
which the hydrometer is measuring the density of the suspen-
sion. According to Stokes’ law (see Table 2):

D 5 =@30n/980~G 2 G 1!# 3 L/T (3)

where:
D = diameter of particle, mm,
n = coefficient of viscosity of the suspending medium (in

this case water) in poises (varies with changes in
temperature of the suspending medium),

L = distance from the surface of the suspension to the level
at which the density of the suspension is being
measured, cm. (For a given hydrometer and sedimen-
tation cylinder, values vary according to the hydrom-
eter readings. This distance is known as effective
depth (see Table 2)),

T = interval of time from beginning of sedimentation to
the taking of the reading, min,

G = specific gravity of soil particles, and
G1 = specific gravity (relative density) of suspending me-

dium (value may be used as 1.000 for all practical
purposes).

NOTE 14—Since Stokes’ law considers the terminal velocity of a single
sphere falling in an infinity of liquid, the sizes calculated represent the
diameter of spheres that would fall at the same rate as the soil particles.

15.2 For convenience in calculations the above equation
may be written as follows (see Table 3):

D 5 K=L/T (5)

where:
K = constant depending on the temperature of the suspen-

sion and the specific gravity of the soil particles. Values
of K for a range of temperatures and specific gravities
are given in Table 3. The value of K does not change for
a series of readings constituting a test, while values of
L and T do vary.

15.3 Values of D may be computed with sufficient accuracy,
using an ordinary 10-in. slide rule.

NOTE 15—The value of L is divided by T using the A- and B-scales, the
square root being indicated on the D-scale. Without ascertaining the value
of the square root it may be multiplied by K, using either the C- or
CI-scale.

16. Sieve Analysis Values for Portion Finer than No. 10
(2.00-mm) Sieve

16.1 Calculation of percentages passing the various sieves
used in sieving the portion of the sample from the hydrometer
test involves several steps. The first step is to calculate the mass
of the fraction that would have been retained on the No. 10
sieve had it not been removed. This mass is equal to the total
percentage retained on the No. 10 sieve (100 minus total
percentage passing) times the mass of the total sample repre-
sented by the mass of soil used (as calculated in 14.2), and the
result divided by 100.

TABLE 1 Values of Correction Factor, α, for Different Specific
Gravities of Soil ParticlesA

Specific Gravity Correction FactorA

2.95 0.94
2.90 0.95
2.85 0.96
2.80 0.97
2.75 0.98
2.70 0.99
2.65 1.00
2.60 1.01
2.55 1.02
2.50 1.03
2.45 1.05

A For use in equation for percentage of soil remaining in suspension when using
Hydrometer 152H.
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16.2 Calculate next the total mass passing the No. 200 sieve.
Add together the fractional masses retained on all the sieves,

including the No. 10 sieve, and subtract this sum from the mass
of the total sample (as calculated in 14.2).

16.3 Calculate next the total masses passing each of the
other sieves, in a manner similar to that given in 12.2.

16.4 Calculate last the total percentages passing by dividing
the total mass passing (as calculated in 16.3) by the total mass
of sample (as calculated in 14.2), and multiply the result by
100.

17. Graph

17.1 When the hydrometer analysis is performed, a graph of
the test results shall be made, plotting the diameters of the
particles on a logarithmic scale as the abscissa and the
percentages smaller than the corresponding diameters to an
arithmetic scale as the ordinate. When the hydrometer analysis
is not made on a portion of the soil, the preparation of the graph
is optional, since values may be secured directly from tabulated
data.

18. Report

18.1 The report shall include the following:
18.1.1 Maximum size of particles,
18.1.2 Percentage passing (or retained on) each sieve, which

may be tabulated or presented by plotting on a graph (Note 16),
18.1.3 Description of sand and gravel particles:
18.1.3.1 Shape—rounded or angular,
18.1.3.2 Hardness—hard and durable, soft, or weathered

and friable,
18.1.4 Specific gravity, if unusually high or low,
18.1.5 Any difficulty in dispersing the fraction passing the

No. 10 (2.00-mm) sieve, indicating any change in type and
amount of dispersing agent, and

18.1.6 The dispersion device used and the length of the
dispersion period.

NOTE 16—This tabulation of graph represents the gradation of the
sample tested. If particles larger than those contained in the sample were
removed before testing, the report shall so state giving the amount and
maximum size.

18.2 For materials tested for compliance with definite
specifications, the fractions called for in such specifications
shall be reported. The fractions smaller than the No. 10 sieve
shall be read from the graph.

18.3 For materials for which compliance with definite
specifications is not indicated and when the soil is composed
almost entirely of particles passing the No. 4 (4.75-mm) sieve,
the results read from the graph may be reported as follows:
(1) Gravel, passing 3-in. and retained on No. 4 sieve . . . %
(2) Sand, passing No. 4 sieve and retained on No. 200 sieve . . . %

(a) Coarse sand, passing No. 4 sieve and retained on No. 10 sieve . . . %
(b) Medium sand, passing No. 10 sieve and retained on No. 40 sieve . . . %
(c) Fine sand, passing No. 40 sieve and retained on No. 200 sieve . . . %

(3) Silt size, 0.074 to 0.005 mm . . . %
(4) Clay size, smaller than 0.005 mm . . . %

Colloids, smaller than 0.001 mm . . . %

18.4 For materials for which compliance with definite
specifications is not indicated and when the soil contains
material retained on the No. 4 sieve sufficient to require a sieve
analysis on that portion, the results may be reported as follows
(Note 17):

TABLE 2 Values of Effective Depth Based on Hydrometer and
Sedimentation Cylinder of Specified SizesA

Hydrometer 151H Hydrometer 152H

Actual
Hydrometer

Reading

Effective
Depth, L, cm

Actual
Hydrometer

Reading

Effective
Depth, L, cm

Actual
Hydrometer

Reading

Effective
Depth, L,

cm

1.000 16.3 0 16.3 31 11.2
1.001 16.0 1 16.1 32 11.1
1.002 15.8 2 16.0 33 10.9
1.003 15.5 3 15.8 34 10.7
1.004 15.2 4 15.6 35 10.6
1.005 15.0 5 15.5
1.006 14.7 6 15.3 36 10.4
1.007 14.4 7 15.2 37 10.2
1.008 14.2 8 15.0 38 10.1
1.009 13.9 9 14.8 39 9.9
1.010 13.7 10 14.7 40 9.7
1.011 13.4 11 14.5 41 9.6
1.012 13.1 12 14.3 42 9.4
1.013 12.9 13 14.2 43 9.2
1.014 12.6 14 14.0 44 9.1
1.015 12.3 15 13.8 45 8.9
1.016 12.1 16 13.7 46 8.8
1.017 11.8 17 13.5 47 8.6
1.018 11.5 18 13.3 48 8.4
1.019 11.3 19 13.2 49 8.3
1.020 11.0 20 13.0 50 8.1
1.021 10.7 21 12.9 51 7.9
1.022 10.5 22 12.7 52 7.8
1.023 10.2 23 12.5 53 7.6
1.024 10.0 24 12.4 54 7.4
1.025 9.7 25 12.2 55 7.3
1.026 9.4 26 12.0 56 7.1
1.027 9.2 27 11.9 57 7.0
1.028 8.9 28 11.7 58 6.8
1.029 8.6 29 11.5 59 6.6
1.030 8.4 30 11.4 60 6.5
1.031 8.1
1.032 7.8
1.033 7.6
1.034 7.3
1.035 7.0
1.036 6.8
1.037 6.5
1.038 6.2

A Values of effective depth are calculated from the equation:

L 5 L111/2 fL2 2 sVB/Adg (4)

where:

L = effective depth, cm,
L1 = distance along the stem of the hydrometer from the

top of the bulb to the mark for a hydrometer reading, cm,
L2 = overall length of the hydrometer bulb, cm,
VB = volume of hydrometer bulb, cm3, and
A = cross-sectional area of sedimentation cylinder, cm2

Values used in calculating the values in Table 2 are as follows:
For both hydrometers, 151H and 152H:

L2 = 14.0 cm
VB = 67.0 cm3

A = 27.8 cm2

For hydrometer 151H:

L1 = 10.5 cm for a reading of 1.000
= 2.3 cm for a reading of 1.031

For hydrometer 152H:

L1 = 10.5 cm for a reading of 0 g/litre
= 2.3 cm for a reading of 50 g/litre
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SIEVE ANALYSIS

Sieve Size
Percentage

Passing

3-in. . . . . . . . . .
2-in. . . . . . . . . .
11⁄2-in. . . . . . . . . .
1-in. . . . . . . . . .
3⁄4-in. . . . . . . . . .
3⁄8-in. . . . . . . . . .
No. 4 (4.75-mm) . . . . . . . . .
No. 10 (2.00-mm) . . . . . . . . .
No. 40 (425-µm) . . . . . . . . .

No. 200 (75-µm) . . . . . . . . .
HYDROMETER ANALYSIS

0.074 mm . . . . . . . . .
0.005 mm . . . . . . . . .
0.001 mm . . . . . . . . .

NOTE 17—No. 8 (2.36-mm) and No. 50 (300-µm) sieves may be
substituted for No. 10 and No. 40 sieves.

19. Keywords

19.1 grain-size; hydrometer analysis; hygroscopic moisture;
particle-size; sieve analysis

ASTM International takes no position respecting the validity of any patent rights asserted in connection with any item mentioned
in this standard. Users of this standard are expressly advised that determination of the validity of any such patent rights, and the risk
of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM International Headquarters. Your comments will receive careful consideration at a meeting of the
responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should
make your views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
United States. Individual reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above
address or at 610-832-9585 (phone), 610-832-9555 (fax), or service@astm.org (e-mail); or through the ASTM website
(www.astm.org). Permission rights to photocopy the standard may also be secured from the ASTM website (www.astm.org/
COPYRIGHT/).

TABLE 3 Values of K for Use in Equation for Computing Diameter of Particle in Hydrometer Analysis

Temperature,°
C

Specific Gravity of Soil Particles

2.45 2.50 2.55 2.60 2.65 2.70 2.75 2.80 2.85

16 0.01530 0.01505 0.01481 0.01457 0.01435 0.01414 0.01394 0.01374 0.01356
17 0.01511 0.01486 0.01462 0.01439 0.01417 0.01396 0.01376 0.01356 0.01338
18 0.01492 0.01467 0.01443 0.01421 0.01399 0.01378 0.01359 0.01339 0.01321
19 0.01474 0.01449 0.01425 0.01403 0.01382 0.01361 0.01342 0.1323 0.01305
20 0.01456 0.01431 0.01408 0.01386 0.01365 0.01344 0.01325 0.01307 0.01289
21 0.01438 0.01414 0.01391 0.01369 0.01348 0.01328 0.01309 0.01291 0.01273
22 0.01421 0.01397 0.01374 0.01353 0.01332 0.01312 0.01294 0.01276 0.01258
23 0.01404 0.01381 0.01358 0.01337 0.01317 0.01297 0.01279 0.01261 0.01243
24 0.01388 0.01365 0.01342 0.01321 0.01301 0.01282 0.01264 0.01246 0.01229
25 0.01372 0.01349 0.01327 0.01306 0.01286 0.01267 0.01249 0.01232 0.01215
26 0.01357 0.01334 0.01312 0.01291 0.01272 0.01253 0.01235 0.01218 0.01201
27 0.01342 0.01319 0.01297 0.01277 0.01258 0.01239 0.01221 0.01204 0.01188
28 0.01327 0.01304 0.01283 0.01264 0.01244 0.01255 0.01208 0.01191 0.01175
29 0.01312 0.01290 0.01269 0.01249 0.01230 0.01212 0.01195 0.01178 0.01162
30 0.01298 0.01276 0.01256 0.01236 0.01217 0.01199 0.01182 0.01165 0.01149
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Designation: D698 − 12´1

Standard Test Methods for
Laboratory Compaction Characteristics of Soil Using
Standard Effort (12 400 ft-lbf/ft3 (600 kN-m/m3))1

This standard is issued under the fixed designation D698; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (´) indicates an editorial change since the last revision or reapproval.

This standard has been approved for use by agencies of the U.S. Department of Defense.

ε1 NOTE—Editorial corrections made throughout in January 2014.

1. Scope*

1.1 These test methods cover laboratory compaction meth-
ods used to determine the relationship between molding water
content and dry unit weight of soils (compaction curve)
compacted in a 4 or 6-in. (101.6 or 152.4-mm) diameter mold
with a 5.50-lbf (24.5-N) rammer dropped from a height of 12.0
in. (305 mm) producing a compactive effort of 12 400 ft-lbf/
ft3 (600 kN-m/m3).

NOTE 1—The equipment and procedures are similar as those proposed
by R. R. Proctor (Engineering News Record—September 7, 1933) with
this one major exception: his rammer blows were applied as “12 inch firm
strokes” instead of free fall, producing variable compactive effort depend-
ing on the operator, but probably in the range 15 000 to 25 000
ft-lbf/ft3 (700 to 1200 kN-m/m3). The standard effort test (see 3.1.4) is
sometimes referred to as the Proctor Test.

1.1.1 Soils and soil-aggregate mixtures are to be regarded as
natural occurring fine- or coarse-grained soils, or composites or
mixtures of natural soils, or mixtures of natural and processed
soils or aggregates such as gravel or crushed rock. Hereafter
referred to as either soil or material.

1.2 These test methods apply only to soils (materials) that
have 30 % or less by mass of particles retained on the 3⁄4-in.
(19.0-mm) sieve and have not been previously compacted in
the laboratory; that is, do not reuse compacted soil.

1.2.1 For relationships between unit weights and molding
water contents of soils with 30 % or less by mass of material
retained on the 3⁄4-in. (19.0-mm) sieve to unit weights and
molding water contents of the fraction passing 3⁄4-in. (19.0-
mm) sieve, see Practice D4718.

1.3 Three alternative methods are provided. The method
used shall be as indicated in the specification for the material
being tested. If no method is specified, the choice should be
based on the material gradation.

1.3.1 Method A:
1.3.1.1 Mold—4-in. (101.6-mm) diameter.
1.3.1.2 Material—Passing No. 4 (4.75-mm) sieve.
1.3.1.3 Layers—Three.
1.3.1.4 Blows per Layer—25.
1.3.1.5 Usage—May be used if 25 % or less (see 1.4) by

mass of the material is retained on the No. 4 (4.75-mm) sieve.
1.3.1.6 Other Usage—If this gradation requirement cannot

be met, then Method C may be used.
1.3.2 Method B:
1.3.2.1 Mold—4-in. (101.6-mm) diameter.
1.3.2.2 Material—Passing 3⁄8-in. (9.5-mm) sieve.
1.3.2.3 Layers—Three.
1.3.2.4 Blows per Layer—25.
1.3.2.5 Usage—May be used if 25 % or less (see 1.4) by

mass of the material is retained on the 3⁄8-in. (9.5-mm) sieve.
1.3.2.6 Other Usage—If this gradation requirement cannot

be met, then Method C may be used.
1.3.3 Method C:
1.3.3.1 Mold—6-in. (152.4-mm) diameter.
1.3.3.2 Material—Passing 3⁄4-in. (19.0-mm) sieve.
1.3.3.3 Layers—Three.
1.3.3.4 Blows per Layer—56.
1.3.3.5 Usage—May be used if 30 % or less (see 1.4) by

mass of the material is retained on the 3⁄4-in. (19.0-mm) sieve.
1.3.4 The 6-in. (152.4-mm) diameter mold shall not be used

with Method A or B.

NOTE 2—Results have been found to vary slightly when a material is
tested at the same compactive effort in different size molds, with the
smaller mold size typically yielding larger values of density/unit weight
(1, pp. 21+).2

1.4 If the test specimen contains more than 5 % by mass of
oversize fraction (coarse fraction) and the material will not be
included in the test, corrections must be made to the unit mass
and molding water content of the specimen or to the appropri-
ate field-in-place density test specimen using Practice D4718.1 These Test Methods are under the jurisdiction of ASTM Committee D18 on

Soil and Rock and are the direct responsibility of Subcommittee D18.03 on Texture,
Plasticity and Density Characteristics of Soils.

Current edition approved May 1, 2012. Published June 2012. Originally
approved in 1942. Last previous edition approved in 2000 as D698 – 07ε1. DOI:
10.1520/D0698-12E01.

2 The boldface numbers in parentheses refer to the list of references at the end of
this standard.

*A Summary of Changes section appears at the end of this standard

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959. United States
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1.5 This test method will generally produce a well-defined
maximum dry unit weight for non-free draining soils. If this
test method is used for free-draining soils the maximum unit
weight may not be well defined, and can be less than obtained
using Test Methods D4253.

1.6 All observed and calculated values shall conform to the
guidelines for significant digits and rounding established in
Practice D6026, unless superseded by this standard.

1.6.1 For purposes of comparing measured or calculated
value(s) with specified limits, the measured or calculated
value(s) shall be rounded to the nearest decimal or significant
digits in the specified limits.

1.6.2 The procedures used to specify how data are collected/
recorded or calculated, in this standard are regarded as the
industry standard. In addition, they are representative of the
significant digits that generally should be retained. The proce-
dures used do not consider material variation, purpose for
obtaining the data, special purpose studies, or any consider-
ations for the user’s objectives; and it is common practice to
increase or reduce significant digits of reported data to be
commensurate with these considerations. It is beyond the scope
of this standard to consider significant digits used in analytical
methods for engineering design.

1.7 The values in inch-pound units are to be regarded as the
standard. The values stated in SI units are provided for
information only, except for units of mass. The units for mass
are given in SI units only, g or kg.

1.7.1 It is common practice in the engineering profession to
concurrently use pounds to represent both a unit of mass (lbm)
and a force (lbf). This implicitly combines two separate
systems of units; that is, the absolute system and the gravita-
tional system. It is scientifically undesirable to combine the use
of two separate sets of inch-pound units within a single
standard. This standard has been written using the gravitational
system of units when dealing with the inch-pound system. In
this system, the pound (lbf) represents a unit of force (weight).
However, the use of balances or scales recording pounds of
mass (lbm) or the recording of density in lbm/ft3 shall not be
regarded as a nonconformance with this standard.

1.8 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:3

C127 Test Method for Density, Relative Density (Specific
Gravity), and Absorption of Coarse Aggregate

C136 Test Method for Sieve Analysis of Fine and Coarse
Aggregates

D653 Terminology Relating to Soil, Rock, and Contained
Fluids

D854 Test Methods for Specific Gravity of Soil Solids by
Water Pycnometer

D2168 Practices for Calibration of Laboratory Mechanical-
Rammer Soil Compactors

D2216 Test Methods for Laboratory Determination of Water
(Moisture) Content of Soil and Rock by Mass

D2487 Practice for Classification of Soils for Engineering
Purposes (Unified Soil Classification System)

D2488 Practice for Description and Identification of Soils
(Visual-Manual Procedure)

D3740 Practice for Minimum Requirements for Agencies
Engaged in Testing and/or Inspection of Soil and Rock as
Used in Engineering Design and Construction

D4253 Test Methods for Maximum Index Density and Unit
Weight of Soils Using a Vibratory Table

D4718 Practice for Correction of Unit Weight and Water
Content for Soils Containing Oversize Particles

D4753 Guide for Evaluating, Selecting, and Specifying Bal-
ances and Standard Masses for Use in Soil, Rock, and
Construction Materials Testing

D4914 Test Methods for Density and Unit Weight of Soil
and Rock in Place by the Sand Replacement Method in a
Test Pit

D5030 Test Method for Density of Soil and Rock in Place by
the Water Replacement Method in a Test Pit

D6026 Practice for Using Significant Digits in Geotechnical
Data

D6913 Test Methods for Particle-Size Distribution (Grada-
tion) of Soils Using Sieve Analysis

E11 Specification for Woven Wire Test Sieve Cloth and Test
Sieves

E177 Practice for Use of the Terms Precision and Bias in
ASTM Test Methods

E691 Practice for Conducting an Interlaboratory Study to
Determine the Precision of a Test Method

IEEE/ASTM SI 10 Standard for Use of the International
System of Units (SI): the Modern Metric System

3. Terminology

3.1 Definitions:
3.1.1 See Terminology D653 for general definitions.
3.1.2 molding water content, n—the adjusted water content

of a soil (material) that will be compacted/reconstituted.

3.1.3 standard effort—in compaction testing, the term for
the 12 400 ft-lbf/ft3 (600 kN-m/m3) compactive effort applied
by the equipment and methods of this test.

3.1.4 standard maximum dry unit weight, γd,max in lbf/
ft3 (kN/m3)—in compaction testing, the maximum value de-
fined by the compaction curve for a compaction test using
standard effort.

3.1.5 standard optimum water content, wopt in %—in com-
paction testing, the molding water content at which a soil can
be compacted to the maximum dry unit weight using standard
compactive effort.

3.2 Definitions of Terms Specific to This Standard:
3.2.1 oversize fraction (coarse fraction), PC in %—the por-

tion of total specimen not used in performing the compaction

3 For referenced ASTM standards, visit the ASTM website, www.astm.org, or
contact ASTM Customer Service at service@astm.org. For Annual Book of ASTM
Standards volume information, refer to the standard’s Document Summary page on
the ASTM website.
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test; it may be the portion of total specimen retained on the No.
4 (4.75-mm) sieve in Method A, 3⁄8-in. (9.5-mm) sieve in
Method B, or 3⁄4-in. (19.0-mm) sieve in Method C.

3.2.2 test fraction (finer fraction), PF in %—the portion of
the total specimen used in performing the compaction test; it is
the fraction passing the No. 4 (4.75-mm) sieve in Method A,
passing the 3⁄8-in. (9.5-mm) sieve in Method B, or passing the
3⁄4-in. (19.0-mm) sieve in Method C.

4. Summary of Test Method

4.1 A soil at a selected molding water content is placed in
three layers into a mold of given dimensions, with each layer
compacted by 25 or 56 blows of a 5.50-lbf (24.47-N) rammer
dropped from a distance of 12.00 in. (304.8 mm), subjecting
the soil to a total compactive effort of about 12 400 ft-lbf/
ft3 (600 kN-m/m3). The resulting dry unit weight is deter-
mined. The procedure is repeated for a sufficient number of
molding water contents to establish a relationship between the
dry unit weight and the molding water content for the soil. This
data, when plotted, represents a curvilinear relationship known
as the compaction curve. The values of optimum water content
and standard maximum dry unit weight are determined from
the compaction curve.

5. Significance and Use

5.1 Soil placed as engineering fill (embankments, founda-
tion pads, road bases) is compacted to a dense state to obtain
satisfactory engineering properties such as, shear strength,
compressibility, or permeability. In addition, foundation soils
are often compacted to improve their engineering properties.
Laboratory compaction tests provide the basis for determining
the percent compaction and molding water content needed to
achieve the required engineering properties, and for controlling
construction to assure that the required compaction and water
contents are achieved.

5.2 During design of an engineered fill, shear, consolidation,
permeability, or other tests require preparation of test speci-
mens by compacting at some molding water content to some
unit weight. It is common practice to first determine the
optimum water content (wopt) and maximum dry unit weight
(γd,max) by means of a compaction test. Test specimens are
compacted at a selected molding water content (w), either wet
or dry of optimum (wopt) or at optimum (wopt), and at a selected
dry unit weight related to a percentage of maximum dry unit
weight (γd,max). The selection of molding water content (w),
either wet or dry of optimum (wopt) or at optimum (wopt) and
the dry unit weight (γd,max) may be based on past experience,
or a range of values may be investigated to determine the
necessary percent of compaction.

5.3 Experience indicates that the methods outlined in 5.2 or
the construction control aspects discussed in 5.1 are extremely
difficult to implement or yield erroneous results when dealing
with certain soils. 5.3.1 – 5.3.3 describe typical problem soils,
the problems encountered when dealing with such soils and
possible solutions for these problems.

5.3.1 Oversize Fraction—Soils containing more than 30 %
oversize fraction (material retained on the 3⁄4-in. (19-mm)
sieve) are a problem. For such soils, there is no ASTM test

method to control their compaction and very few laboratories
are equipped to determine the laboratory maximum unit weight
(density) of such soils (USDI Bureau of Reclamation, Denver,
CO and U.S. Army Corps of Engineers, Vicksburg, MS).
Although Test Methods D4914 and D5030 determine the
“field” dry unit weight of such soils, they are difficult and
expensive to perform.

5.3.1.1 One method to design and control the compaction of
such soils is to use a test fill to determine the required degree
of compaction and the method to obtain that compaction,
followed by use of a method specification to control the
compaction. Components of a method specification typically
contain the type and size of compaction equipment to be used,
the lift thickness, acceptable range in molding water content,
and the number of passes.

NOTE 3—Success in executing the compaction control of an earthwork
project, especially when a method specification is used, is highly
dependent upon the quality and experience of the contractor and inspector.

5.3.1.2 Another method is to apply the use of density
correction factors developed by the USDI Bureau of Reclama-
tion (2, 3) and U.S. Corps of Engineers (4). These correction
factors may be applied for soils containing up to about 50 to
70 % oversize fraction. Each agency uses a different term for
these density correction factors. The USDI Bureau of Recla-
mation uses D ratio (or D–VALUE), while the U.S. Corps of
Engineers uses Density Interference Coefficient (Ic).

5.3.1.3 The use of the replacement technique (Test Method
D698–78, Method D), in which the oversize fraction is
replaced with a finer fraction, is inappropriate to determine the
maximum dry unit weight, γd,max, of soils containing oversize
fractions (4).

5.3.2 Degradation—Soils containing particles that degrade
during compaction are a problem, especially when more
degradation occurs during laboratory compaction than field
compaction, as is typical. Degradation typically occurs during
the compaction of a granular-residual soil or aggregate. When
degradation occurs, the maximum dry-unit weight increases (1,
p. 73) so that the laboratory maximum value is not represen-
tative of field conditions. Often, in these cases, the maximum
dry unit weight is impossible to achieve in the field.

5.3.2.1 Again, for soils subject to degradation, the use of
test fills and method specifications may help. Use of replace-
ment techniques is not correct.

5.3.3 Gap Graded—Gap-graded soils (soils containing
many large particles with limited small particles) are a problem
because the compacted soil will have larger voids than usual.
To handle these large voids, standard test methods (laboratory
or field) typically have to be modified using engineering
judgement.

NOTE 4—The quality of the result produced by this standard is
dependent on the competence of the personnel performing it, and the
suitability of the equipment and facilities used. Agencies that meet the
criteria of Practice D3740 are generally considered capable of competent
and objective testing/sampling/inspection, and the like. Users of this
standard are cautioned that compliance with Practice D3740 does not in
itself assure reliable results. Reliable results depend on many factors;
Practice D3740 provides a means of evaluating some of those factors.
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6. Apparatus

6.1 Mold Assembly—The molds shall be cylindrical in
shape, made of rigid metal and be within the capacity and
dimensions indicated in 6.1.1 or 6.1.2 and Figs. 1 and 2. See
also Table 1. The walls of the mold may be solid, split, or
tapered. The “split” type may consist of two half-round
sections, or a section of pipe split along one element, which can
be securely locked together to form a cylinder meeting the
requirements of this section. The “tapered” type shall have an
internal diameter taper that is uniform and not more than 0.200
in./ft (16.7 mm/m) of mold height. Each mold shall have a base
plate and an extension collar assembly, both made of rigid
metal and constructed so they can be securely attached and
easily detached from the mold. The extension collar assembly
shall have a height extending above the top of the mold of at
least 2.0 in. (51 mm) which may include an upper section that
flares out to form a funnel, provided there is at least a 0.75 in.
(19 mm) straight cylindrical section beneath it. The extension
collar shall align with the inside of the mold. The bottom of the
base plate and bottom of the centrally recessed area that
accepts the cylindrical mold shall be planar within 60.005 in.
(60.1 mm).

6.1.1 Mold, 4 in.—A mold having a 4.000 6 0.016-in.
(101.6 6 0.4-mm) average inside diameter, a height of 4.584 6

0.018 in. (116.4 6 0.5 mm) and a volume of 0.0333 6 0.0005
ft3 (943.0 6 14 cm3). A mold assembly having the minimum
required features is shown in Fig. 1.

6.1.2 Mold, 6 in.—A mold having a 6.000 6 0.026-in.
(152.4 6 0.7-mm) average inside diameter, a height of 4.584 6

0.018 in. (116.4 6 0.5 mm), and a volume of 0.0750 6 0.0009
ft3 (2124 6 25 cm3). A mold assembly having the minimum
required features is shown in Fig. 2.

6.2 Rammer—A rammer, either manually operated as de-
scribed further in 6.2.1 or mechanically operated as described
in 6.2.2. The rammer shall fall freely through a distance of
12.00 6 0.05 in. (304.8 6 1 mm) from the surface of the
specimen. The weight of the rammer shall be 5.50 6 0.02 lbf
(24.47 6 0.09 N, or mass of 2.495 6 0.009 kg), except that the
weight of the mechanical rammers may be adjusted as de-
scribed in Practices D2168; see Note 5. The striking face of the
rammer shall be planar and circular, except as noted in 6.2.2.1,
with a diameter when new of 2.000 6 0.005 in. (50.80 6 0.13
mm). The rammer shall be replaced if the striking face

becomes worn or bellied to the extent that the diameter exceeds
2.000 6 0.01 in. (50.80 6 0.25 mm).

NOTE 5—It is a common and acceptable practice to determine the
weight of the rammer using either a kilogram or pound balance and
assume 1 lbf is equivalent to 0.4536 kg, 1 lbf is equivalent to 1 lbm, or 1
N is equivalent to 0.2248 lbf or 0.1020 kg.

6.2.1 Manual Rammer—The rammer shall be equipped with
a guide sleeve that has sufficient clearance that the free fall of
the rammer shaft and head is not restricted. The guide sleeve
shall have at least four vent holes at each end (eight holes total)
located with centers 3⁄4 6 1⁄16 in. (19 6 2 mm) from each end
and spaced 90 degrees apart. The minimum diameter of the
vent holes shall be 3⁄8 in. (9.5 mm). Additional holes or slots
may be incorporated in the guide sleeve.

6.2.2 Mechanical Rammer-Circular Face—The rammer
shall operate mechanically in such a manner as to provide
uniform and complete coverage of the specimen surface. There
shall be 0.10 6 0.03-in. (2.5 6 0.8-mm) clearance between the
rammer and the inside surface of the mold at its smallest
diameter. The mechanical rammer shall meet the
standardization/calibration requirements of Practices D2168.FIG. 1 4.0-in. Cylindrical Mold

FIG. 2 6.0-in. Cylindrical Mold

TABLE 1 Metric Equivalents for Figs. 1 and 2

in. mm

0.016 0.41
0.026 0.66
0.032 0.81
0.028 0.71
1⁄2 12.70
21⁄2 63.50
25⁄8 66.70
4 101.60
41⁄2 114.30
4.584 116.43
43⁄4 120.60
6 152.40
61⁄2 165.10
65⁄8 168.30
63⁄4 171.40
81⁄4 209.60
ft3 cm3

1⁄30 (0.0333) 943
0.0005 14
(0.0750) 2,124
0.0011 31
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The mechanical rammer shall be equipped with a positive
mechanical means to support the rammer when not in opera-
tion.

6.2.2.1 Mechanical Rammer-Sector Face—The sector face
can be used with the 6-in. (152.4-mm) mold, as an alternative
to the circular face mechanical rammer described in 6.2.2. The
striking face shall have the shape of a sector of a circle of
radius equal to 2.90 6 0.02 in. (73.7 6 0.5 mm) and an area
about the same as the circular face, see 6.2. The rammer shall
operate in such a manner that the vertex of the sector is
positioned at the center of the specimen and follow the
compaction pattern given in Fig. 3b.

6.3 Sample Extruder (optional)—A jack, with frame or
other device adapted for the purpose of extruding compacted
specimens from the mold.

6.4 Balance—A Class GP5 balance meeting the require-
ments of Guide D4753 for a balance of 1-g readability. If the
water content of the compacted specimens is determined using
a representative portion of the specimen, rather than the whole
specimen, and if the representative portion is less than 1000 g,
a Class GP2 balance having a 0.1-g readability is needed in
order to comply with Test Methods D2216 requirements for
determining water content to 0.1 %.

NOTE 6—Use of a balance having an equivalent capacity and a
readability of 0.002 lbm as an alternative to a class GP5 balance should
not be regarded as nonconformance to this standard.

6.5 Drying Oven—Thermostatically controlled oven, ca-
pable of maintaining a uniform temperature of 230 6 9°F (110
6 5°C) throughout the drying chamber. These requirements
typically require the use of a forced-draft type oven. Preferably
the oven should be vented outside the building.

6.6 Straightedge—A stiff metal straightedge of any conve-
nient length but not less than 10 in. (250 mm). The total length
of the straightedge shall be machined straight to a tolerance of
60.005 in. (60.1 mm). The scraping edge shall be beveled if
it is thicker than 1⁄8 in. (3 mm).

6.7 Sieves—3⁄4 in. (19.0 mm), 3⁄8 in. (9.5 mm), and No. 4
(4.75 mm), conforming to the requirements of Specification
E11.

6.8 Mixing Tools—Miscellaneous tools such as mixing pan,
spoon, trowel, spatula, spraying device (to add water evenly),
and (preferably, but optional) suitable mechanical device for
thoroughly mixing the subspecimen of soil with increments of
water.

7. Standardization/Calibration

7.1 Perform standardizations before initial use, after repairs
or other occurrences that might affect the test results, at
intervals not exceeding 1,000 test specimens, or annually,
whichever occurs first, for the following apparatus:

7.1.1 Balance—Evaluate in accordance with Guide D4753.
7.1.2 Molds—Determine the volume as described in Annex

A1.
7.1.3 Manual Rammer—Verify the free fall distance, ram-

mer weight, and rammer face are in accordance with 6.2. Verify
the guide sleeve requirements are in accordance with 6.2.1.

7.1.4 Mechanical Rammer—Verify and adjust if necessary
that the mechanical rammer is in accordance with Practices
D2168. In addition, the clearance between the rammer and the
inside surface of the mold shall be verified in accordance with
6.2.2.

8. Test Specimen

8.1 The minimum specimen (test fraction) mass for Meth-
ods A and B is about 16 kg, and for Method C is about 29 kg
of dry soil. Therefore, the field sample should have a moist
mass of at least 23 kg and 45 kg, respectively. Greater masses
would be required if the oversize fraction is large (see 10.2 or
10.3) or an additional molding water content is taken during
compaction of each point (see 10.4.2.1).

8.2 If gradation data is not available, estimate the percent-
age of material (by mass) retained on the No. 4 (4.75-mm),
3⁄8-in. (9.5-mm), or 3⁄4-in. (19.0-mm) sieve as appropriate for
selecting Method A, B, or C, respectively. If it appears the
percentage retained of interest is close to the allowable value
for a given Method (A, B, or C), then either:

8.2.1 Select a Method that allows a higher percentage
retained (B or C).

8.2.2 Using the Method of interest, process the specimen in
accordance with 10.2 or 10.3, this determines the percentage
retained for that method. If acceptable, proceed, if not go to the
next Method (B or C).

8.2.3 Determine percentage retained values by using a
representative portion from the total sample, and performing a
simplified or complete gradation analysis using the sieve(s) of
interest and Test Methods D6913 or C136. It is only necessary
to calculate the retained percentage(s) for the sieve or sieves
for which information is desired.

FIG. 3 Rammer Pattern for Compaction in 4 in. (101.6 mm) Mold
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9. Preparation of Apparatus

9.1 Select the proper compaction mold(s), collar, and base
plate in accordance with the Method (A, B, or C) being used.
Check that its volume is known and determined with or without
base plate, free of nicks or dents, and will fit together properly.

NOTE 7—Mass requirements are given in 10.4.

9.2 Check that the manual or mechanical rammer assembly
is in good working condition and that parts are not loose or
worn. Make any necessary adjustments or repairs. If adjust-
ments or repairs are made, the rammer must be re-standardized.

10. Procedure

10.1 Soils:
10.1.1 Do not reuse soil that has been previously compacted

in the laboratory. The reuse of previously compacted soil yields
a significantly greater maximum dry unit weight (1, p. 31).

10.1.2 When using this test method for soils containing
hydrated halloysite, or in which past experience indicates that
results will be altered by air-drying, use the moist preparation
method (see 10.2). In referee testing, each laboratory has to use
the same method of preparation, either moist (preferred) or
air-dried.

10.1.3 Prepare the soil specimens for testing in accordance
with 10.2 (preferred) or with 10.3.

10.2 Moist Preparation Method (preferred)—Without pre-
viously drying the sample/specimen, process it over a No. 4
(4.75-mm), 3⁄8-in. (9.5-mm), or 3⁄4-in. (19.0-mm) sieve, de-
pending on the Method (A, B, or C) being used or required as
covered in 8.2. For additional processing details, see Test
Methods D6913. Determine and record the mass of both the
retained and passing portions (oversize fraction and test
fraction, respectively) to the nearest g. Oven dry the oversize
fraction and determine and record its dry mass to the nearest g.
If it appears more than 0.5 % of the total dry mass of the
specimen is adhering to the oversize fraction, wash that
fraction. Then determine and record its oven dry mass to the
nearest g. Determine and record the water content of the
processed soil (test fraction). Using that water content, deter-
mine and record the oven dry mass of the test fraction to the
nearest g. Based on these oven dry masses, the percent oversize
fraction, PC, and test fraction, PF, shall be determined and
recorded, unless a gradation analysis has already been
performed, see Section 11 on Calculations.

10.2.1 From the test fraction, select and prepare at least four
(preferably five) subspecimens having molding water contents
such that they bracket the estimated optimum water content. A
subspecimen having a molding water content close to optimum
should be prepared first by trial additions or removals of water
and mixing (see Note 8). Select molding water contents for the
rest of the subspecimens to provide at least two subspecimens
wet and two subspecimens dry of optimum, and molding water
contents varying by about 2 %. At least two molding water
contents are necessary on the wet and dry side of optimum to
define the dry-unit-weight compaction curve (see 10.5). Some
soils with very high optimum water content or a relatively flat
compaction curve may require larger molding water content

increments to obtain a well-defined maximum dry unit weight.
Molding water content increments should not exceed about
4 %.

NOTE 8—With practice it is usually possible to visually judge a point
near optimum water content. Typically, cohesive soils at the optimum
water content can be squeezed into a lump that sticks together when hand
pressure is released, but will break cleanly into two sections when “bent.”
They tend to crumble at molding water contents dry of optimum; while,
they tend to stick together in a sticky cohesive mass wet of optimum. The
optimum water content is typically slightly less than the plastic limit.
While for cohesionless soils, the optimum water content is typically close
to zero or at the point where bleeding occurs.

10.2.2 Thoroughly mix the test fraction, then using a scoop
select representative soil for each subspecimen (compaction
point). Select about 2.3 kg when using Method A or B, or about
5.9 kg for Method C. Test Methods D6913 section on Speci-
men and Annex A2 gives additional details on obtaining
representative soil using this procedure and why it is the
preferred method. To obtain the subspecimen’s molding water
contents selected in 10.2.1, add or remove the required
amounts of water as follows. To add water, spray it into the soil
during mixing; to remove water, allow the soil to dry in air at
ambient temperature or in a drying apparatus such that the
temperature of the sample does not exceed 140°F (60°C). Mix
the soil frequently during drying to facilitate an even water
content distribution. Thoroughly mix each subspecimen to
facilitate even distribution of water throughout and then place
in a separate covered container to stand (cure) in accordance
with Table 2 prior to compaction. For selecting a standing time,
the soil may be classified using Practice D2487, Practice
D2488, or data on other samples from the same material
source. For referee testing, classification shall be by Practice
D2487.

10.3 Dry Preparation Method—If the sample/specimen is
too damp to be friable, reduce the water content by air drying
until the material is friable. Drying may be in air or by the use
of drying apparatus such that the temperature of the sample
does not exceed 140°F (60°C). Thoroughly break up the
aggregations in such a manner as to avoid breaking individual
particles. Process the material over the appropriate sieve: No.
4 (4.75-mm), 3⁄8-in. (9.5-mm), or 3⁄4-in. (19.0-mm). When
preparing the material by passing over the 3⁄4-in. sieve for
compaction in the 6-in. mold, break up aggregations suffi-
ciently to at least pass the 3⁄8-in. sieve in order to facilitate the
distribution of water throughout the soil in later mixing.
Determine and record the water content of the test fraction and
all masses covered in 10.2, as applicable to determine the
percent oversize fraction, PC, and test fraction, PF.

10.3.1 From the test fraction, select and prepare at least four
(preferably five) subspecimens in accordance with 10.2.1 and
10.2.2, except for the following: Use either a mechanical
splitting or quartering process to obtain the subspecimens. As

TABLE 2 Required Standing Times of Moisturized Specimens

Classification Minimum Standing Time, h

GW, GP, SW, SP No Requirement
GM, SM 3
All other soils 16
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stated in Test Methods D6913, both of these processes will
yield non-uniform subspecimens compared to the moist pro-
cedure. Typically, only the addition of water to each subspe-
cimen will be required.

10.4 Compaction—After standing (curing), if required, each
subspecimen (compaction point) shall be compacted as fol-
lows:

10.4.1 Determine and record the mass of the mold or mold
and base plate, see 10.4.7.

10.4.2 Assemble and secure the mold and collar to the base
plate. Check the alignment of the inner wall of the mold and
mold extension collar. Adjust if necessary. The mold shall rest,
without wobbling/rocking on a uniform rigid foundation, such
as provided by a cylinder or cube of concrete with a weight or
mass of not less than 200-lbf or 91-kg, respectively. Secure the
base plate to the rigid foundation. The method of attachment to
the rigid foundation shall allow easy removal of the assembled
mold, collar and base plate after compaction is completed.

10.4.2.1 During compaction, it is advantageous but not
required to determine the water content of each subspecimen.
This provides a check on the molding water content determined
for each compaction point and the magnitude of bleeding, see
10.4.9. However, more soil will have to be selected for each
subspecimen than stated in 10.2.2.

10.4.3 Compact the soil in three layers. After compaction,
each layer should be approximately equal in thickness and
extend into the collar. Prior to compaction, place the loose soil
into the mold and spread into a layer of uniform thickness.
Lightly tamp the soil prior to compaction until it is not in a
fluffy or loose state, using either the manual rammer or a
26-in. (506-mm) diameter cylinder. Following compaction of
each of the first two layers, any soil that has not been
compacted; such as adjacent to the mold walls or extends

above the compacted surface (up the mold walls) shall be
trimmed. The trimmed soil shall be discarded. A knife or other
suitable device may be used. The total amount of soil used shall
be such that the third compacted layer slightly extends into the
collar, but does not extend more than approximately 1⁄4-in.
(6-mm) above the top of the mold. If the third layer does
extend above this limit, then the compaction point shall be
discarded. In addition, the compaction point shall be discarded
when the last blow on the rammer for the third layer results in
the bottom of the rammer extending below the top of the
compaction mold; unless the soil is pliable enough, that this
surface can easily be forced above the top of the compaction
mold during trimming (see Note 9).

10.4.4 Compact each layer with 25 blows for the 4-in.
(101.6-mm) mold or with 56 blows for the 6-in. (152.4-mm)
mold. The manual rammer shall be used for referee testing.

10.4.5 In operating the manual rammer, take care to avoid
lifting the guide sleeve during the rammer upstroke. Hold the
guide sleeve steady and within 5° of vertical. Apply the blows
at a uniform rate of about 25 blows/min and in such a manner
as to provide complete, uniform coverage of the specimen
surface. When using a 4-in. (101.6-mm) mold and manual
rammer, follow the blow pattern given in Fig. 3a and Fig. 3b;
while for a mechanical rammer, follow the pattern in Fig. 3b.
When using a 6-in. (152.4-mm) mold and manual rammer,
follow the blow pattern given in Fig. 4 up to the 9th blow, then
systematically around the mold (Fig. 3b) and in the middle.
When using a 6-in. (152.4-mm) mold and a mechanical
rammer equipped with a sector face, the mechanical rammer
shall be designed to follow the compaction pattern given in
Fig. 3b. When using a 6-in. (152.4-mm) mold and a mechanical
rammer equipped with a circular face, the mechanical rammer
shall be designed to distribute the blows uniformly over the

FIG. 4 Rammer Pattern for Compaction in 6 in. (152.4 mm) Mold
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surface of the specimen. If the surface of the compacted soil
becomes highly uneven (see Note 9), then adjust the pattern to
follow the logic given in Fig. 3a or Fig. 4. This will most likely
void the use of a mechanical rammer for such compaction
points.

NOTE 9—When compacting specimens wetter than optimum water
content, uneven compacted surfaces can occur and operator judgement is
required as to the average height of the specimen and rammer pattern
during compaction.

10.4.6 Following compaction of the last layer, remove the
collar and base plate (except as noted in 10.4.7) from the mold.
A knife may be used to trim the soil adjacent to the collar to
loosen the soil from the collar before removal to avoid
disrupting the soil below the top of the mold. In addition, to
prevent/reduce soil sticking to the collar or base plate, rotate
them before removal.

10.4.7 Carefully trim the compacted specimen even with the
top of the mold by means of the straightedge scraped across the
top of the mold to form a plane surface even with the top of the
mold. Initial trimming of the specimen above the top of the
mold with a knife may prevent the soil from tearing below the
top of the mold. Fill any holes in the top surface with unused
or trimmed soil from the specimen, press in with the fingers,
and again scrape the straightedge across the top of the mold. If
gravel size particles are encountered, trim around them or
remove them, whichever is the easiest and reduces the distur-
bance of the compacted soil. The estimated volume of particles
above the surface of the compacted soil and holes in that
surface shall be equal, fill in remaining holes as mentioned
above. Repeat the appropriate preceding operations on the
bottom of the specimen when the mold volume was determined
without the base plate. For very wet or dry soils, soil or water
may be lost if the base plate is removed. For these situations,
leave the base plate attached to the mold. When the base plate
is left attached, the volume of the mold must be calibrated with
the base plate attached to the mold rather than a plastic or glass
plate as noted in Annex A1, A1.4.

10.4.8 Determine and record the mass of the specimen and
mold to the nearest g. When the base plate is left attached,
determine and record the mass of the specimen, mold and base
plate to the nearest g.

10.4.9 Remove the material from the mold. Obtain a speci-
men for molding water content by using either the whole
specimen (preferred method) or a representative portion. When
the entire specimen is used, break it up to facilitate drying.
Otherwise, obtain a representative portion of the three layers,
removing enough material from the specimen to report the
water content to 0.1 %. The mass of the representative portion
of soil shall conform to the requirements of Table 1, Method B,
of Test Methods D2216. Determine the molding water content
in accordance with Test Methods D2216.

10.5 Following compaction of the last specimen, compare
the wet unit weights to ensure that a desired pattern of
obtaining data on each side of the optimum water content will
be attained for the dry-unit-weight compaction curve. Plotting
the wet unit weight and molding water content of each
compacted specimen can be an aid in making the above
evaluation. If the desired pattern is not obtained, additional

compacted specimens will be required. Generally, for experi-
enced plotters of compaction curves, one compaction point wet
of the optimum water content is adequate to define the
maximum wet unit weight, see 11.2.

11. Calculations and Plotting (Compaction Curve)

11.1 Fraction Percentages—If gradation data from Test
Methods D6913 is not available, calculate the dry mass of the
test fraction, percentage of oversize fraction and test fraction as
covered below and using the data from 10.2 or 10.3:

11.1.1 Test Fraction—Determine the dry mass of the test
fraction as follows:

Md ,tf 5
Mm ,tf

11
wtf

100

(1)

where:
Md,tf = dry mass of test fraction, nearest g or 0.001 kg,
Mm,tf = moist mass of test fraction, nearest g or 0.001 kg,

and
wtf = water content of test fraction, nearest 0.1 %.

11.1.2 Oversize Fraction Percentage—Determine the over-
size (coarse) fraction percentage as follows:

PC 5
Md ,of

Md ,of1Md ,tf

(2)

where:
PC = percentage of oversize (coarse) fraction, nearest %,

and
Md,of = dry mass of oversize fraction, nearest g or 0.001 kg,

11.1.3 Test Fraction Percentage—Determine the test (finer)
fraction percentage as follows:

PF 5 100 2 PC (3)

where:
PF = percentage of test (finer) fraction, nearest %.

11.2 Density and Unit Weight—Calculate the molding water
content, moist density, dry density, and dry unit weight of each
compacted specimen as explained below.

11.2.1 Molding Water Content, w—Calculate in accordance
with Test Methods D2216 to nearest 0.1 %.

11.2.2 Density and Unit Weights—Calculate the moist (to-
tal) density (Eq 4), the dry density (Eq 5), and then the dry unit
weight (Eq 6) as follows:

11.2.2.1 Moist Density:

ρm 5 K 3
~Mt 2 Mmd!

V
(4)

where:
ρm = moist density of compacted subspecimen (compac-

tion point), four significant digits, g/cm3 or kg/m3,
Mt = mass of moist soil in mold and mold, nearest g,
Mmd = mass of compaction mold, nearest g,
V = volume of compaction mold, cm3 or m3 (see Annex

A1), and

D698 − 12´1

8Copyright by ASTM Int'l (all rights reserved);
                  
                                                               

Case 2:13-cv-03016-TOR    Document 396-1    Filed 05/19/15



K = conversion constant, depending on density units and
volume units.
Use 1 for g/cm3 and volume in cm3.
Use 1000 for g/cm3 and volume in m3.
Use 0.001 for kg/cm3 and volume in m3.
Use 1000 for kg/m3 and volume in cm3.

11.2.2.2 Dry Density:

ρd 5
ρm

11
w

100

(5)

where:
ρd = dry density of compaction point, four significant digits,

g/cm3 or kg/m3, and
w = molding water content of compaction point, nearest

0.1 %.

11.2.2.3 Dry Unit Weight:

γd 5 K1 3 ρd in lbf/ft3 (6)
or

γd 5 K2 3 ρd in kN/m3 (7)

where:
γd = dry unit weight of compacted specimen, four signifi-

cant digits, in lbf/ft3 or kN/m3,
K1 = conversion constant, depending on density units,

Use 62.428 for density in g/cm3, or
Use 0.062428 for density in kg/m3,

K2 = conversion constant, depending on density units,
Use 9.8066 for density in g/cm3, or
Use 0.0098066 for density in kg/m3.

11.3 Compaction Curve—Plot the dry unit weight and
molding water content values, the saturation curve (see 11.3.2),
and draw the compaction curve as a smooth curve through the
points (see example, Fig. 5). For each point on the compaction
curve, calculate, record, and plot dry unit weight to the nearest
0.1 lbf/ft3 (0.02 kN/m3) and molding water content to the
nearest 0.1 %. From the compaction curve, determine the
compaction results: optimum water content, to nearest 0.1 %
and maximum dry unit weight, to the nearest 0.1 lbf/ft3 (0.02
kN/m3). If more than 5 % by mass of oversize material was
removed from the sample/specimen, calculate the corrected
optimum water content and maximum dry unit weight of the
total material using Practice D4718. This correction may be
made to the appropriate field in-place density test specimen
rather than to the laboratory compaction results.

11.3.1 In these plots, the scale sensitivities should remain
the same, that is the change in molding water content or dry
unit weight per division is constant between plots. Typically,
the change in dry unit weight per division is twice that of
molding water content’s (2 lbf/ft3 to 1 % w per major division).
Therefore, any change in the shape of the compaction curve is
a result of testing different material, not the plotting scale.
However, a one to one ratio should be used for soils that have
a relatively flat compaction curve (see 10.2.1), such as highly
plastic soils or relatively free draining ones up to the point of
bleeding.

11.3.1.1 The shape of the compaction curve on the wet side
on optimum should typically follow that of the saturation
curve. The shape of the compaction curve on the dry side of
optimum may be relatively flat or up and down when testing
some soils, such as relatively free draining ones or plastic soils
prepared using the moist procedure and having molding water
contents close to or less than the shrinkage limit.

11.3.2 Plot the 100 % saturation curve, based on either an
estimated or a measured specific gravity. Values of water
content for the condition of 100 % saturation can be calculated
as explained in 11.4 (see example, Fig. 5).

NOTE 10—The 100 % saturation curve is an aid in drawing the
compaction curve. For soils containing more than about 10 % fines and
molding water contents well above optimum, the two curves generally
become roughly parallel with the wet side of the compaction curve
between 92 to 95 % saturation. Theoretically, the compaction curve cannot
plot to the right of the 100 % saturation curve. If it does, there is an error
in specific gravity, in measurements, in calculations, in testing, or in
plotting. The 100 % saturation curve is sometimes referred to as the zero
air voids curve or the complete saturation curve.

11.4 Saturation Points—To calculate points for plotting the
100 % saturation curve or zero air voids curve, select values of
dry unit weight, calculate corresponding values of water
content corresponding to the condition of 100 % saturation as
follows:

wsat 5
~γw!~Gs! 2 γd

~γd!~Gs!
3 100 (8)

where:
wsat = water content for complete saturation, nearest 0.1 %,
γw = unit weight of water, 62.32 lbf/ft 3 (9.789 kN/m3) at

20°C,

FIG. 5 Example Compaction Curve Plotting
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γd = dry unit weight of soil, lbf/ft3 (kN/m 3), three signifi-
cant digits, and

Gs = specific gravity of soil (estimated or measured), to
nearest 0.01 value, see 11.4.1.

11.4.1 Specific gravity may be estimated for the test fraction
based on test data from other soils having the same soil
classification and source or experience. Otherwise, a specific
gravity test (Test Methods C127 or D854, or both) is necessary.

12. Report: Data Sheet(s)/Form(s)

12.1 The methodology used to specify how data are re-
corded on the test data sheet(s)/form(s), as described below, is
covered in 1.6.

12.2 The data sheet(s)/form(s) shall contain as a minimum
the following information:

12.2.1 Method used (A, B, or C).
12.2.2 Preparation method used (moist or dry).
12.2.3 As received water content if determined, nearest 1 %.
12.2.4 Standard optimum water content, Std-wopt to nearest

0.1 %.
12.2.5 Standard maximum dry unit weight, Std-γd,max near-

est 0.1 lbf/ft3 or 0.02 kN/m3.
12.2.6 Type of rammer (manual or mechanical).
12.2.7 Soil sieve data when applicable for selection of

Method (A, B, or C) used.
12.2.8 Description of sample used in test (as a minimum,

color and group name and symbol), by Practice D2488, or
classification by Practice D2487.

12.2.9 Specific gravity and method of determination, near-
est 0.01 value.

12.2.10 Identification of sample used in test; for example,
project number/name, location, depth, and the like.

12.2.11 Compaction curve plot showing compaction points
used to establish compaction curve, and 100 % saturation
curve, value or point of maximum dry unit weight and
optimum water content.

12.2.12 Percentages for the fractions retained (PC) and
passing (PF) the sieve used in Method A, B, or C, nearest 1 %.
In addition, if compaction data (Std-wopt and Std-γd,max) are
corrected for the oversize fraction, include that data.

13. Precision and Bias

13.1 Precision—Criteria for judging the acceptability of test
results obtained by these test methods on a range of soil types
are given in Tables 3 and 4. These estimates of precision are
based on the results of the interlaboratory program conducted
by the ASTM Reference Soils and Testing Program.4 In this
program, Method A and the Dry Preparation Method were
used. In addition, some laboratories performed three replicate
tests per soil type (triplicate test laboratory), while other
laboratories performed a single test per soil type (single test
laboratory). A description of the soils tested is given in 13.1.4.
The precision estimates vary with soil type, and may vary with
methods used (Method A, B, or C, or wet/dry preparation

method). Judgement is required when applying these estimates
to another soil, method, or preparation method.

13.1.1 The data in Table 3 are based on three replicate tests
performed by each triplicate test laboratory on each soil type.
The single operator and multilaboratory standard deviation
show in Table 3, Column 4 were obtained in accordance with
Practice E691, which recommends each testing laboratory
perform a minimum of three replicate tests. Results of two
properly conducted tests performed by the same operator on
the same material, using the same equipment, and in the
shortest practical period of time should not differ by more than
the single-operator d2s shown in Table 3, Column 5. For
definition of d2s, see footnote D in Table 1. Results of two
properly conducted tests performed by different operators and
on different days should not differ by more than the multilabo-
ratory d2s limits shown in Table 3, Column 5.

13.1.2 In the ASTM Reference Soils and Testing Program,
many of the laboratories performed only a single test on each

4 Supporting data have been filed at ASTM International Headquarters and may
be obtained by requesting Research Report RR:D18-1008. Contact ASTM Customer
Service at service@astm.org.

TABLE 3 Summary of Test Results from Triplicate Test
Laboratories (Standard Effort Compaction)

(1) (2) (3) (4) (5)
Number of

Triplicate Test
Labs

Test ValueA

(Units) Average ValueB
Standard

DeviationC

Acceptable
Range of Two

ResultsD,E

Soil Type:
CH CL ML CH CL ML CH CL ML CH CL ML

Single-Operator Results (Within-Laboratory Repeatability):
11 12 11 γd,max (pcf) 97.2 109.2 106.3 0.5 0.4 0.5 1.3 1.2 1.3

11 12 11 wopt (%) 22.8 16.6 17.1 0.2 0.3 0.3 0.7 0.9 0.9
Multilaboratory Results (Between-Laboratory Reproducibility):

11 12 11 γd, max (pcf) 97.2 109.2 106.3 1.4 0.8 0.6 3.9 2.3 1.6

11 12 11 wopt (%) 22.8 16.6 17.1 0.7 0.5 0.5 1.8 1.5 1.3
A γd,max(pcf) = standard maximum dry unit weight in lbf/ft3 and wopt(%) = standard
optimum water in percent.
B The number of significant digits and decimal places presented are representative
of the input data. In accordance with Practice D6026, the standard deviation and
acceptable range of results can not have more decimal places than the input data.
C Standard deviation is calculated in accordance with Practice E691 and is
referred to as the 1 s limit.
D Acceptable range of two results is referred to as the d2s limit. It is calculated as
1.960 œ2·1s, as defined by Practice E177. The difference between two properly
conducted tests should not exceed this limit. The number of significant digits/
decimal places presented is equal to that prescribed by this standard or Practice
D6026. In addition, the value presented can have the same number of decimal
places as the standard deviation, even if that result has more significant digits than
the standard deviation.
E Both values of γd,max and wopt have to fall within values given for the selected soil
type.

TABLE 4 Summary of Single Test Results from Each
Laboratories (Standard Effort Compaction)A

(1) (2) (3) (4) (5)
Number of

Test
Laboratories

Test Value
(Units) Average Value

Standard
Deviation

Acceptable
Range of Two

Results

Soil Type:
CH CL ML CH CL ML CH CL ML CH CL ML

Multilaboratory Results (Between-Laboratory Reproducibility):
26 26 25 γd,max (pcf) 97.3 109.2 106.2 1.6 1.1 1.0 4.5 3.0 2.9

wopt (%) 22.6 16.4 16.7 0.9 0.7 1.0 2.4 1.8 2.9
A See footnotes in Table 3.
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soil type. This is common practice in the design and construc-
tion industry. The data for each soil type in Table 4 are based
upon the first test result from the triplicate test laboratories and
the single test results from the other laboratories. Results of
two properly conducted tests performed by two different
laboratories with different operators using different equipment
and on different days should not vary by more than the d2s
limits shown in Table 4, Column 5. The results in Tables 3 and
4 are dissimilar because the data sets are different.

13.1.3 Table 3 presents a rigorous interpretation of triplicate
test data in accordance with Practice E691 from pre-qualified
laboratories. Table 4 is derived from test data that represents
common practice.

13.1.4 Soil Types—Based on the multilaboratory test results
the soils used in the program are described below in accor-
dance with Practice D2487. In addition, the local names of the
soils are given.

CH Fat clay, CH, 99 % fines, LL=60, PI=39, grayish brown, soil
had been air dried and pulverized. Local name—Vicksburg
Buckshot Clay

CL Lean clay, CL, 89 % fines, LL=33, PI=13, gray, soil had been
air dried and pulverized. Local name—Annapolis Clay

ML Silt, ML, 99 % fines, LL=27, PI=4, light brown, soil had been
air dried and pulverized. Local name—Vicksburg Silt

13.2 Bias—There is no accepted reference values for this
test method, therefore, bias cannot be determined.

14. Keywords

14.1 compaction characteristics; density; impact compac-
tion; laboratory tests ; moisture-density curves; proctor test;
soil; soil compaction; standard effort

ANNEX

(Mandatory Information)

A1. VOLUME OF COMPACTION MOLD

A1.1 Scope

A1.1.1 This annex describes the procedure for determining
the volume of a compaction mold.

A1.1.2 The volume is determined by two methods, a water-
filled and linear-measurement method.

A1.1.3 The water filling method for the 4-in. (106.5-mm)
mold, when using a balance readable to nearest g, does not
yield four significant figures for its volume, just three. Based
on Practice D6026, this limits the density/unit weight determi-
nations previously presented from four to three significant
figures. To prevent this limitation, the water filling method has
been adjusted from that presented in early versions of this test
method.

A1.2 Apparatus

A1.2.1 In addition to the apparatus listed in Section 6 the
following items are required:

A1.2.1.1 Vernier or Dial Caliper, having a measuring range
of at least 0 to 6 in. (0 to 150 mm) and readable to at least 0.001
in. (0.02 mm).

A1.2.1.2 Inside Micrometer (optional), having a measuring
range of at least 2 to 12 in. (50 to 300 mm) and readable to at
least 0.001 in. (0.02 mm).

A1.2.1.3 Depth Micrometer (optional) , having a measuring
range of at least 0 to 6 in. (0 to 150 mm) and readable to at least
0.001 in. (0.02 mm).

A1.2.1.4 Plastic or Glass Plates—Two plastic or glass
plates about 8 in. square by 1⁄4 in. thick (200 by 200 by 6 mm).

A1.2.1.5 Thermometer or Other Thermometric Device, hav-
ing graduation increments of 0.1°C.

A1.2.1.6 Stopcock Grease, or similar sealant.

A1.2.1.7 Miscellaneous Equipment—Bulb syringe, towels,
etc.

A1.3 Precautions

A1.3.1 Perform this method in an area isolated from drafts
or extreme temperature fluctuations.

A1.4 Procedure

A1.4.1 Water-Filling Method:
A1.4.1.1 Lightly grease the bottom of the compaction mold

and place it on one of the plastic or glass plates. Lightly grease
the top of the mold. Be careful not to get grease on the inside
of the mold. If it is necessary to use the base plate, as noted in
10.4.7, place the greased mold onto the base plate and secure
with the locking studs.

A1.4.1.2 Determine the mass of the greased mold and both
plastic or glass plates to the nearest 1 g and record, Mmp. When
the base plate is being used in lieu of the bottom plastic or glass
plate, determine the mass of the mold, base plate and a single
plastic or glass plate to be used on top of the mold to the
nearest 1 g and record.

A1.4.1.3 Place the mold and the bottom plastic or glass
plate on a firm, level surface and fill the mold with water to
slightly above its rim.

A1.4.1.4 Slide the second plate over the top surface of the
mold so that the mold remains completely filled with water and
air bubbles are not entrapped. Add or remove water as
necessary with a bulb syringe.

A1.4.1.5 Completely dry any excess water from the outside
of the mold and plates.

A1.4.1.6 Determine the mass of the mold, plates and water
and record to the nearest 1 g, Mmp,w.
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A1.4.1.7 Determine the temperature of the water in the
mold to the nearest 0.1°C and record. Determine and record the
density of water from the table given in Test Methods D854 or
as follows:

ρw ,c 5 1.00034038 2 ~7.77 3 1026! 3 T 2 ~4.95 3 1026! 3 T2

(A1.1)

where:
ρw,c = density of water, nearest 0.00001 g/cm3, and
T = calibration test temperature, nearest 0.1°C.

A1.4.1.8 Calculate the mass of water in the mold by
subtracting the mass determined in A1.4.1.2 from the mass
determined in A1.4.1.6.

A1.4.1.9 Calculate the volume of water by dividing the
mass of water by the density of water. Record this volume to
the nearest 0.1 cm3 for the 4-in. (101.6-mm) mold or nearest 1
cm3 for the 6-in. (152.4-mm) mold. To determine the volume
of the mold in m3, multiply the volume in cm3 by 1 × 10-6.
Record this volume, as prescribed.

A1.4.1.10 If the filling method is being used to determine
the mold’s volume and checked by linear measurement
method, repeat this volume determination (A1.4.1.3 –
A1.4.1.9) and determine and record the average value, Vw as
prescribed.

A1.4.2 Linear Measurement Method:
A1.4.2.1 Using either the vernier caliper or the inside

micrometer (preferable), measure the inside diameter (ID) of
the mold 6 times at the top of the mold and 6 times at the
bottom of the mold, spacing each of the six top and bottom
measurements equally around the ID of the mold. Record the
values to the nearest 0.001-in. (0.02-mm). Determine and
record the average ID to the nearest 0.001-in. (0.02-mm), davg.
Verify that this ID is within specified tolerances, 4.000 6 0.016
in. (101.6 6 0.4 mm), if not discard the mold.

A1.4.2.2 Using the vernier caliper or depth micrometer
(preferably), measure the inside height of the mold attached to
the base plate. In these measurements, make three or more
measurements equally spaced around the ID of the mold, and
preferably one in the center of the mold, but not required (used
the straightedge to facilitate the later measurement and correct
measurement for thickness of straightedge). Record these
values to the nearest 0.001-in. (0.02-mm). Determine and

record the average of these height measurements to the nearest
0.001 in. (0.02 mm), havg. Verify that this height is within
specified tolerances, 4.584 6 0.018 in. (116.4 6 0.5 mm), if
not discard the mold.

A1.4.2.3 Calculate the volume of the mold to four signifi-
cant digits in cm3 as follows:

Vlm 5 K3

π 3 havg 3 ~davg!
2

4
(A1.2)

where:
Vlm = volume of mold by linear measurements, to four

significant digits, cm3,
K3 = constant to convert measurements made in inch (in.)

or mm,
Use 16.387 for measurements in inches.
Use 10-6 for measurements in mm.

π = 3.14159,
havg = average height, in. (mm), and
davg = average of the top and bottom diameters, in. (mm).

A1.4.2.4 If the volume in m3 is required, then multiply the
above value by 10-6.

A1.5 Comparison of Results and Standardized Volume of
Mold

A1.5.1 The volume obtained by either method should be
within the volume tolerance requirements of 6.1.1 and 6.1.2,
using either or cm3 to ft3. To convert cm3 to ft3, divide cm3 by
28 317, record to the nearest 0.0001 ft3.

A1.5.2 The difference between the two methods should not
exceed 0.5 % of the nominal volume of the mold, cm3 to ft3.

A1.5.3 Repeat the determination of volume, which is most
suspect or both if these criteria are not met.

A1.5.4 Failure to obtain satisfactory agreement, between
these methods, even after several trials is an indication the
mold is badly deformed and should be replaced.

A1.5.5 Use the volume of the mold determined using the
water-filling or linear method, or average of both methods as
the standardized volume for calculating the moist density (see
11.4). This value (V) in cm3 or m3 shall have four significant
digits. The use of a volume in ft3, along with masses in lbm
shall not be regarded as a nonconformance with this standard.
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Designation: D1140 − 00 (Reapproved 2006)

Standard Test Methods for
Amount of Material in Soils Finer than No. 200 (75-µm)
Sieve1

This standard is issued under the fixed designation D1140; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (´) indicates an editorial change since the last revision or reapproval.

This standard has been approved for use by agencies of the Department of Defense.

1. Scope

1.1 These test methods cover determination of the amount
of material finer than a 75-µm (No. 200) sieve by washing.

1.2 Two methods for determining the amount of material
finer than the No. 200 sieve are provided. The method to be
used shall be specified by the requesting authority. If no
method is specified, the choice should be based on the
guidance given in 4.2 and 7.3

1.2.1 Method A—Test specimen is not dispersed prior to
wash sieving.

1.2.2 Method B—Test specimen is dispersed by soaking in
water containing a deflocculating agent prior to wash sieving.

1.3 The values stated in SI units are to be regarded as the
standard.

1.4 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:2

C702 Practice for Reducing Samples of Aggregate to Testing
Size

D75 Practice for Sampling Aggregates
D422 Test Method for Particle-Size Analysis of Soils
D2216 Test Methods for Laboratory Determination of Water

(Moisture) Content of Soil and Rock by Mass
D2487 Practice for Classification of Soils for Engineering

Purposes (Unified Soil Classification System)

D3740 Practice for Minimum Requirements for Agencies
Engaged in Testing and/or Inspection of Soil and Rock as
Used in Engineering Design and Construction

D4753 Guide for Evaluating, Selecting, and Specifying Bal-
ances and Standard Masses for Use in Soil, Rock, and
Construction Materials Testing

D6026 Practice for Using Significant Digits in Geotechnical
Data

E11 Specification for Woven Wire Test Sieve Cloth and Test
Sieves

E145 Specification for Gravity-Convection and Forced-
Ventilation Ovens

E177 Practice for Use of the Terms Precision and Bias in
ASTM Test Methods

E691 Practice for Conducting an Interlaboratory Study to
Determine the Precision of a Test Method

3. Summary of Test Method

3.1 A specimen of the soil is washed over a 75-µm (No. 200)
sieve. Clay and other particles that are dispersed by the wash
water, as well as water-soluble materials, are removed from the
soil during the test. The loss in mass resulting from the wash
treatment is calculated as mass percent of the original sample
and is reported as the percentage of material finer than a 75-µm
(No. 200) sieve by washing.

4. Significance and Use

4.1 Material finer than the 75-µm (No. 200) sieve can be
separated from larger particles much more efficiently and
completely by wet sieving than with dry sieving. Therefore,
when accurate determinations of material finer than 75-µm
sieve in soil are desired, this test method is used on the test
specimen prior to dry sieving. Usually the additional amount of
material finer than 75-µm sieve obtained in the dry sieving
process is a small amount. If it is large, the efficiency of the
washing operation should be checked, as it could be an
indication of degradation of the soil.

4.2 With some soils, particularly clayey soils, in order to
keep the finer material from adhering to the larger particles, it
will be necessary to soak the soil prior to washing it through

1 These test methods are under the jurisdiction of ASTM Committee D18 on Soil
and Rock and is the direct responsibility of Subcommittee D18.03 on Texture,
Plasticity and Density Characteristics of Soils.

Current edition approved Nov. 15, 2006. Published January 2007. Originally
approved in 1950. Last previous edition approved in 2000 as D1140 – 00. DOI:
10.1520/D1140-00R06.

2 For referenced ASTM standards, visit the ASTM website, www.astm.org, or
contact ASTM Customer Service at service@astm.org. For Annual Book of ASTM
Standards volume information, refer to the standard’s Document Summary page on
the ASTM website.
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the sieve. A deflocculating agent (dispersing agent) should be
added to the soil when it is soaked.

NOTE 1—The quality of the result produced by this standard is
dependent on the competence of the personnel performing it, and the
suitability of the equipment and facilities used. Agencies that meet the
criteria of Practice D3740 are generally considered capable of competent
and objective testing/sampling/inspection/etc. Users of this standard are
cautioned that compliance with Practice D3740 does not in itself assure
reliable results. Reliable results depend on many factors; Practice D3740
provides a means of evaluating some of those factors.

5. Apparatus

5.1 Balance—A balance or scale conforming to the require-
ments of Specification D4753, readable (with no estimation) to
0.1 % of the test mass, or better. To determine the balance
needed, multiply your test mass by 0.001 and check Table 1 of
Specification D4753 for the class of balance readable to the
number observed.

5.2 Sieves—A minimum nest of two sieves is recommended,
the lower must be a 75-µm (No. 200) sieve and the upper may
be a 425-µm (No. 40) or larger sieve. Chose a sieve with a
diameter sufficient to handle the size of specimen required by
6.2. The 75-µm sieve should have a backing to prevent damage.
The sieves shall conform to the requirements of Specification
E11. Stainless sieve mesh is preferred, as it is less prone to
damage or wear.

5.3 Oven—An oven of sufficient size, capable of maintain-
ing a uniform temperature of 100 6 5°C (230 6 9°F) and
which meets the criteria of Specification E145.

5.4 Deflocculating Agent—A solution of Sodium Hexameta-
phosphate of any concentration sufficient to cause particle
separation can be used. A common amount is 40 g per 1000 mL
of water.

6. Sampling

6.1 Sample the soil in accordance with Practice D75.

6.2 Thoroughly mix the soil sample and reduce the quantity
to an amount suitable for testing using the applicable method
described in Practice C702. The test specimen shall be the end
result of the reduction. Reduction to an exact predetermined
mass is not permitted. The mass of the test specimen, after
drying, shall conform with the following except as noted (6.2.1
and Note 2):

Recommended
Maximum Particle Standard Minimum Mass of

Size (100 % Passing) Sieve Size Test Specimens
2 mm or less No. 10 20 g
4.75 mm No. 4 100 g
9.5 mm 3⁄8 9 500 g

19.0 mm 3⁄4 9 2.5 kg
37.5 mm 11⁄2 9 10 kg
75.0 mm 39 50 kg

6.2.1 If the same specimen is to be tested for sieve analysis
according to Test Method D422, comply with the applicable
mass requirements of that Test Method.

NOTE 2—When a minimum mass is not available (split spoon sample,
and the like), a smaller mass can be used. The report shall indicate the
mass used.

7. Procedure

7.1 Dry the test specimen to a constant mass at a tempera-
ture of 110 6 5°C (230 6 9°F) and determine its mass to the
nearest 0.1 g. To determine the balance needed, multiply the
mass by 0.001, check the resultant number with Table 1 of
Specification D4753 for the required balance.

7.1.1 For example: Minimum readability = 276 g (mass) ×
0.001 = 0.3 g. A GP-2 with a readability of 0.1 g would be
suitable. A more sensitive balance could also be used.

7.1.2 As an alternative, select an auxiliary water content
specimen and determine the water content (nearest 0.1 %) in
accordance with Test Method D2216. Calculate the oven-dry
mass of the test specimen from the moist mass (nearest 0.1 %
of its mass, or better (see 5.1)) and the water content.

7.2 Method A:
7.2.1 After preparing the specimen in accordance with 7.1,

place the specimen on on the uppermost (coarsest) sieve. Wash
the specimen (material) on the sieve(s) by means of a stream of
water from a faucet (Note 3). The material may be lightly
manipulated by hand, to facilitate the washing process, taking
care not to lose any of the retained material. No downward
pressure should be exerted on the retained material or sieve to
avoid the forcing of particles through the sieve or damage to
the sieve. Continue the washing until the water coming through
the sieve(s) is clear (Note 4).

NOTE 3—A spray nozzle or a piece of rubber tubing attached to a water
faucet may be used for the washing. The velocity of the water, which may
be increased by pinching the tubing, shall not cause any splashing of the
material over the sides of the sieve. The water temperature should not
exceed 32°C (90°F) to avoid expanding the sieve fabric.

NOTE 4—Care should be taken not to let water accumulate on the 75-µm
(No. 200) sieve due to clogging of the screen. The clogging can cause
overflow of the sieve and loss of material. Lightly hand tapping the sides
of the sieve or the bottom of the screen with a fingertip(s) should prevent
clogging. Directing a stream of water up from below the screen is another
method to unplug the sieve without physically damaging it. Be careful not
to overload the screen by sieving too large a specimen, or portion of a
specimen, at any one time.

7.3 Method B:
7.3.1 As an alternative, particularly for very cohesive soils;

after preparing the specimen in accordance with 7.1, place the
specimen in a container, cover with water containing a defloc-
culating agent, and soak for a minimum of 2 h (preferably
overnight) (Note 5). The specimen should be periodically
agitated manually or by mechanical means to facilitate the
complete separation of the particles.

NOTE 5—It will also be easier to separate the particles if the specimen
is not dried prior to soaking. The moist mass can be adjusted to a dry mass
by using the water content determination procedure from 7.1.2.

7.3.2 After the soaking period is completed, agitate the
contents of the container vigorously and immediately pour into
the nested sieves. Wash any remaining material into the
sieve(s) to make sure all of the material is transferred. Then
finish the washing procedure as specified in 7.2.

7.4 When the washing by Method A or B is completed, the
material retained on the 75-µm (No. 200) sieve can be dried
either in the sieve, or by flushing (transferring) the contents of
the sieve into another container. If the soil is transferred, excess
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water can be removed by decanting or suctioning to speed
drying time. Take care not to lose any particles by removing
only clear water.

7.4.1 Dry the residue from each sieve to a constant mass
using a temperature of 110 6 5°C (230 6 9°F) and determine
the mass using the same balance as used in 7.1.

NOTE 6—As mentioned in 4.1, if the sample is dry sieved after washing,
some material will pass the 75-µm (No. 200) sieve that did not pass during
washing operations. This can be a significant amount for samples with a
high percent of very fine sand or coarse silt.

8. Calculation

8.1 Calculate the amount of material passing the 75-µm
(No. 200) sieve by washing using the following formula:

A 5 @~B 2 C!/B# 3 100 (1)

where:
A = percentage of material finer than the 75-µm sieve by

washing, nearest 0.1 %
B = original dry mass of sample, g, and
C = dry mass of specimen retained on the 75-µm sieve

including the amount retained on an upper sieve after
washing, g.

9. Report

9.1 Report the percentage of material finer than the 75-µm
(No. 200) sieve by washing to the nearest 0.1 %.

9.2 Indicate whether the specimen was soaked and length of
time.

9.3 Indicate method used (A or B).

9.4 Sample identification.

9.5 Size of initial dry mass used.

9.6 State whether the dry mass was determined directly or
using the water content of the specimen as directed in 7.1.2. If
so, note the water content.

10. Precision and Bias

10.1 Precision—Criteria for judging the acceptability of test
results obtained by these test methods on a range of soil types
using Method B are given in Tables 1 and 2. These estimates
of precision are based on the results of the interlaboratory
program conducted by the ASTM Reference Soils and Testing
Program3. In this program, some laboratories performed three
replicate tests per soil type (triplicate test laboratory), while
other laboratories performed a single test per soil type (single
test laboratory). A description of the soils tested is given in
10.1.4. The precision estimates may vary with soil type and
method used (Method A or B). Judgment is required when
applying these estimates to another soil or method.

10.1.1 The data in Table 1 are based on three replicate tests
performed by each triplicate test laboratory on each soil type.
The single operator and multilaboratory standard deviation
shown in Table 1, Column 4 were obtained in accordance with
Practice E691, which recommends each testing laboratory

perform a minimum of three replicate tests. Results of two
properly conducted tests performed by the same operator on
the same material, using the same equipment, and in the
shortest practical period of time should not differ by more than
the single-operator d2s limits shown in Table 1, Column 5. For
definition of d2s see Footnote C in Table 2. Results of two
properly conducted tests performed by different operators and
on different days should not differ by more than the multilabo-
ratory d2s limits shown in Table 1, Column 5.

10.1.2 In the ASTM Reference Soils and Testing Program,
many of the laboratories performed only a single test on each
soil type. This is common practice in the design and construc-
tion industry. The data for each soil type in Table 2 are based
upon the first test results from the triplicate test laboratories
and the single test results from the other laboratories. Results
of two properly conducted tests performed by two different
laboratories with different operators using different equipment
and on different days should not vary by more than the d2s

3 Supporting data have been filed at ASTM International Headquarters and may
be obtained by requesting Research Report RR:D18-1010.

TABLE 1 Summary of Test Results from Triplicate Test
Laboratories (Percent of Fines)

(1) (2) (3) (4) (5)

Soil Type

Number of
Triplicate

Test
Laboratories

Average ValueA

(Percentage
Points)

Standard
DeviationB

(Percentage
Points)

Acceptable
Range of Two

ResultsC

(Percentage
Points)

Single-Operator Results (Within- Laboratory Repeatability):
CH 13 98.83 0.15 0.4
CL 13 88.55 0.14 0.4
ML 14 99.00 0.12 0.3
SP 13 2.47 0.20 0.5

Multilaboratory Results (Between- Laboratory Reproducibility): :
CH 13 98.83 0.22 0.6
CL 13 88.55 0.40 1.1
ML 14 99.00 0.13 0.4
SP 13 2.47 0.36 1.0

AThe number of significant digits and decimal places presented are represen-
tative of the input data. In accordance with Practice D6026, the standard deviation
and acceptable range of results can not have more decimal places than the input
data.

BStandard deviation is calculated in accordance with Practice E691 and is
referred to as the 1s limit.

CAcceptable range of two results is referred to as the d2s limit. It is calculated as
1.960 œ2·1s, as defined by Practice E177. The difference between two properly
conducted tests should not exceed this limit. The number of significant digits/
decimal places presented is equal to that prescribed by this test method or
Practice D6026. In addition, the value presented can have the same number of
decimal places as the standard deviation, even if that result has more significant
digits than the standard deviation.

TABLE 2 Summary of Single-Test Result from Each Laboratory
(Percent of Fines)A

(1) (2) (3) (4) (5)

Soil Type
Number of Test

Laboratories

Average Value
(Percentage

Points)

Standard
Deviation

(Percentage
Points)

Acceptable
Range of

Two Results
(Percentage

Points)
Multilaboratory Results (Single Test Performed by Each Laboratory):

CH 25 98.74 0.22 0.6
CL 24 88.41 0.52 1.4
ML 25 99.00 0.18 0.5
SP 25 2.647 0.60 1.7

ASee footnotes in the Table 1.
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limits shown in Table 2, Column 5. The results in Table 1 and
Table 2 are dissimilar because the data sets are different.

10.1.3 Table 1 presents a rigorous interpretation of triplicate
test data in accordance with Practice E691 from pre-qualified
laboratories. Table 2 is derived from test data that represents
common practice.

10.1.4 Soil Types—Based on the multilaboratory test results,
the soils used in the program are described below in accor-
dance with Practice D2487. In addition, the local names of the
soils are given.

CH—Fat clay, CH, 99 % fines, LL=60, PI=39, grayish brown, soil had been
air dried and pulverized. Local name—Vicksburg Buckshot Clay

CL—Lean clay, CL, 89 % fines, LL=33, PI=13, gray, soil had been air dried
and pulverized. Local name—Annapolis Clay

ML—Silt, ML, 99 % fines, LL=27, PI=4, light brown, soil had been air dried
and pulverized. Local name—Vicksburg Silt

SP—Poorly graded sand; SP, 20 % coarse sand, 48 % medium sand, 30 %
fine sand, 2 % fines, yellowish brown. Local name—Frederick sand

11. Keywords

11.1 fines; particle sizes; sieve analysis; washing

ASTM International takes no position respecting the validity of any patent rights asserted in connection with any item mentioned
in this standard. Users of this standard are expressly advised that determination of the validity of any such patent rights, and the risk
of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM International Headquarters. Your comments will receive careful consideration at a meeting of the
responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should
make your views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
United States. Individual reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above
address or at 610-832-9585 (phone), 610-832-9555 (fax), or service@astm.org (e-mail); or through the ASTM website
(www.astm.org). Permission rights to photocopy the standard may also be secured from the ASTM website (www.astm.org/
COPYRIGHT/).
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Designation: D2487 − 11

Standard Practice for
Classification of Soils for Engineering Purposes (Unified
Soil Classification System)1

This standard is issued under the fixed designation D2487; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (´) indicates an editorial change since the last revision or reapproval.

This standard has been approved for use by agencies of the Department of Defense.

1. Scope*

1.1 This practice describes a system for classifying mineral
and organo-mineral soils for engineering purposes based on
laboratory determination of particle-size characteristics, liquid
limit, and plasticity index and shall be used when precise
classification is required.

NOTE 1—Use of this standard will result in a single classification group
symbol and group name except when a soil contains 5 to 12 % fines or
when the plot of the liquid limit and plasticity index values falls into the
crosshatched area of the plasticity chart. In these two cases, a dual symbol
is used, for example, GP-GM, CL-ML. When the laboratory test results
indicate that the soil is close to another soil classification group, the
borderline condition can be indicated with two symbols separated by a
slash. The first symbol should be the one based on this standard, for
example, CL/CH, GM/SM, SC/CL. Borderline symbols are particularly
useful when the liquid limit value of clayey soils is close to 50. These soils
can have expansive characteristics and the use of a borderline symbol
(CL/CH, CH/CL) will alert the user of the assigned classifications of
expansive potential.

1.2 The group symbol portion of this system is based on
laboratory tests performed on the portion of a soil sample
passing the 3-in. (75-mm) sieve (see Specification E11).

1.3 As a classification system, this standard is limited to
naturally occurring soils.

NOTE 2—The group names and symbols used in this test method may
be used as a descriptive system applied to such materials as shale,
claystone, shells, crushed rock, etc. See Appendix X2.

1.4 This standard is for qualitative application only.

NOTE 3—When quantitative information is required for detailed designs
of important structures, this test method must be supplemented by
laboratory tests or other quantitative data to determine performance
characteristics under expected field conditions.

1.5 This standard is the ASTM version of the Unified Soil
Classification System. The basis for the classification scheme
is the Airfield Classification System developed by A. Casa-

grande in the early 1940s.2 It became known as the Unified
Soil Classification System when several U.S. Government
Agencies adopted a modified version of the Airfield System in
1952.

1.6 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

1.7 This practice offers a set of instructions for performing
one or more specific operations. This document cannot replace
education or experience and should be used in conjunction
with professional judgment. Not all aspects of this practice may
be applicable in all circumstances. This ASTM standard is not
intended to represent or replace the standard of care by which
the adequacy of a given professional service must be judged,
nor should this document be applied without consideration of
a project’s many unique aspects. The word “Standard” in the
title of this document means only that the document has been
approved through the ASTM consensus process.

2. Referenced Documents

2.1 ASTM Standards:3

C117 Test Method for Materials Finer than 75-µm (No. 200)
Sieve in Mineral Aggregates by Washing

C136 Test Method for Sieve Analysis of Fine and Coarse
Aggregates

C702 Practice for Reducing Samples of Aggregate to Testing
Size

D420 Guide to Site Characterization for Engineering Design
and Construction Purposes (Withdrawn 2011)4

D422 Test Method for Particle-Size Analysis of Soils
D653 Terminology Relating to Soil, Rock, and Contained

Fluids

1 This practice is under the jurisdiction of ASTM Committee D18 on Soil and
Rock and is the direct responsibility of Subcommittee D18.07 on Identification and
Classification of Soils.

Current edition approved May 1, 2011. Published June 2011. Originally
approved in 1966. Last previous edition approved in 2010 as D2487 – 10. DOI:
10.1520/D2487-11.

2 Casagrande, A., “Classification and Identification of Soils,” Transactions,
ASCE, 1948 , p. 901.

3 For referenced ASTM standards, visit the ASTM website, www.astm.org, or
contact ASTM Customer Service at service@astm.org. For Annual Book of ASTM
Standards volume information, refer to the standard’s Document Summary page on
the ASTM website.

4 The last approved version of this historical standard is referenced on
www.astm.org.

*A Summary of Changes section appears at the end of this standard
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D1140 Test Methods for Amount of Material in Soils Finer
than No. 200 (75-µm) Sieve

D2216 Test Methods for Laboratory Determination of Water
(Moisture) Content of Soil and Rock by Mass

D2488 Practice for Description and Identification of Soils
(Visual-Manual Procedure)

D3740 Practice for Minimum Requirements for Agencies
Engaged in Testing and/or Inspection of Soil and Rock as
Used in Engineering Design and Construction

D4083 Practice for Description of Frozen Soils (Visual-
Manual Procedure)

D4318 Test Methods for Liquid Limit, Plastic Limit, and
Plasticity Index of Soils

D4427 Classification of Peat Samples by Laboratory Testing
D6913 Test Methods for Particle-Size Distribution (Grada-

tion) of Soils Using Sieve Analysis
E11 Specification for Woven Wire Test Sieve Cloth and Test

Sieves

3. Terminology

3.1 Definitions:
3.1.1 Except as listed below, all definitions are in accor-

dance with Terminology D653.

NOTE 4—For particles retained on a 3-in. (75-mm) U.S. standard sieve,
the following definitions are suggested:

Cobbles—particles of rock that will pass a 12-in. (300-mm) square
opening and be retained on a 3-in. (75-mm) U.S. standard sieve, and

Boulders—particles of rock that will not pass a 12-in. (300-mm) square
opening.

3.1.2 clay—soil passing a No. 200 (75-µm) U.S. standard
sieve that can be made to exhibit plasticity (putty-like proper-
ties) within a range of water contents and that exhibits
considerable strength when air dry. For classification, a clay is
a fine-grained soil, or the fine-grained portion of a soil, with a
plasticity index equal to or greater than 4, and the plot of
plasticity index versus liquid limit falls on or above the “A”
line.

3.1.3 gravel—particles of rock that will pass a 3-in. (75-
mm) sieve and be retained on a No. 4 (4.75-mm) U.S. standard
sieve with the following subdivisions:

Coarse—passes 3-in. (75-mm) sieve and retained on 3⁄4-in.
(19-mm) sieve, and

Fine—passes 3⁄4-in. (19-mm) sieve and retained on No. 4
(4.75-mm) sieve.

3.1.4 organic clay—a clay with sufficient organic content to
influence the soil properties. For classification, an organic clay
is a soil that would be classified as a clay except that its liquid
limit value after oven drying is less than 75 % of its liquid limit
value before oven drying.

3.1.5 organic silt—a silt with sufficient organic content to
influence the soil properties. For classification, an organic silt
is a soil that would be classified as a silt except that its liquid
limit value after oven drying is less than 75 % of its liquid limit
value before oven drying.

3.1.6 peat—a soil composed of vegetable tissue in various
stages of decomposition usually with an organic odor, a
dark-brown to black color, a spongy consistency, and a texture
ranging from fibrous to amorphous.

3.1.7 sand—particles of rock that will pass a No. 4 (4.75-
mm) sieve and be retained on a No. 200 (75-µm) U.S. standard
sieve with the following subdivisions:

Coarse—passes No. 4 (4.75-mm) sieve and retained on No.
10 (2.00-mm) sieve,

Medium—passes No. 10 (2.00-mm) sieve and retained on
No. 40 (425-µm) sieve, and

Fine—passes No. 40 (425-µm) sieve and retained on No.
200 (75-µm) sieve.

3.1.8 silt—soil passing a No. 200 (75-µm) U.S. standard
sieve that is nonplastic or very slightly plastic and that exhibits
little or no strength when air dry. For classification, a silt is a
fine-grained soil, or the fine-grained portion of a soil, with a
plasticity index less than 4 or if the plot of plasticity index
versus liquid limit falls below the “A” line.

3.2 Definitions of Terms Specific to This Standard:
3.2.1 coeffıcient of curvature, Cc—the ratio (D30)2/

(D10 × D60), where D60, D30, and D10 are the particle sizes
corresponding to 60, 30, and 10 % finer on the cumulative
particle-size distribution curve, respectively.

3.2.2 coeffıcient of uniformity, Cu—the ratio D60/D10, where
D60 and D10 are the particle diameters corresponding to 60 and
10 % finer on the cumulative particle-size distribution curve,
respectively.

4. Summary

4.1 As illustrated in Table 1, this classification system
identifies three major soil divisions: coarse-grained soils,
fine-grained soils, and highly organic soils. These three divi-
sions are further subdivided into a total of 15 basic soil groups.

4.2 Based on the results of visual observations and pre-
scribed laboratory tests, a soil is catalogued according to the
basic soil groups, assigned a group symbol(s) and name, and
thereby classified. The flow charts, Fig. 1 for fine-grained soils,
and Fig. 3 for coarse-grained soils, can be used to assign the
appropriate group symbol(s) and name.

5. Significance and Use

5.1 This standard classifies soils from any geographic loca-
tion into categories representing the results of prescribed
laboratory tests to determine the particle-size characteristics,
the liquid limit, and the plasticity index.

5.2 The assigning of a group name and symbol(s) along
with the descriptive information required in Practice D2488
can be used to describe a soil to aid in the evaluation of its
significant properties for engineering use.

5.3 The various groupings of this classification system have
been devised to correlate in a general way with the engineering
behavior of soils. This standard provides a useful first step in
any field or laboratory investigation for geotechnical engineer-
ing purposes.

5.4 This standard may also be used as an aid in training
personnel in the use of Practice D2488.

5.5 This standard may be used in combination with Practice
D4083 when working with frozen soils.
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NOTE 5—Notwithstanding the statements on precision and bias con-
tained in this standard: The precision of this test method is dependent on
the competence of the personnel performing it and the suitability of the
equipment and facilities used. Agencies that meet the criteria of Practice
D3740 are generally considered capable of competent and objective
testing. Users of this test method are cautioned that compliance with
Practice D3740 does not in itself assure reliable testing. Reliable testing
depends on several factors; Practice D3740 provides a means for
evaluating some of those factors.

6. Apparatus

6.1 In addition to the apparatus that may be required for
obtaining and preparing the samples and conducting the

prescribed laboratory tests, a plasticity chart, similar to Fig. 4,
and a cumulative particle-size distribution curve, similar to Fig.
5, are required.

NOTE 6—The “U” line shown on Fig. 4 has been empirically deter-
mined to be the approximate “upper limit” for natural soils. It is a good
check against erroneous data, and any test results that plot above or to the
left of it should be verified.

7. Sampling

7.1 Samples shall be obtained and identified in accordance
with a method or methods, recommended in Guide D420 or by
other accepted procedures.

TABLE 1 Soil Classification Chart

Soil Classification

Criteria for Assigning Group Symbols and Group Names Using Laboratory TestsA Group
Symbol

Group NameB

COARSE-GRAINED
SOILS

Gravels
(More than 50 %
of coarse fraction retained
on
No. 4 sieve)

Clean Gravels
(Less than 5 % finesC )

Cu $ 4 and 1 # Cc # 3D GW Well-graded gravelE

More than 50 %
retained on No. 200 sieve

Cu < 4 and/or
[Cc < 1 or Cc > 3]D

GP Poorly graded gravelE

Gravels with Fines
(More than 12 % finesC )

Fines classify as ML or
MH

GM Silty gravelE,F,G

Fines classify as CL or
CH

GC Clayey gravelE,F,G

Sands
(50 % or more of coarse
fraction passes
No. 4 sieve)

Clean Sands
(Less than 5 % finesH )

Cu $ 6 and 1 # Cc # 3D SW Well-graded sandI

Cu < 6 and/or
[Cc < 1 or Cc > 3]D

SP Poorly graded sandI

Sands with Fines
(More than 12 % finesH )

Fines classify as ML or
MH

SM Silty sandF,G,I

Fines classify as CL or
CH

SC Clayey sandF,G,I

FINE-GRAINED SOILS Silts and Clays inorganic PI > 7 and plots on or
above “A” lineJ

CL Lean clayK,L,M

50 % or more
passes the No. 200 sieve

Liquid limit
less than 50

PI < 4 or plots below “A”
lineJ

ML SiltK ,L,M

organic Liquid limit − oven dried⁄Liquid&#10

< 0.75
OL Organic clayK,L,M,N

Organic siltK,L,M,O

Silts and Clays inorganic PI plots on or above “A”
line

CH Fat clayK ,L,M

Liquid limit
50 or more

PI plots below “A” line MH Elastic siltK,L,M

organic Liquid limit − oven dried⁄Liquid&#10

< 0.75
OH Organic clayK,L,M,P

Organic siltK,L,M,Q

HIGHLY ORGANIC SOILS Primarily organic matter, dark in color, and organic odor PT Peat
A Based on the material passing the 3-in. (75-mm) sieve.
B If field sample contained cobbles or boulders, or both, add “with cobbles or boulders, or both” to group name.
C Gravels with 5 to 12 % fines require dual symbols:

GW-GM well-graded gravel with silt
GW-GC well-graded gravel with clay
GP-GM poorly graded gravel with silt
GP-GC poorly graded gravel with clay

D Cu5D 60/D10 Cc5
sD 30d2

D103D 60

E If soil contains $15 % sand, add “with sand” to group name.
F If fines classify as CL-ML, use dual symbol GC-GM, or SC-SM.
G If fines are organic, add “with organic fines” to group name.
H Sands with 5 to 12 % fines require dual symbols:

SW-SM well-graded sand with silt
SW-SC well-graded sand with clay
SP-SM poorly graded sand with silt
SP-SC poorly graded sand with clay

I If soil contains $15 % gravel, add “with gravel” to group name.
J If Atterberg limits plot in hatched area, soil is a CL-ML, silty clay.
K If soil contains 15 to <30 % plus No. 200, add “with sand” or “with gravel,” whichever is predominant.
L If soil contains $30 % plus No. 200, predominantly sand, add “sand ” to group name.
M If soil contains $30 % plus No. 200, predominantly gravel, add “gravelly” to group name.
N PI $ 4 and plots on or above “A” line.
O PI < 4 or plots below “A” line.
P PI plots on or above “A” line.
Q PI plots below “A” line.
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7.2 Test Methods D6913 provides guidance on selecting
size of specimen. Two test methods are provided in this
standard. The methods differ in the significant digits recorded
and the size of the specimen (mass) required. The method to be
used may be specified by the requesting authority; otherwise
Method A shall be performed. Whenever possible, the field
samples should have weights two to four times larger than
shown.

7.3 If the field sample or test specimen is smaller than the
minimum recommended amount, the report shall include an
appropriate remark.

8. Classification of Peat

8.1 A sample composed primarily of vegetable tissue in
various stages of decomposition and has a fibrous to amor-
phous texture, a dark-brown to black color, and an organic odor
should be designated as a highly organic soil and shall be
classified as peat, PT, and not subjected to the classification
procedures described hereafter.

8.2 If desired, classification of type of peat can be per-
formed in accordance with Classification D4427.

9. Preparation for Classification

9.1 Before a soil can be classified according to this standard,
generally the particle-size distribution of the minus 3-in.
(75-mm) material and the plasticity characteristics of the minus

No. 40 (425-µm) sieve material must be determined. See 9.8
for the specific required tests.

9.2 The preparation of the soil specimen(s) and the testing
for particle-size distribution and liquid limit and plasticity
index shall be in accordance with accepted standard proce-
dures. Two procedures for preparation of the soil specimens for
testing for soil classification purposes are given in Appendixes
X3 and X4. Appendix X3 describes the wet preparation method
and is the preferred method for cohesive soils that have never
dried out and for organic soils.

9.3 When reporting soil classifications determined by this
standard, the preparation and test procedures used shall be
reported or referenced.

9.4 Although the test procedure used in determining the
particle-size distribution or other considerations may require a
hydrometer analysis of the material, a hydrometer analysis is
not necessary for soil classification.

9.5 The percentage (by dry weight) of any plus 3-in.
(75-mm) material must be determined and reported as auxiliary
information.

9.6 The maximum particle size shall be determined (mea-
sured or estimated) and reported as auxiliary information.

9.7 When the cumulative particle-size distribution is
required, a set of sieves shall be used which include the

FIG. 1 Flow Chart for Classifying Fine-Grained Soil (50 % or More Passes No. 200 Sieve)
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following sizes (with the largest size commensurate with the
maximum particle size) with other sieve sizes as needed or
required to define the particle-size distribution:

3-in. (75-mm)
3⁄4-in. (19.0-mm)
No. 4 (4.75-mm)
No. 10 (2.00-mm)
No. 40 (425-µm)
No. 200 (75-µm)

9.8 The tests required to be performed in preparation for
classification are as follows:

9.8.1 For soils estimated to contain less than 5 % fines, a
plot of the cumulative particle-size distribution curve of the
fraction coarser than the No. 200 (75-µm) sieve is required. A
semi-log plot of percent passing versus partical-size or sieve
size/sieve number is plotted as shown in Fig. 5.

9.8.2 For soils estimated to contain 5 to 15 % fines, a
cumulative particle-size distribution curve, as described in
9.8.1, is required, and the liquid limit and plasticity index are
required.

9.8.2.1 If sufficient material is not available to determine the
liquid limit and plasticity index, the fines should be estimated
to be either silty or clayey using the procedures described in
Practice D2488 and so noted in the report.

9.8.3 For soils estimated to contain 15 % or more fines, a
determination of the percent fines, percent sand, and percent
gravel is required, and the liquid limit and plasticity index are
required. For soils estimated to contain 90 % fines or more, the
percent fines, percent sand, and percent gravel may be esti-
mated using the procedures described in Practice D2488 and so
noted in the report.

10. Preliminary Classification Procedure

10.1 Class the soil as fine-grained if 50 % or more by dry
weight of the test specimen passes the No. 200 (75-µm) sieve
and follow Section 3.1.3.

10.2 Class the soil as coarse-grained if more than 50 % by
dry weight of the test specimen is retained on the No. 200
(75-µm) sieve and follow Section 12.

11. Procedure for Classification of Fine-Grained Soils
(50 % or more by dry weight passing the No. 200 (75-
µm) sieve)

11.1 The soil is an inorganic clay if the position of the
plasticity index versus liquid limit plot, Fig. 4, falls on or above
the “A” line, the plasticity index is greater than 4, and the
presence of organic matter does not influence the liquid limit as
determined in 11.3.2.

NOTE 7—The plasticity index and liquid limit are determined on the
minus No. 40 (425 µm) sieve material.

11.1.1 Classify the soil as a lean clay, CL, if the liquid limit
is less than 50. See area identified as CL on Fig. 4.

11.1.2 Classify the soil as a fat clay, CH, if the liquid limit
is 50 or greater. See area identified as CH on Fig. 4.

NOTE 8—In cases where the liquid limit exceeds 110 or the plasticity
index exceeds 60, the plasticity chart may be expanded by maintaining the
same scale on both axes and extending the “A” line at the indicated slope.

11.1.3 Classify the soil as a silty clay, CL-ML, if the
position of the plasticity index versus liquid limit plot falls on
or above the “A” line and the plasticity index is in the range of
4 to 7. See area identified as CL-ML on Fig. 4.

11.2 The soil is an inorganic silt if the position of the
plasticity index versus liquid limit plot, Fig. 4, falls below the
“A” line or the plasticity index is less than 4, and presence of
organic matter does not influence the liquid limit as determined
in 11.3.2.

11.2.1 Classify the soil as a silt, ML, if the liquid limit is
less than 50. See area identified as ML on Fig. 4.

11.2.2 Classify the soil as an elastic silt, MH, if the liquid
limit is 50 or greater. See area identified as MH on Fig. 4.

11.3 The soil is an organic silt or clay if organic matter is
present in sufficient amounts to influence the liquid limit as
determined in 11.3.2.

11.3.1 If the soil has a dark color and an organic odor when
moist and warm, a second liquid limit test shall be performed
on a test specimen which has been oven dried at 110 6 5°C to
a constant weight, typically over night.

11.3.2 The soil is an organic silt or organic clay if the liquid
limit after oven drying is less than 75 % of the liquid limit of
the original specimen determined before oven drying.

11.3.3 Classify the soil as an organic silt or organic clay,
OL, if the liquid limit (not oven dried) is less than 50 %.
Classify the soil as an organic silt, OL, if the plasticity index
is less than 4, or the position of the plasticity index versus
liquid limit plot falls below the “A” line. Classify the soil as an
organic clay, OL, if the plasticity index is 4 or greater and the
position of the plasticity index versus liquid limit plot falls on
or above the “A” line. See area identified as OL (or CL-ML) on
Fig. 4.

11.3.4 Classify the soil as an organic clay or organic silt,
OH, if the liquid limit (not oven dried) is 50 or greater. Classify
the soil as an organic silt, OH, if the position of the plasticity
index versus liquid limit plot falls below the “A” line. Classify
the soil as an organic clay, OH, if the position of the plasticity
index versus liquid-limit plot falls on or above the “A” line.
See area identified as OH on Fig. 4.

11.4 If less than 30 % but 15 % or more of the test specimen
is retained on the No. 200 (75-µm) sieve, the words“ with
sand” or “with gravel” (whichever is predominant) shall be
added to the group name. For example, lean clay with sand,
CL; silt with gravel, ML. If the percent of sand is equal to the
percent of gravel, use “with sand.”

11.5 If 30 % or more of the test specimen is retained on the
No. 200 (75-µm) sieve, the words “sandy” or“ gravelly” shall
be added to the group name. Add the word “sandy” if 30 % or
more of the test specimen is retained on the No. 200 (75-µm)
sieve and the coarse-grained portion is predominantly sand.
Add the word “gravelly” if 30 % or more of the test specimen
is retained on the No. 200 (75-µm) sieve and the coarse-grained
portion is predominantly gravel. For example, sandy lean clay,
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CL; gravelly fat clay, CH; sandy silt, ML. If the percent of sand
is equal to the percent of gravel, use “sandy.”

12. Procedure for Classification of Coarse-Grained Soils
(more than 50 % retained on the No. 200 (75-µm) sieve)

12.1 Class the soil as gravel if more than 50 % of the coarse
fraction [plus No. 200 (75-µm) sieve] is retained on the No. 4
(4.75-mm) sieve.

12.2 Class the soil as sand if 50 % or more of the coarse
fraction [plus No. 200 (75-µm) sieve] passes the No. 4
(4.75-mm) sieve.

12.3 If 12 % or less of the test specimen passes the No. 200
(75-µm) sieve, plot the cumulative particle-size distribution,
Fig. 5, and compute the coefficient of uniformity, Cu, and
coefficient of curvature, Cc, as given in Eqs 1 and 2.

Cu 5 D60/D10 (1)

Cc 5 ~D30!
2/~D10 3 D60! (2)

where:

D10, D30, and D60 = the particle-size diameters correspond-
ing to 10, 30, and 60 %, respectively, passing on the cumula-
tive particle-size distribution curve, Fig. 5.

NOTE 9—It may be necessary to extrapolate the curve to obtain the D10
diameter.

12.3.1 If less than 5 % of the test specimen passes the No.
200 (75-µm) sieve, classify the soil as a well-graded gravel,
GW, or well-graded sand, SW, if Cu is greater than or equal to
4.0 for gravel or greater than 6.0 for sand, and Cc is at least 1.0
but not more than 3.0.

12.3.2 If less than 5 % of the test specimen passes the No.
200 (75-µm) sieve, classify the soil as poorly graded gravel,

GP, or poorly graded sand, SP, if either the Cu or the Cc
criteria for well-graded soils are not satisfied.

12.4 If more than 12 % of the test specimen passes the No.
200 (75-µm) sieve, the soil shall be considered a coarse-
grained soil with fines. The fines are determined to be either
clayey or silty based on the plasticity index versus liquid limit
plot on Fig. 4. (See 9.8.2.1 if insufficient material available for
testing) (see Note 7).

12.4.1 Classify the soil as a clayey gravel, GC, or clayey
sand, SC, if the fines are clayey, that is, the position of the
plasticity index versus liquid limit plot, Fig. 4, falls on or above
the “A” line and the plasticity index is greater than 7.

12.4.2 Classify the soil as a silty gravel, GM, or silty sand,
SM, if the fines are silty, that is, the position of the plasticity
index versus liquid limit plot, Fig. 4, falls below the “A” line
or the plasticity index is less than 4.

12.4.3 If the fines plot as a silty clay, CL-ML, classify the
soil as a silty, clayey gravel, GC-GM, if it is a gravel or a silty
, clayey sand, SC-SM, if it is a sand.

12.5 If 5 to 12 % of the test specimen passes the No. 200
(75-µm) sieve, give the soil a dual classification using two
group symbols.

12.5.1 The first group symbol shall correspond to that for a
gravel or sand having less than 5 % fines (GW, GP, SW, SP),
and the second symbol shall correspond to a gravel or sand
having more than 12 % fines (GC, GM, SC, SM).

12.5.2 The group name shall correspond to the first group
symbol plus “with clay” or “with silt” to indicate the plasticity
characteristics of the fines. For example, well-graded gravel
with clay, GW-GC; poorly graded sand with silt, SP-SM (See
9.8.2.1 if insufficient material available for testing).

FIG. 2 Flow Chart for Classifying Organic Fine-Grained Soil (50 % or More Passes No. 200 Sieve)
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FIG. 3 Flow Chart for Classifying Coarse-Grained Soils (More Than 50 % Retained on No. 200 Sieve)

FIG. 4 Plasticity Chart
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NOTE 10—If the fines plot as a silty clay, CL-ML, the second group
symbol should be either GC or SC. For example, a poorly graded sand
with 10 % fines, a liquid limit of 20, and a plasticity index of 6 would be
classified as a poorly graded sand with silty clay, SP-SC.

12.6 If the specimen is predominantly sand or gravel but
contains 15 % or more of the other coarse-grained constituent,
the words “with gravel” or “with sand” shall be added to the
group name. For example, poorly graded gravel with sand,
clayey sand with gravel.

12.7 If the field sample contained any cobbles or boulders or
both, the words “with cobbles,” or “with cobbles and boulders”
shall be added to the group name. For example, silty gravel
with cobbles, GM.

13. Report

13.1 The report should include the group name, group
symbol, and the results of the laboratory tests. The particle-size
distribution shall be given in terms of percent of gravel, sand,
and fines. The plot of the cumulative particle-size distribution
curve shall be reported if used in classifying the soil. Report
appropriate descriptive information according to the proce-
dures in Practice D2488. A local or commercial name or

geologic interpretation for the material may be added at the end
of the descriptive information if identified as such. The test
procedures used shall be referenced.

NOTE 11—Example: Clayey Gravel with Sand and Cobbles (GC)—
46 % fine to coarse, hard, subrounded gravel; 30 % fine to coarse, hard,
subrounded sand; 24 % clayey fines, LL = 38, PI = 19; weak reaction with
HCl; original field sample had 4 % hard, subrounded cobbles; maximum
dimension 150 mm.

In-Place Conditions—firm, homogeneous, dry, brown,
Geologic Interpretation—alluvial fan.

NOTE 12—Other examples of soil descriptions are given in Appendix
X1.

14. Precision and Bias

14.1 Criteria for acceptability depends on the precision and
bias of Test Methods D422, D1140 and D4318.

15. Keywords

15.1 Atterberg limits; classification; clay; gradation; gravel;
laboratory classification; organic soils; sand; silt; soil classifi-
cation; soil tests

FIG. 5 Cumulative Particle-Size Plot
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APPENDIXES

(Nonmandatory Information)

X1. EXAMPLES OF DESCRIPTIONS USING SOIL CLASSIFICATION

X1.1 The following examples show how the information
required in 13.1 can be reported. The appropriate descriptive
information from Practice D2488 is included for illustrative
purposes. The additional descriptive terms that would accom-
pany the soil classification should be based on the intended use
of the classification and the individual circumstances.

X1.1.1 Well-Graded Gravel with Sand (GW)—73 % fine to
coarse, hard, subangular gravel; 23 % fine to coarse, hard,
subangular sand; 4 % fines; Cc = 2.7, Cu = 12.4.

X1.1.2 Silty Sand with Gravel (SM)—61 % predominantly
fine sand; 23 % silty fines, LL = 33, PI = 6; 16 % fine, hard,
subrounded gravel; no reaction with HCl; (field sample smaller
than recommended). In-Place Conditions—Firm, stratified and
contains lenses of silt 1 to 2 in. thick, moist, brown to gray;
in-place density = 106 lb/ft3 and in-place moisture = 9 %.

X1.1.3 Organic Clay (OL)—100 % fines, LL (not
dried) = 32, LL (oven dried) = 21, PI (not dried) = 10; wet,
dark brown, organic odor, weak reaction with HCl.

X1.1.4 Silty Sand with Organic Fines (SM)—74 % fine to
coarse, hard, subangular reddish sand; 26 % organic and silty
dark-brown fines, LL (not dried) = 37, LL (oven dried) = 26, PI
(not dried) = 6, wet, weak reaction with HCl.

X1.1.5 Poorly Graded Gravel with Silt, Sand, Cobbles and
Boulders (GP-GM)—78 % fine to coarse, hard, subrounded to
subangular gravel; 16 % fine to coarse, hard, subrounded to
subangular sand; 6 % silty (estimated) fines; moist, brown; no
reaction with HCl; original field sample had 7 % hard, sub-
rounded cobbles and 2 % hard, subrounded boulders with a
maximum dimension of 18 in.

X2. USING SOIL CLASSIFICATION AS A DESCRIPTIVE SYSTEM FOR SHALE, CLAYSTONE, SHELLS, SLAG, CRUSHED
ROCK, ETC.

X2.1 The group names and symbols used in this standard
may be used as a descriptive system applied to materials that
exist in situ as shale, claystone, sandstone, siltstone, mudstone,
etc., but convert to soils after field or laboratory processing
(crushing, slaking, etc.).

X2.2 Materials such as shells, crushed rock, slag, etc.,
should be identified as such. However, the procedures used in
this standard for describing the particle size and plasticity
characteristics may be used in the description of the material.
If desired, a classification in accordance with this standard may
be assigned to aid in describing the material.

X2.3 If a classification is used, the group symbol(s) and
group names should be placed in quotation marks or noted with
some type of distinguishing symbol. See examples.

X2.4 Examples of how soil classifications could be incor-
porated into a description system for materials that
are not naturally occurring soils are as follows:

X2.4.1 Shale Chunks—Retrieved as 2- to 4-in. pieces of
shale from power auger hole, dry, brown, no reaction with HCl.

After laboratory processing by slaking in water for 24 h,
material classified as “Sandy Lean Clay (CL)”—61 % clayey
fines, LL = 37, PI = 16; 33 % fine to medium sand; 6 %
gravel-size pieces of shale.

X2.4.2 Crushed Sandstone—Product of commercial crush-
ing operation; “Poorly Graded Sand with Silt (SP-SM)”—91 %
fine to medium sand; 9 % silty (estimated) fines; dry, reddish-
brown, strong reaction with HCl.

X2.4.3 Broken Shells—65 % gravel-size broken shells;
31 % sand and sand-size shell pieces; 4 % fines; Cc = 2.4,
Cu = 1.9; would be classified as “Poorly Graded Gravel with

Sand (GP)”.

X2.4.4 Crushed Rock—Processed gravel and cobbles from
Pit No. 7; “Poorly Graded Gravel (GP)”—89 % fine, hard,
angular gravel-size particles; 11 % coarse, hard, angular sand-
size particles, dry, tan; no reaction with HCl; Cc = 2.4,
Cu = 0.9.
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X3. PREPARATION AND TESTING FOR CLASSIFICATION PURPOSES BY THE WET METHOD

X3.1 This appendix describes the steps in preparing a soil
sample for testing for purposes of soil classification using a
wet-preparation procedure.

X3.2 Samples prepared in accordance with this procedure
should contain as much of their natural water content as
possible and every effort should be made during obtaining,
preparing, and transportating the samples to maintain the
natural moisture.

X3.3 The procedures to be followed in this standard assume
that the field sample contains fines, sand, gravel, and plus 3-in.
(75-mm) particles and the cumulative particle-size distribution
plus the liquid limit and plasticity index values are required
(see 9.8). Some of the following steps may be omitted when
they are not applicable to the soil being tested.

X3.4 If the soil contains plus No. 200 (75-µm) particles that
would degrade during dry sieving, use a test procedure for
determining the particle-size characteristics that prevents this
degradation.

X3.5 Since this classification system is limited to the
portion of a sample passing the 3-in. (75-mm) sieve, the plus
3-in. (75-mm) material shall be removed prior to the determi-
nation of the particle-size characteristics and the liquid limit
and plasticity index.

X3.6 The portion of the field sample finer than the 3-in.
(75-mm) sieve shall be obtained as follows:

X3.6.1 Separate the field sample into two fractions on a
3-in. (75-mm) sieve, being careful to maintain the natural water
content in the minus 3-in. (75-mm) fraction. Any particles
adhering to the plus 3-in. (75-mm) particles shall be brushed or
wiped off and placed in the fraction passing the 3-in. (75-mm)
sieve.

X3.6.2 Determine the air-dry or oven-dry weight of the
fraction retained on the 3-in. (75-mm) sieve. Determine the
total (wet) weight of the fraction passing the 3-in. (75-mm)
sieve.

X3.6.3 Thoroughly mix the fraction passing the 3-in. (75-
mm) sieve. Determine the water content, in accordance with
Test Method D2216, of a representative specimen with a
minimum dry weight as required in 7.2. Save the water-content
specimen for determination of the particle-size analysis in
accordance with X3.8.

X3.6.4 Compute the dry weight of the fraction passing the
3-in. (75-mm) sieve based on the water content and total (wet)
weight. Compute the total dry weight of the sample and
calculate the percentage of material retained on the 3-in.
(75-mm) sieve.

X3.7 Determine the liquid limit and plasticity index as
follows:

X3.7.1 If the soil disaggregates readily, mix on a clean, hard
surface and select a representative sample by quartering in
accordance with Practice C702.

X3.7.1.1 If the soil contains coarse-grained particles coated
with and bound together by tough clayey material, take
extreme care in obtaining a representative portion of the No. 40
(425-µm) fraction. Typically, a larger portion than normal has
to be selected, such as the minimum weights required in 7.2.

X3.7.1.2 To obtain a representative specimen of a basically
cohesive soil, it may be advantageous to pass the soil through
a 3⁄4-in. (19-mm) sieve or other convenient size so the material
can be more easily mixed and then quartered or split to obtain
the representative specimen.

X3.7.2 Process the representative specimen in accordance
with the Wet Preparation Method in Test Method D4318.

X3.7.3 Perform the liquid-limit test in accordance with Test
Method D4318, except the soil shall not be air dried prior to the
test.

X3.7.4 Perform the plastic-limit test in accordance with Test
Method D4318, except the soil shall not be air dried prior to the
test, and calculate the plasticity index.

X3.8 Determine the particle-size distribution as follows:

X3.8.1 If the water content of the fraction passing the 3-in.
(75-mm) sieve was required (X3.6.3), use the water-content
specimen for determining the particle-size distribution.
Otherwise, select a representative specimen in accordance with
Practice C702 with a minimum dry weight as required in 7.2.

X3.8.2 If the cumulative particle-size distribution including
a hydrometer analysis is required, determine the particle-size
distribution in accordance with Test Method D422. See 9.7 for
the set of required sieves.

X3.8.3 If the cumulative particle-size distribution without a
hydrometer analysis is required, determine the particle-size
distribution in accordance with Test Method C136. See 9.7 for
the set of required sieves. The specimen should be soaked until
all clayey aggregations have softened and then washed in
accordance with Test Method C117 prior to performing the
particle-size distribution.

X3.8.4 If the cumulative particle-size distribution is not
required, determine the percent fines, percent sand, and percent
gravel in the specimen in accordance with Test Method C117,
being sure to soak the specimen long enough to soften all
clayey aggregations, followed by Test Method C136 using a
nest of sieves which shall include a No. 4 (4.75-mm) sieve and
a No. 200 (75-µm) sieve.

X3.8.5 Calculate the percent fines, percent sand, and per-
cent gravel in the minus 3-in. (75-mm) fraction for classifica-
tion purposes.
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X4. AIR-DRIED METHOD OF PREPARATION OF SOILS FOR TESTING FOR CLASSIFICATION PURPOSES

X4.1 This appendix describes the steps in preparing a soil
sample for testing for purposes of soil classification when
air-drying the soil before testing is specified or desired or when
the natural moisture content is near that of an air-dried state.

X4.2 If the soil contains organic matter or mineral colloids
that are irreversibly affected by air drying, the wet-preparation
method as described in Appendix X3 should be used.

X4.3 Since this classification system is limited to the
portion of a sample passing the 3-in. (75-mm) sieve, the plus
3-in. (75-mm) material shall be removed prior to the determi-
nation of the particle-size characteristics and the liquid limit
and plasticity index.

X4.4 The portion of the field sample finer than the 3-in.
(75-mm) sieve shall be obtained as follows:

X4.4.1 Air dry and weigh the field sample.

X4.4.2 Separate the field sample into two fractions on a
3-in. (75-mm) sieve.

X4.4.3 Weigh the two fractions and compute the percentage
of the plus 3-in. (75-mm) material in the field sample.

X4.5 Determine the particle-size distribution and liquid
limit and plasticity index as follows (see 9.8 for when these
tests are required):

X4.5.1 Thoroughly mix the fraction passing the 3-in. (75-
mm) sieve.

X4.5.2 If the cumulative particle-size distribution including
a hydrometer analysis is required, determine the particle-size
distribution in accordance with Test Method D422. See 9.7 for
the set of sieves that is required.

X4.5.3 If the cumulative particle-size distribution without a
hydrometer analysis is required, determine the particle-size
distribution in accordance with Test Method D1140 followed
by Test Method C136. See 9.7 for the set of sieves that is
required.

X4.5.4 If the cumulative particle-size distribution is not
required, determine the percent fines, percent sand, and percent
gravel in the specimen in accordance with Test Method D1140
followed by Test Method C136 using a nest of sieves which
shall include a No. 4 (4.75-mm) sieve and a No. 200 (75-µm)
sieve.

X4.5.5 If required, determine the liquid limit and the plas-
ticity index of the test specimen in accordance with Test
Method D4318.

X5. ABBREVIATED SOIL CLASSIFICATION SYMBOLS

X5.1 In some cases, because of lack of space, an abbrevi-
ated system may be useful to indicate the soil classification
symbol and name. Examples of such cases would be graphical
logs, databases, tables, etc.

X5.2 This abbreviated system is not a substitute for the full
name and descriptive information but can be used in supple-
mentary presentations when the complete description is refer-
enced.

X5.3 The abbreviated system should consist of the soil
classification symbol based on this standard with appropri-
ate lower case letter prefixes and suffixes as:

Prefix Suffix
s = sandy s = with sand
g = gravelly g = with gravel

c = cobbles
b = boulders

X5.4 The soil classification symbol is to be enclosed in
parentheses. Some examples would be:

Group Symbol and Full Name Abbreviated
CL, Sandy lean clay s(CL)
SP-Sm, Poorly graded sand with silt and
gravel

(SP-SM)g

GP, poorly graded gravel with sand,
cobbles, and
boulders

(GP)scb

ML, gravelly silt with sand and cobbles g(ML)sc
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SUMMARY OF CHANGES

Committee D18 has identified the location of selected changes to this practice since the last issue, D2487–10,
that may impact the use of this practice. (Approved May 1, 2011.)

(1) Deleted reference to Practice D2217 in 11.3.2 and X3.7.2.

ASTM International takes no position respecting the validity of any patent rights asserted in connection with any item mentioned
in this standard. Users of this standard are expressly advised that determination of the validity of any such patent rights, and the risk
of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM International Headquarters. Your comments will receive careful consideration at a meeting of the
responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should
make your views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
United States. Individual reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above
address or at 610-832-9585 (phone), 610-832-9555 (fax), or service@astm.org (e-mail); or through the ASTM website
(www.astm.org). Permission rights to photocopy the standard may also be secured from the ASTM website (www.astm.org/
COPYRIGHT/).
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Designation: D4318 − 10´1

Standard Test Methods for
Liquid Limit, Plastic Limit, and Plasticity Index of Soils1

This standard is issued under the fixed designation D4318; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (´) indicates an editorial change since the last revision or reapproval.

This standard has been approved for use by agencies of the U.S. Department of Defense.

ε1 NOTE—Editorial corrections made throughout in January 2014.

1. Scope*

1.1 These test methods cover the determination of the liquid
limit, plastic limit, and the plasticity index of soils as defined
in Section 3 on Terminology.

1.2 Two methods for preparing test specimens are provided
as follows: Wet preparation method, as described in 10.1. Dry
preparation method, as described in 10.2. The method to be
used shall be specified by the requesting authority. If no
method is specified, use the wet preparation method.

1.2.1 The liquid and plastic limits of many soils that have
been allowed to dry before testing may be considerably
different from values obtained on non-dried samples. If the
liquid and plastic limits of soils are used to correlate or
estimate the engineering behavior of soils in their natural moist
state, samples should not be permitted to dry before testing
unless data on dried samples are specifically desired.

1.3 Two methods for determining the liquid limit are pro-
vided as follows: Method A, Multipoint test as described in
Sections 11 and 12. Method B, One-point test as described in
Sections 13 and 14. The method to be used shall be specified
by the requesting authority. If no method is specified, use
Method A.

1.3.1 The multipoint liquid limit method is generally more
precise than the one-point method. It is recommended that the
multipoint method be used in cases where test results may be
subject to dispute, or where greater precision is required.

1.3.2 Because the one-point method requires the operator to
judge when the test specimen is approximately at its liquid
limit, it is particularly not recommended for use by inexperi-
enced operators.

1.3.3 The correlation on which the calculations of the
one-point method are based may not be valid for certain soils,
such as organic soils or soils from a marine environment. It is

strongly recommended that the liquid limit of these soils be
determined by the multipoint method.

1.4 The plastic limit test is performed on material prepared
for the liquid limit test.

1.5 The liquid limit and plastic limit of soils (along with the
shrinkage limit) are often collectively referred to as the
Atterberg limits. These limits distinguished the boundaries of
the several consistency states of plastic soils.

1.6 The composition and concentration of soluble salts in a
soil affect the values of the liquid and plastic limits as well as
the water content values of soils (see Test Method D4542).
Special consideration should therefore be given to soils from a
marine environment or other sources where high soluble salt
concentrations may be present. The degree to which the salts
present in these soils are diluted or concentrated must be given
careful consideration.

1.7 The methods described herein are performed only on
that portion of a soil that passes the 425-µm (No. 40) sieve.
Therefore, the relative contribution of this portion of the soil to
the properties of the sample as a whole must be considered
when using these tests to evaluate properties of a soil.

1.8 The values stated in SI units are to be regarded as the
standard, except as noted below. The values given in parenthe-
ses are for information only.

1.8.1 The standard units for the resilience tester covered in
Annex A1 are inch-pound, not SI. The SI values given are for
information only.

1.9 All observed and calculated values shall conform to the
guidelines for significant digits and rounding established in
Practice D6026.

1.9.1 For purposes of comparing a measured or calculated
value(s) with specified limits, the measured or calculated
value(s) shall be rounded to the nearest decimal or significant
digits in the specified limits

1.9.2 The procedures used to specify how data are collected/
recorded or calculated, in this standard are regarded as the
industry standard. In addition, they are representative of the
significant digits that generally should be retained. The proce-
dures do not consider material variation, purpose for obtaining

1 These test methods are under the jurisdiction of ASTM Committee D18 on Soil
and Rock and are the direct responsibility of Subcommittee D18.03 on Texture,
Plasticity and Density Characteristics of Soils.

Current edition approved Jan. 15, 2010. Published March 2010. Originally
approved in 1983. Last previous edition approved in 2005 as D4318 – 05. DOI:
10.1520/D4318-10E01.

*A Summary of Changes section appears at the end of this standard
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the data, special purpose studies, or any considerations for the
user’s objectives; and it is common practice to increase or
reduce significant digits of reported data to be commensurate
with these considerations. It is beyond the scope of this
standard to consider significant digits used in analysis methods
for engineering design.

1.10 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:2

C702 Practice for Reducing Samples of Aggregate to Testing
Size

D75 Practice for Sampling Aggregates
D420 Guide to Site Characterization for Engineering Design

and Construction Purposes (Withdrawn 2011)3

D653 Terminology Relating to Soil, Rock, and Contained
Fluids

D1241 Specification for Materials for Soil-Aggregate
Subbase, Base, and Surface Courses

D2216 Test Methods for Laboratory Determination of Water
(Moisture) Content of Soil and Rock by Mass

D2487 Practice for Classification of Soils for Engineering
Purposes (Unified Soil Classification System)

D3282 Practice for Classification of Soils and Soil-
Aggregate Mixtures for Highway Construction Purposes

D3740 Practice for Minimum Requirements for Agencies
Engaged in Testing and/or Inspection of Soil and Rock as
Used in Engineering Design and Construction

D4542 Test Method for Pore Water Extraction and Determi-
nation of the Soluble Salt Content of Soils by Refracto-
meter

D4753 Guide for Evaluating, Selecting, and Specifying Bal-
ances and Standard Masses for Use in Soil, Rock, and
Construction Materials Testing

D6026 Practice for Using Significant Digits in Geotechnical
Data

E11 Specification for Woven Wire Test Sieve Cloth and Test
Sieves

E177 Practice for Use of the Terms Precision and Bias in
ASTM Test Methods

E691 Practice for Conducting an Interlaboratory Study to
Determine the Precision of a Test Method

3. Terminology

3.1 Definitions:
3.1.1 For common definitions of terms in this standard, refer

to Terminology D653.

3.1.2 Atterberg Limits—Originally, six “limits of consis-
tency” of fine-grained soils were defined by Albert Atterberg:
the upper limit of viscous flow, the liquid limit, the sticky limit,
the cohesion limit, the plastic limit, and the shrinkage limit. In
current engineering usage, the term usually refers only to the
liquid limit, plastic limit, and in some references, the shrinkage
limit.

3.1.3 consistency—the relative ease with which a soil can be
deformed.

3.1.4 liquid limit (LL, wL)—the water content, in percent, of
a soil at the arbitrarily defined boundary between the semi-
liquid and plastic states.

3.1.4.1 Discussion—The undrained shear strength of soil at
the liquid limit is considered to be approximately 2 kPa (0.28
psi).

3.1.5 plastic limit (PL, wp)—the water content, in percent, of
a soil at the boundary between the plastic and semi-solid states.

3.1.6 plastic soil—a soil which has a range of water content
over which it exhibits plasticity and which will retain its shape
on drying.

3.1.7 plasticity index (PI)—the range of water content over
which a soil behaves plastically. Numerically, it is the differ-
ence between the liquid limit and the plastic limit.

3.1.8 liquidity index—the ratio, expressed as a percentage of
(1) the water content of a soil minus its plastic limit, to (2) its
plasticity index.

3.1.9 activity number (A)—the ratio of (1) the plasticity
index of a soil to (2) the percent by mass of particles having an
equivalent diameter smaller than 2 µm.

4. Summary of Test Method

4.1 The specimen is processed to remove any material
retained on a 425-µm (No. 40) sieve. The liquid limit is
determined by performing trials in which a portion of the
specimen is spread in a brass cup, divided in two by a grooving
tool, and then allowed to flow together from the shocks caused
by repeatedly dropping the cup in a standard mechanical
device. The multipoint liquid limit, Method A, requires three or
more trials over a range of water contents to be performed and
the data from the trials plotted or calculated to make a
relationship from which the liquid limit is determined. The
one-point liquid limit, Method B, uses the data from two trials
at one water content multiplied by a correction factor to
determine the liquid limit.

4.2 The plastic limit is determined by alternately pressing
together and rolling into a 3.2-mm (1⁄8-in.) diameter thread a
small portion of plastic soil until its water content is reduced to
a point at which the thread crumbles and can no longer be
pressed together and re-rolled. The water content of the soil at
this point is reported as the plastic limit.

4.3 The plasticity index is calculated as the difference
between the liquid limit and the plastic limit.

5. Significance and Use

5.1 These test methods are used as an integral part of several
engineering classification systems to characterize the fine-
grained fractions of soils (see Practices D2487 and D3282) and

2 For referenced ASTM standards, visit the ASTM website, www.astm.org, or
contact ASTM Customer Service at service@astm.org. For Annual Book of ASTM
Standards volume information, refer to the standard’s Document Summary page on
the ASTM website.

3 The last approved version of this historical standard is referenced on
www.astm.org.
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to specify the fine-grained fraction of construction materials
(see Specification D1241). The liquid limit, plastic limit, and
plasticity index of soils are also used extensively, either
individually or together, with other soil properties to correlate
with engineering behavior such as compressibility, hydraulic
conductivity (permeability), compactibility, shrink-swell, and
shear strength.

5.2 The liquid and plastic limits of a soil and its water
content can be used to express its relative consistency or
liquidity index. In addition, the plasticity index and the
percentage finer than 2-µm particle size can be used to
determine its activity number.

5.3 These methods are sometimes used to evaluate the
weathering characteristics of clay-shale materials. When sub-
jected to repeated wetting and drying cycles, the liquid limits
of these materials tend to increase. The amount of increase is
considered to be a measure of a shale’s susceptibility to
weathering.

5.4 The liquid limit of a soil containing substantial amounts
of organic matter decreases dramatically when the soil is
oven-dried before testing. Comparison of the liquid limit of a
sample before and after oven-drying can therefore be used as a
qualitative measure of organic matter content of a soil (see
Practice D2487.

NOTE 1—The quality of the result produced by this standard is
dependent on the competence of the personnel performing it and the
suitability of the equipment and facilities used. Agencies that meet the
criteria of Practice D3740, generally, are considered capable of competent
and objective testing/sampling/inspection/etc. Users of this standard are
cautioned that compliance with Practice D3740 does not in itself assure
reliable results. Reliable results depend on many factors; Practice D3740

provides a means of evaluating some of those factors.

6. Apparatus

6.1 Liquid Limit Device—A mechanical device consisting of
a brass cup suspended from a carriage designed to control its
drop onto the surface of a block of resilient material that serves
as the base of the device. Fig. 1 shows the essential features
and critical dimensions of the device. The device may be
operated by either a hand crank or electric motor.

6.1.1 Base—A block of material having a resilience rebound
of at least 77 % but no more than 90 %. Conduct resilience
tests on the finished base with the feet attached. Details for
measuring the resilience of the base are given in Annex A1.

6.1.2 Rubber Feet, supporting the base, designed to provide
dynamic isolation of the base from the work surface.

6.1.3 Cup, brass, with a mass, including cup hanger, of 185
to 215 g.

6.1.4 Cam—Designed to raise the cup smoothly and con-
tinuously to its maximum height, over a distance of at least
180° of cam rotation, without developing an upward or
downward velocity of the cup when the cam follower leaves
the cam. (The preferred cam motion is a uniformly accelerated
lift curve.)

NOTE 2—The cam and follower design in Fig. 1 is for uniformly
accelerated (parabolic) motion after contact and assures that the cup has
no velocity at drop off. Other cam designs also provide this feature and
may be used. However, if the cam-follower lift pattern is not known, zero
velocity at drop off can be assured by carefully filing or machining the
cam and follower so that the cup height remains constant over the last 20
to 45° of cam rotation.

6.1.5 Carriage, constructed in a way that allows convenient
but secure adjustment of the height-of-drop of the cup to 10

FIG. 1 Hand-Operated Liquid Limit Device
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mm (0.394 in.), and designed such that the cup and cup hanger
assembly is only attached to the carriage by means of a
removable pin. See Fig. 2 for definition and determination of
the height-of-drop of the cup.

6.1.6 Motor Drive (Optional)—As an alternative to the hand
crank shown in Fig. 1, the device may be equipped with a
motor to turn the cam. Such a motor must turn the cam at
2 6 0.1 revolutions per second and must be isolated from the
rest of the device by rubber mounts or in some other way that
prevents vibration from the motor being transmitted to the rest
of the apparatus. It must be equipped with an ON-OFF switch
and a means of conveniently positioning the cam for height-
of-drop adjustments. The results obtained using a motor-driven
device must not differ from those obtained using a manually
operated device.

6.2 Flat Grooving Tool—A tool made of plastic or
noncorroding-metal having the dimensions shown in Fig. 3.
The design of the tool may vary as long as the essential
dimensions are maintained. The tool may, but need not,
incorporate the gauge for adjusting the height-of-drop of the
liquid limit device.

NOTE 3—Prior to the adoption of this test method, a curved grooving
tool was specified as part of the apparatus for performing the liquid limit
test. The curved tool is not considered to be as accurate as the flat tool
described in 6.2 since it does not control the depth of the soil in the liquid
limit cup. However, there are some data which indicate that typically the
liquid limit is slightly increased when the flat tool is used instead of the
curved tool.

6.3 Gauge—A metal gauge block for adjusting the height-
of-drop of the cup, having the dimensions shown in Fig. 4. The
design of the tool may vary provided the gauge will rest
securely on the base without being susceptible to rocking, and
the edge which contacts the cup during adjustment is straight,
at least 10 mm (3⁄8 in.) wide, and without bevel or radius.

6.4 Water Content Containers—Small corrosion-resistant
containers with snug-fitting lids for water content specimens.
Aluminum or stainless steel cans 2.5 cm (1 in.) high by 5 cm
(2 in.) in diameter are appropriate.

6.5 Balance, conforming to Guide D4753, Class GP1 (read-
ability of 0.01 g).

6.6 Mixing and Storage Container—A container to mix the
soil specimen (material) and store the prepared material.

During mixing and storage, the container shall not contaminate
the material in any way, and prevent moisture loss during
storage. A porcelain, glass, or plastic dish about 11.4 cm (41⁄2
in.) in diameter and a plastic bag large enough to enclose the
dish and be folded over is adequate.

6.7 Plastic Limit:
6.7.1 Ground Glass Plate—A ground glass plate of suffi-

cient size for rolling plastic limit threads.
6.7.2 Plastic Limit-Rolling Device (optional)—A device

made of acrylic conforming to the dimensions shown in Fig.
5.4,5 The type of unglazed paper attached to the top and bottom
plate (see 16.2.2) shall be such that it does not add foreign
matter (fibers, paper fragments, etc.) to the soil during the
rolling process.

6.8 Spatula—A spatula or pill knife having a blade about 2
cm (3⁄4 in.) wide, and about 10 to 13 cm (3 to 4 in.) long.

6.9 Sieve(s)—A 200-mm (8-in.) diameter, 425-µm (No. 40)
sieve conforming to the requirements of Specification E11 and
having a rim at least 5 cm (2 in.) above the mesh. A 2.00-mm
(No. 10) sieve meeting the same requirements may also be
needed.

6.10 Wash Bottle, or similar container for adding controlled
amounts of water to soil and washing fines from coarse
particles.

6.11 Drying Oven, thermostatically controlled, preferably of
the forced-draft type, capable of continuously maintaining a
temperature of 110 6 5°C (230 6 9°F) throughout the drying
chamber.

6.12 Washing Pan, round, flat-bottomed, at least 7.6 cm (3
in.) deep, and slightly larger at the bottom than a 20.3-cm
(8-in.) diameter sieve.

7. Reagents and Materials

7.1 Purity of Water—Where distilled water is referred to in
this test method, either distilled or demineralized water may be
used. See Note 7 covering the use of tap water.

4 The plastic limit-rolling device is covered by a patent (U.S. Patent No.
5,027,660).5 Interested parties are invited to submit information regarding the
identification of an alternative(s) to this patented item to ASTM Headquarters. Your
comments will receive careful consideration at a meeting of the responsible
subcommittee, which you may attend.

FIG. 2 Calibration for Height-of-Drop
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8. Sampling and Specimen

8.1 Samples may be taken from any location that satisfies
testing needs. However, Practices C702 and D75 and Guide
D420 should be used as guides for selecting and preserving
samples from various types of sampling operations. Samples in
which specimens will be prepared using the wet-preparation
method (10.1) must be kept at their as–sampled water content
prior to preparation.

8.1.1 Where sampling operations have preserved the natural
stratification of a sample, the various strata must be kept
separated and tests performed on the particular stratum of
interest with as little contamination as possible from other
strata. Where a mixture of materials will be used in

construction, combine the various components in such propor-
tions that the resultant sample represents the actual construc-
tion case.

8.1.2 Where data from these test methods are to be used for
correlation with other laboratory or field test data, use the same
material as used for those tests where possible.

8.2 Specimen—Obtain a representative portion from the
total sample sufficient to provide 150 to 200 g of material
passing the 425-µm (No. 40) sieve. Free flowing samples
(materials) may be reduced by the methods of quartering or
splitting. Non-free flowing or cohesive materials shall be
mixed thoroughly in a pan with a spatula or scoop and a
representative portion scooped from the total mass by making
one or more sweeps with a scoop through the mixed mass.

9. Calibration of Apparatus

9.1 Inspection of Wear:
9.1.1 Liquid Limit Device—Determine that the liquid limit

device is clean and in good working order. Check the following
specific points.

9.1.1.1 Wear of Base—The spot on the base where the cup
makes contact should be worn no greater than 10 mm (3⁄8 in.)
in diameter. If the wear spot is greater than this, the base can
be machined to remove the worn spot provided the resurfacing
does not make the base thinner than specified in 6.1 and the
other dimensional relationships are maintained.

FIG. 3 Grooving Tool (Optional Height-of-Drop Gauge Attached)

FIG. 4 Height-of-Drop Gauge
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9.1.1.2 Wear of Cup—Replace the cup when the grooving
tool has worn a depression in the cup 0.1 mm (0.004 in.) deep
or when the rim of the cup has been reduced to half its original
thickness. Verify that the cup is firmly attached to the cup
hanger.

9.1.1.3 Wear of Cup Hanger—Verify that the cup hanger
pivot does not bind and is not worn to an extent that allows
more than 3 mm (1⁄8 in.) side-to-side movement of the lowest
point on the rim.

9.1.1.4 Wear of Cam—The cam shall not be worn to an
extent that the cup drops before the cup hanger (cam follower)
loses contact with the cam.

9.1.1.5 Rubber Feet—The feet should prevent the base from
bouncing or sliding on the work surface. Replace rubber feet
that become hard, cracked, or brittle from age.

9.1.2 Grooving Tools—Inspect grooving tools for wear on a
frequent and regular basis. The rapidity of wear depends on the
material from which the tool is made, and the types of soils
being tested. Soils containing a large proportion of fine sand
particles may cause rapid wear of grooving tools; therefore,
when testing these materials, tools should be inspected more
frequently than for other soils.

NOTE 4—The width of the tip of grooving tools is conveniently checked
using a pocket-sized measuring magnifier equipped with a millimeter
scale. Magnifiers of this type are available from most laboratory supply
companies. The depth of the tip of grooving tools can be checked using the
depth-measuring feature of vernier calipers.

9.2 Adjustment of Height-of-Drop—Adjust the height-of-
drop of the cup so that the point on the cup that comes in
contact with the base rises to a height of 10 6 0.2 mm. See Fig.
2 for proper location of the gauge relative to the cup during
adjustment.

NOTE 5—A convenient procedure for adjusting the height-of-drop is as
follows: place a piece of masking tape across the outside bottom of the cup

parallel with the axis of the cup hanger pivot. The edge of the tape away
from the cup hanger should bisect the spot on the cup that contacts the
base. For new cups, placing a piece of carbon paper on the base and
allowing the cup to drop several times will mark the contact spot. Attach
the cup to the device and turn the crank until the cup is raised to its
maximum height. Slide the height gauge under the cup from the front, and
observe whether the gauge contacts the cup or the tape. (See Fig. 2.) If the
tape and cup are both simultaneously contacted, the height-of-drop is
ready to be checked. If not, adjust the cup until simultaneous contact is
made. Check adjustment by turning the crank at 2 revolutions per second
while holding the gauge in position against the tape and cup. If a faint
ringing or clicking sound is heard without the cup rising from the gauge,
the adjustment is correct. If no ringing is heard or if the cup rises from the
gauge, readjust the height-of-drop. If the cup rocks on the gauge during
this checking operation, the cam follower pivot is excessively worn and
the worn parts should be replaced. Always remove tape after completion
of adjustment operation.

10. Preparation of Test Specimen

10.1 Wet Preparation Method—Except where the dry
method of specimen preparation is specified (10.2), prepare the
specimen for testing as described in the following sections.

10.1.1 Material Passes the 425-µm (No. 40) Sieve:
10.1.1.1 Determine by visual and manual methods that the

specimen from 8.2 has little or no material retained on a
425-µm (No. 40) sieve. If this is the case, prepare 150 to 200
g of material by mixing thoroughly with distilled or deminer-
alized water on the glass plate or mixing dish using the spatula.
If desired, soak the material in a mixing/storage dish with a
small amount of water to soften the material before the start of
mixing. If using Method A, adjust the water content of the
material to bring it to a consistency that would require about 25
to 35 blows of the liquid limit device to close the groove (Note
6). For Method B, the number of blows should be between
about 20 and 30 blows.

10.1.1.2 If, during mixing, a small percentage of material is
encountered that would be retained on a 425-µm (No. 40)

FIG. 5 Plastic Limit-Rolling Device
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sieve, remove these particles by hand (if possible). If it is
impractical to remove the coarser material by hand, remove
small percentages (less than about 15 %) of coarser material by
working the material (having the above consistency) through a
425-µm sieve. During this procedure, use a piece of rubber
sheeting, rubber stopper, or other convenient device provided
the procedure does not distort the sieve or degrade material that
would be retained if the washing method described in 10.1.2
were used. If larger percentages of coarse material are encoun-
tered during mixing, or it is considered impractical to remove
the coarser material by the procedures just described, wash the
sample as described in 10.1.2. When the coarse particles found
during mixing are concretions, shells, or other fragile particles,
do not crush these particles to make them pass a 425-µm sieve,
but remove by hand or by washing.

10.1.1.3 Place the prepared material in the mixing/storage
dish, check its consistency (adjust if required), cover to prevent
loss of moisture, and allow to stand (cure) for at least 16 h
(overnight). After the standing period and immediately before
starting the test, thoroughly remix the soil.

NOTE 6—The time taken to adequately mix a soil will vary greatly,
depending on the plasticity and initial water content. Initial mixing times
of more than 30 min may be needed for stiff, fat clays.

10.1.2 Material Containing Particles Retained on a 425-µm
(No. 40) Sieve:

10.1.2.1 Place the specimen (see 8.2) in a pan or dish and
add sufficient water to cover the material. Allow the material to
soak until all lumps have softened and the fines no longer
adhere to the surfaces of the coarse particles (Note 7).

NOTE 7—In some cases, the cations of salts present in tap water will
exchange with the natural cations in the soil and significantly alter the test
results if tap water is used in the soaking and washing operations. Unless
it is known that such cations are not present in the tap water, distilled or
demineralized water should be used. As a general rule, water containing
more than 100 mg/L of dissolved solids should not be used for either the
soaking or washing operations.

10.1.2.2 When the material contains a large percentage of
particles retained on the 425-µm (No. 40) sieve, perform the
following washing operation in increments, washing no more
than 0.5 kg (1 lb) of material at one time. Place the 425-µm
sieve in the bottom of the clean pan. Transfer, without any loss
of material, the soil-water mixture onto the sieve. If gravel or
coarse sand particles are present, rinse as many of these as
possible with small quantities of water from a wash bottle, and
discard. Alternatively, transfer the soil-water mixture over a
2.00-mm (No. 10) sieve nested atop the 425-µm sieve, rinse the
fine material through and remove the 2.00-mm sieve. After
washing and removing as much of the coarser material as
possible, add sufficient water to the pan to bring the level to
about 13 mm (1⁄2 in.) above the surface of the 425-µm sieve.
Agitate the slurry by stirring with the fingers while raising and
lowering the sieve in the pan and swirling the suspension so
that fine material is washed from the coarser particles. Disag-
gregate fine soil lumps that have not slaked by gently rubbing
them over the sieve with the fingertips. Complete the washing
operation by raising the sieve above the water surface and
rinsing the material retained with a small amount of clean
water. Discard material retained on the 425-µm sieve.

10.1.2.3 Reduce the water content of the material passing
the 425–µm (No. 40) sieve until it approaches the liquid limit.
Reduction of water content may be accomplished by one or a
combination of the following methods: (a) exposing to air
currents at room temperature, (b) exposing to warm air currents
from a source such as an electric hair dryer, (c) decanting clear
water from surface of the suspension, (d) filtering in a Büchner
funnel or using filter candles, or (e) draining in a colander or
plaster of Paris dish lined with high retentivity,6 high wet-
strength filter paper. If a plaster of Paris dish is used, take care
that the dish never becomes sufficiently saturated that it fails to
absorb water into its surface. Thoroughly dry dish between
uses. During evaporation and cooling, stir the material often
enough to prevent over-drying of the fringes and soil pinnacles
on the surface of the mixture. For materials containing soluble
salts, use a method of water reduction (a or b) that will not
eliminate the soluble salts from the test specimen.

10.1.2.4 If applicable, remove the material retained on the
filter paper. Thoroughly mix this material or the above material
on the glass plate or in the mixing dish using the spatula.
Adjust the water content of the mixture, if necessary, by adding
small increments of distilled or demineralized water or by
allowing the mixture to dry at room temperature while mixing
on the glass plate. If using Method A, the material should be at
a water content that would require about 25 to 35 blows of the
liquid limit device to close the groove. For Method B, the
number of blows should be between about 20 and 30. Put, if
necessary, the mixed material in the storage dish, cover to
prevent loss of moisture, and allow to stand (cure) for at least
16 h. After the standing period and immediately before starting
the test, thoroughly remix the specimen.

10.2 Dry Preparation Method:
10.2.1 Dry the specimen from 8.2 at room temperature or in

an oven at a temperature not exceeding 60°C until the soil
clods will pulverize readily. Disaggregation is expedited if the
material is not allowed to completely dry. However, the
material should have a dry appearance when pulverized.

10.2.2 Pulverize the material in a mortar with a rubber-
tipped pestle or in some other way that does not cause
breakdown of individual particles. When the coarse particles
found during pulverization are concretions, shells, or other
fragile particles, do not crush these particles to make them pass
a 425-µm (No. 40) sieve, but remove by hand or other suitable
means, such as washing. If a washing procedure is used, follow
10.1.2.1 – 10.1.2.4.

10.2.3 Separate the material on a 425-µm (No. 40) sieve,
shaking the sieve by hand to assure thorough separation of the
finer fraction. Return the material retained on the 425-µm sieve
to the pulverizing apparatus and repeat the pulverizing and
sieving operations. Stop this procedure when most of the fine
material has been disaggregated and material retained on the
425-µm sieve consists of individual particles.

10.2.4 Place material retained on the 425-µm (No. 40) sieve
after the final pulverizing operations in a dish and soak in a

6 S and S 595 filter paper available in 320-mm circles has proven satisfactory. If
you are aware of alternative suppliers, please provide this information to ASTM
International Headquarters. Your comments will receive careful consideration at a
meeting of the responsible technical committee,1 which you may attend.
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small amount of water. Stir this mixture and transfer it to a
425-µm sieve, catching the water and any suspended fines in
the washing pan. Pour this suspension into a dish containing
the dry soil previously sieved through the 425-µm sieve.
Discard material retained on the 425-µm sieve.

10.2.5 Proceed as described in 10.1.2.3 and 10.1.2.4.

MULTIPOINT LIQUID LIMIT—METHOD A

11. Procedure

11.1 Thoroughly remix the specimen (soil) in its mixing
dish, and, if necessary, adjust its water content until the
consistency requires about 25 to 35 blows of the liquid limit
device to close the groove. Using a spatula, place a portion(s)
of the prepared soil in the cup of the liquid limit device at the
point where the cup rests on the base, squeeze it down, and
spread it into the cup to a depth of about 10 mm at its deepest
point, tapering to form an approximately horizontal surface.
Take care to eliminate air bubbles from the soil pat, but form
the pat with as few strokes as possible. Keep the unused soil in
the mixing/storage dish. Cover the dish with a wet towel (or
use other means) to retain the moisture in the soil.

11.2 Form a groove in the soil pat by drawing the tool,
beveled edge forward, through the soil on a line joining the
highest point to the lowest point on the rim of the cup. When
cutting the groove, hold the grooving tool against the surface of
the cup and draw in an arc, maintaining the tool perpendicular
to the surface of the cup throughout its movement. See Fig. 6.
In soils where a groove cannot be made in one stroke without
tearing the soil, cut the groove with several strokes of the
grooving tool. Alternatively, cut the groove to slightly less than

required dimensions with a spatula and use the grooving tool to
bring the groove to final dimensions. Exercise extreme care to
prevent sliding the soil pat relative to the surface of the cup.

11.3 Verify that no crumbs of soil are present on the base or
the underside of the cup. Lift and drop the cup by turning the
crank at a rate of 1.9 to 2.1 drops per second until the two
halves of the soil pat come in contact at the bottom of the
groove along a distance of 13 mm (1⁄2 in.). See Fig. 7 and Fig.
8. The base of the machine shall not be held with the hand, or
hands, while the crank is turned.

NOTE 8—Use of a scale is recommended to verify that the groove has
closed 13 mm (1⁄2 in.).

11.4 Verify that an air bubble has not caused premature
closing of the groove by observing that both sides of the groove
have flowed together with approximately the same shape. If a
bubble has caused premature closing of the groove, reform the
soil in the cup, adding a small amount of soil to make up for
that lost in the grooving operation and repeat 11.1 – 11.3. If the
soil slides on the surface of the cup, repeat 11.1 – 11.3 at a
higher water content. If, after several trials at successively
higher water contents, the soil pat continues to slide in the cup
or if the number of blows required to close the groove is always
less than 25, record that the liquid limit could not be
determined, and report the soil as nonplastic without perform-
ing the plastic limit test.

11.5 Record the number of drops, N, required to close the
groove. Remove a slice of soil approximately the width of the
spatula, extending from edge to edge of the soil cake at right

FIG. 6 Example of Grooving Tool Placed in a Properly Grooved Soil Pat
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angles to the groove and including that portion of the groove in
which the soil flowed together, place in a container of known
mass, and cover.

11.6 Return the soil remaining in the cup to the dish. Wash
and dry the cup and grooving tool and reattach the cup to the
carriage in preparation for the next trial.

11.7 Remix the entire soil specimen in the dish adding
distilled water to increase the water content of the soil and

decrease the number of blows required to close the groove.
Repeat 11.1 – 11.6 for at least two additional trials producing
successively lower numbers of blows to close the groove. One
of the trials shall be for a closure requiring 25 to 35 blows, one
for closure between 20 and 30 blows, and one trial for a closure
requiring 15 to 25 blows.

11.8 Determine the water content, Wn, of the soil specimen
from each trial in accordance with Test Methods D2216.

FIG. 7 Grooved Soil Pat in Liquid Limit Device

FIG. 8 Soil Pat After Groove Has Closed
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11.8.1 Determination of initial masses (container plus moist
soil) should be performed immediately after completion of the
test. If the test is to be interrupted for more than about 15
minutes, determine the mass of the water content specimens
already obtained at the time of the interruption.

12. Calculation

12.1 Plot the relationship between the water content, Wn,
and the corresponding number of drops, N, of the cup on a
semilogarithmic graph with the water content as ordinates on
the arithmetical scale, and the number of drops as abscissas on
a logarithmic scale. Draw the best straight line through the
three or more plotted points.

12.2 Take the water content corresponding to the intersec-
tion of the line with the 25-drop abscissa as the liquid limit of
the soil and round to the nearest whole number. Computational
methods may be substituted for the graphical method for fitting
a straight line to the data and determining the liquid limit.

ONE-POINT LIQUID LIMIT—METHOD B

13. Procedure

13.1 Proceed as described in 11.1 – 11.5 except that the
number of blows required to close the groove shall be 20 to 30.
If less than 20 or more than 30 blows are required, adjust the
water content of the soil and repeat the procedure.

13.2 Immediately after removing a water content specimen
as described in 11.5, reform the soil in the cup, adding a small
amount of soil to make up for that lost in the grooving and
water content sampling processes.

13.2.1 As an alternative to reforming the soil in the brass
cup after removing the water content specimen, the soil
remaining in the cup can be removed from the cup, remixed
with the soil in the mixing container and a new specimen
placed in the cup as described in 11.1.

13.3 Repeat 11.2 – 11.5.

13.4 If the second closing of the groove requires the same
number of drops or no more than two drops difference, secure
another water content specimen. If the difference of the number
of drops between the first and second closings of the groove is
greater than two, remix the entire specimen and repeat the
procedure, beginning at 13.1, until two successive closures
having the same number of drops or no more than two drops
difference are obtained.

NOTE 9—Excessive drying or inadequate mixing will cause the number
of blows to vary.

13.5 Determine water contents of the two specimens in
accordance with 11.8.

14. Calculation

14.1 Determine the liquid limit for each water content
specimen using one of the following equations:

LLn 5 Wn·S N
25D

0.121

or

LLn 5 k ·Wn

where:
LLn = one point liquid limit for given trial, %,
N = number of blows causing closure of the groove for

given trial,
Wn = water content for given trial, %, and
k = factor given in Table 1.

14.1.1 The liquid limit, LL, is the average of the two trial
liquid-limit values, to the nearest whole number (without the
percent designation).

14.2 If the difference between the two trial liquid-limit
values is greater than one percentage point, repeat the test as
described in 13.1 through 14.1.1.

PLASTIC LIMIT

15. Preparation of Test Specimen

15.1 Select a 20-g or more portion of soil from the material
prepared for the liquid limit test; either, after the second mixing
before the test, or from the soil remaining after completion of
the liquid limit test. Reduce the water content of the soil to a
consistency at which it can be rolled without sticking to the
hands by spreading or mixing continuously on the glass plate
or in the mixing/storage dish. The drying process may be
accelerated by exposing the soil to the air current from an
electric fan, or by blotting with paper, that does not add any
fiber to the soil. Paper such as hard surface paper toweling or
high wet-strength filter paper is adequate.

16. Procedure

16.1 From this plastic-limit specimen, select a 1.5 to 2.0 g
portion. Form the selected portion into an ellipsoidal mass.

16.2 Roll the soil mass by one of the following methods
(hand or rolling device):

16.2.1 Hand Method—Roll the mass between the palm or
fingers and the ground-glass plate with just sufficient pressure
to roll the mass into a thread of uniform diameter throughout its
length (see Note 10). The thread shall be further deformed on
each stroke so that its diameter reaches 3.2 mm (1⁄8 in.), taking
no more than 2 min (see Note 11). The amount of hand or
finger pressure required will vary greatly according to the soil
being tested, that is, the required pressure typically increases
with increasing plasticity. Fragile soils of low plasticity are
best rolled under the outer edge of the palm or at the base of the
thumb.

TABLE 1 Factors for Obtaining Liquid Limit from Water Content
and Number of Drops Causing Closure of Groove

N
(Number of Drops)

k
(Factor for Liquid Limit)

20 0.973
21 0.979
22 0.985
23 0.990
24 0.995
25 1.000
26 1.005
27 1.009
28 1.014
29 1.018
30 1.022
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NOTE 10—A normal rate of rolling for most soils should be 80 to 90
strokes per minute, counting a stroke as one complete motion of the hand
forward and back to the starting position. This rate of rolling may have to
be decreased for very fragile soils.

NOTE 11—A 3.2-mm (1⁄8-in.) diameter rod or tube is useful for frequent
comparison with the soil thread to ascertain when the thread has reached
the proper diameter.

16.2.2 Rolling Device Method—Attach smooth unglazed
paper to both the top and bottom plates of the plastic
limit-rolling device. Place the soil mass on the bottom plate at
the midpoint between the slide rails. Place the top plate in
contact with the soil mass(es). Simultaneously apply a slight
downward force and back and forth motion to the top plate so
that the top plate comes into contact with the side rails within
2 min (see Notes 10 and 12). During this rolling process, the
end(s) the soil thread(s) shall not contact the side rail(s). If this
occurs, roll a smaller mass of soil (even if it is less than that
mentioned in Section 16.1).

NOTE 12—In most cases, two soil masses (threads) can be rolled
simultaneously in the plastic limit-rolling device.

16.3 When the diameter of the thread becomes 3.2 mm,
break the thread into several pieces. Squeeze the pieces
together, knead between the thumb and first finger of each
hand, reform into an ellipsoidal mass, and re-roll. Continue this
alternate rolling to a thread 3.2 mm in diameter, gathering
together, kneading and re-rolling, until the thread crumbles
under the pressure required for rolling and the soil can no
longer be rolled into a 3.2-mm diameter thread (see Fig. 9). It
has no significance if the thread breaks into threads of shorter
length. Roll each of these shorter threads to 3.2 mm in
diameter. The only requirement for continuing the test is that
these threads can be reformed into an ellipsoidal mass and
rolled out again. The operator shall at no time attempt to
produce failure at exactly 3.2-mm diameter by allowing the

thread to reach 3.2 mm, then reducing the rate of rolling or the
hand pressure, or both, while continuing the rolling without
further deformation until the thread falls apart. It is
permissible, however, to reduce the total amount of deforma-
tion for feebly plastic soils by making the initial diameter of the
ellipsoidal mass nearer to the required 3.2-mm final diameter.
If crumbling occurs when the thread has a diameter greater
than 3.2 mm, this shall be considered a satisfactory end point,
provided the soil has been previously rolled into a thread 3.2
mm in diameter. Crumbling of the thread will manifest itself
differently with the various types of soil. Some soils fall apart
in numerous small aggregations of particles, others may form
an outside tubular layer that starts splitting at both ends. The
splitting progresses toward the middle, and finally, the thread
falls apart in many small platy particles. Fat clay soils require
much pressure to deform the thread, particularly as they
approach the plastic limit. With these soils, the thread breaks
into a series of barrel-shaped segments about 3.2 to 9.5 mm (1⁄8
to 3⁄8 in.) in length.

16.4 Gather the portions of the crumbled thread together
and place in a container of known mass. Immediately cover the
container.

16.5 Select another 1.5 to 2.0-g portion of soil from the
plastic–limit specimen and repeat the operations described in
16.1 and 16.2 until the container has at least 6 g of soil.

16.6 Repeat 16.1 – 16.5 to make another container holding
at least 6 g of soil. Determine the water content of the soil
contained in the containers in accordance with Test Methods
D2216. See 11.8.1.

17. Calculation

17.1 Compute the average of the two water contents (trial
plastic limits) and round to the nearest whole number. This

FIG. 9 Lean Clay Soil at the Plastic Limit
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value is the plastic limit, PL. Repeat the test if the difference
between the two trial plastic limits is greater than the accept-
able range for two results listed in Table 2 for single-operator
precision, that is, 1.4 percentage points; that is, (2.8 × 0.5).

PLASTICITY INDEX

18. Calculation

18.1 Calculate the plasticity index as follows:

PI 5 LL 2 PL

where:
LL = liquid limit (whole number), and
PL = plastic limit (whole number).

18.1.1 Both LL and PL are whole numbers. If either the
liquid limit or plastic limit could not be determined, or if the
plastic limit is equal to or greater than the liquid limit, report
the soil as nonplastic, NP.

19. Report: Test Data Sheet(s)/Form(s)

19.1 The terminology used to specify how data are recorded
on the test data sheet(s)/form(s), as given below, is covered in
1.9.

19.2 Record as a minimum the following information:
19.2.1 Sample/specimen identifying information, such as

project name , project number, boring number, depth (m or ft).
19.2.2 Description of sample, such as approximate maxi-

mum grain size, estimate of the percentage of sample retained
on the 425-µm (No. 40) sieve, as-received water content.

19.2.3 Details of specimen preparation, such as wet or dry
(air-dried or oven-dried), method of removing particles larger
than the 425-µm (No. 40) sieve.

19.2.4 Any special specimen selection process used, such as
removal of sand lenses from an intact (undisturbed) sample.

19.2.5 Equipment used, such as hand rolled or mechanical
rolling device for plastic limit, manual or mechanical liquid
limit device, metal or plastic grooving tool.

19.2.6 Liquid limit, plastic limit, and plasticity index to the
nearest whole number, omitting the percent designation. If the
liquid limit or plastic limit tests could not be performed, or if
the plastic limit is equal to or greater than the liquid limit,
report the soil as nonplastic, NP.

19.2.7 Procedure by which liquid limit was performed, if it
differs from the multipoint method.

20. Precision and Bias

20.1 Precision—Criteria for judging the acceptability of test
results obtained by these test methods on a range of soil types
are given in Tables 2 and 3. In performing these test methods,
Method A and the Wet Preparation Method (except soil was
air-dried) were used.

20.1.1 These estimates of precision are based on the results
of the interlaboratory program conducted by the ASTM Ref-
erence Soils and Testing Program.7 In this program, some
laboratories performed three replicate tests per soil type
(triplicate test laboratory), while other laboratories performed a
single test per soil type (single-test laboratory). A description
of the soils tested is given in 20.1.5. The precision estimates
vary with soil type and method(s) used. Judgment is required
when applying these estimates to another soil and method used
(Method A or B, or Wet or Dry Preparation Method).

20.1.2 The data in Table 2 are based on three replicate tests
performed by each triplicate test laboratory on each soil type.
The single operator and multilaboratory standard deviation
shown in Table 2, Column 4, were obtained in accordance with
Practice E691, which recommends each testing laboratory
perform a minimum of three replicate tests. Results of two
properly conducted tests performed by the same operator on
the same material, using the same equipment, and in the
shortest practical period of time should not differ by more than

7 Supporting data have been filed at ASTM International Headquarters and may
be obtained by requesting Research Report RR:D18-1013. Contact ASTM Customer
Service at service@astm.org.

TABLE 2 Summary of Test Results from Triplicate Test Laboratories (Atterberg Limits)

(1) (2) (3) (4) (5)

Soil Type
Number of Triplicate Test

Laboratories
Average ValueA (Percentage

Points)
Standard DeviationB

(Percentage Points)
Acceptable Range of Two

ResultsC (Percentage Points)

Type Test
LL PL PI LL PL PI LL PL PI LL PL PI

Single-Operator Results (Within-Laboratory Repeatability)
CH 13 13 13 59.8 20.6 39.2 0.7 0.5 0.8 2 1 2
CL 14 13 13 33.4 19.9 13.6 0.3 0.4 0.5 1 1 1
ML 12 11 11 27.4 23.4D 4.1D 0.5 0.3 0.6 2 1 2

Multilaboratory Results (Between-Laboratory Reproducibility)
CH 13 13 13 59.8 20.6 39.2 1.3 2.0 2.5 4 6 7
CL 14 13 13 33.4 19.9 13.6 1.0 1.2 1.7 3 3 5
ML 12 11 11 27.4 23.4D 4.1D 1.3 0.9 1.9 4 3 5

A The number of significant digits and decimal places presented are representative of the input data. In accordance with Practice D6026, the standard deviation and
acceptable range of results can not have more decimal places than the input data.
B Standard deviation is calculated in accordance with Practice E691 and is referred to as the 1s limit.
C Acceptable range of two results is referred to as the d2s limit. It is calculated as 21.960·œ2·1s, as defined by Practice E177. The difference between two properly
conducted tests should not exceed this limit. The number of significant digits/decimal places presented is equal to that prescribed by this test method or Practice D6026.
In addition, the value presented can have the same number of decimal places as the standard deviation, even if that result has more significant digits than the standard
deviation.
D For the ML soil, 2 out of 14 triplicate test laboratories reported the soil as nonplastic.
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the single-operator d2s limits shown in Table 2, Column 5. For
definition of d2s see Footnote C in Table 2. Results of two
properly conducted tests performed by different operators and
on different days should not differ by more than the multilabo-
ratory d2s limits shown in Table 2, Column 5.

20.1.3 In the ASTM Reference Soils and Testing Program,
many of the laboratories performed only a single test on each
soil type. This is common practice in the design and construc-
tion industry. The data for each soil type in Table 3 are based
upon the first test results from the triplicate test laboratories
and the single test results from the other laboratories. Results

of two properly conducted tests performed by two different
laboratories with different operators using different equipment
and on different days should not vary by more than the d2s
limits shown in Table 3, Column 5. The results in Table 2 and
Table 3 are dissimilar because the data sets are different.

20.1.4 Table 2 presents a rigorous interpretation of triplicate
test data in accordance with Practice E691 from pre-qualified
laboratories. Table 3 is derived from test data that represents
common practice.

20.1.5 Soil Types—Based on the multilaboratory test results,
the soils used in the program are described below in accor-
dance with Practice D2487. In addition, the local names of the
soils are given.

CH—Fat clay, CH, 99 % fines, LL=60, PI=39, grayish brown, soil had been
air dried and pulverized. Local name—Vicksburg Buckshot Clay

CL—Lean clay, CL, 89 % fines, LL=33, PI=13, gray, soil had been air dried
and pulverized. Local name—Annapolis Clay

ML—Silt, ML, 99 % fines, LL=27, PI=4, light brown, soil had been air dried
and pulverized. Local name—Vicksburg Silt

20.2 Bias—There is no acceptable reference value for these
test methods; therefore, bias cannot be determined.

21. Keywords

21.1 activity; Atterberg limits; liquid limit; plasticity index;
plastic limit

ANNEX

(Mandatory Information)

A1. RESILIENCE TESTER

A1.1 A device for measuring the resilience of liquid limit
device bases is shown in Fig. A1.1. The device consists of a
clear acrylic plastic tube and cap, a 5⁄16-in. diameter steel ball,
and a small bar magnet. The cylinder may be cemented to the
cap or threaded as shown. The small bar magnet is held in the
recess of the cap and the steel ball is fixed into the recess in the
underside of the cap with the bar magnet. The cylinder is then
turned upright and placed on the top surface of the base to be

tested. Holding the tube lightly against the liquid limit device
base with one hand, release the ball by pulling the magnet out
of the cap. Use the scale markings on the outside of the
cylinder to determine the highest point reached by the bottom
of the ball. Repeat the drop at least three times, placing the
tester in a different location for each drop. Tests should be
conducted at room temperature.

TABLE 3 Summary of Single-Test Result from Each Laboratory
(Atterberg Limits)A

(1) (2) (3) (4) (5)

Soil Type
Number of Test

Laboratories

Average Value
(Percentage

Points)

Standard
Deviation

(Percentage
Points)

Acceptable
Range of Two

Results
(Percentage

Points)
Type Test

LL PL PI LL PL PI LL PL PI
CH 24 59.9 20.4 39.5 2.1 2.7 3.1 6 7 9
CL 24 33.3 19.9 13.4 0.8 1.3 1.6 2 4 4
ML 18 27.1 23.2B 3.9B 1.3 1.2 1.8 4 3 5

A For column footnotes, see Table 3.
B For the ML soil, 6 out of 24 laboratories reported the soil as nonplastic.
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APPENDIX

(Nonmandatory Information)

X1. SAMPLE DATA SHEET

X1.1 See Fig. X1.1.

FIG. A1.1 Resilience Tester
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SUMMARY OF CHANGES

Committee D18 has identified the location of selected changes to this standard since the last issue
(D4318 – 05) that may impact the use of this standard. (Approved January 15, 2010.)

(1) Corrected 1.6 to reference D4542 and added D4542 to
Referenced Documents in Section 2.
(2) In 1.8 and 1.8.1, clarified use of SI units.
(3) Added 1.9 referencing D6026 and the use of significant
digits and renumbered 1.9 as 1.10.
(4) In 6.1 and 6.1.1 reworded the requirements for the compo-
sition of the base and removed the word “rubber.” “Rubber”
was also removed from the label in Fig. 1.
(5) In 6.1.2 removed the Durometer hardness requirement for
the rubber feet.

(6) In 6.7.1 removed the dimensional requirements for the
Ground Glass Plate.
(7) In 9.1.1.5 added guidance for replacement of rubber feet.
(8) In 11.1 changed “cup” to “dish” for consistency.
(9) In 11.3 added instruction that the base shall not be held
during testing.
(10) In 13.2 to 13.5 clarified the instructions to allow two
alternative test procedures.
(11) Section 19 was updated to comply with the D18.91
Special Memorandum on Report Section.

FIG. X1.1 Sample Data Sheet
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ASTM International takes no position respecting the validity of any patent rights asserted in connection with any item mentioned
in this standard. Users of this standard are expressly advised that determination of the validity of any such patent rights, and the risk
of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM International Headquarters. Your comments will receive careful consideration at a meeting of the
responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should
make your views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
United States. Individual reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above
address or at 610-832-9585 (phone), 610-832-9555 (fax), or service@astm.org (e-mail); or through the ASTM website
(www.astm.org). Permission rights to photocopy the standard may also be secured from the ASTM website (www.astm.org/
COPYRIGHT/).
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313 - 1 

NATURAL RESOURCES CONSERVATION SERVICE 
CONSERVATION PRACTICE STANDARD 

WASTE STORAGE FACILITY 
(No.) 

CODE 313 

DEFINITION  

A waste storage impoundment made by 
constructing an embankment and/or 
excavating a pit or dugout, or by fabricating a 
structure.  

PURPOSE 

To temporarily store wastes such as manure, 
wastewater, and contaminated runoff as a 
storage function component of an agricultural 
waste management system.  

CONDITIONS WHERE PRACTICE APPLIES  

• Where the storage facility is a component of 
a planned agricultural waste management 
system 

• Where temporary storage is needed for 
organic wastes generated by agricultural 
production or processing 

• Where the storage facility can be 
constructed, operated and maintained 
without polluting air or water resources 

• Where site conditions are suitable for 
construction of the facility 

• To facilities utilizing embankments with an 
effective height of 35 feet or less where 
damage resulting from failure would be 
limited to damage of farm buildings, 
agricultural land, or township and country 
roads.  

• To fabricated structures including tanks, 
stacking facilities, and pond appurtenances. 

CRITERIA  

General Criteria Applicable to All Waste 
Storage Facilities. 

Laws and Regulations.  Waste storage 
facilities must be planned, designed, and 
constructed to meet all federal, state, and local 
laws and regulations.  All state and local 
permits that are applicable for the specific site 
must be met. 

Location.  To minimize the potential for 
contamination of streams, waste storage 
facilities should be located outside of 
floodplains.  However, if site restrictions 
require location within a floodplain, they shall 
be protected from inundation or damage from 
a 25-year flood event, or larger if required by 
laws, rules, and regulations. Waste storage 
facilities shall be located so the potential 
impacts from breach of embankment, 
accidental release, and liner failure are 
minimized; and separation distances are such 
that prevailing winds and landscape elements 
such as building arrangement, landforms, and 
vegetation minimize odors and protect 
aesthetic values. 

Storage Period.  The storage period is the 
maximum length of time anticipated between 
emptying events.  The minimum storage period 
shall be based on the timing required for 
environmentally safe waste utilization 
considering the climate, crops, soil, equipment, 
and local, state, and federal regulations.  

Design Storage Volume.  The design storage 
volume equal to the required storage volume 
shall consist of the total of the following as 
appropriate:  
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(a)  Manure, wastewater, and other wastes 
accumulated during the storage period 

(b)  Normal precipitation less evaporation on 
the surface area (at the design storage 
volume level) of the facility during the 
storage period 

(c)  Normal runoff from the facility's drainage 
area during the storage period 

(d)  25-year, 24-hour precipitation on the 
surface (at the required design storage 
volume level) of the facility 

(e)  25-year, 24-hour runoff from the facility's 
drainage area 

(f) Residual solids after liquids have been 
removed.  A minimum of 6 inches shall be 
provided for tanks 

(g)  Additional storage as may be required to 
meet management goals or regulatory 
requirements 

Inlet.  Inlets shall be of any permanent type 
designed to resist corrosion, plugging, freeze 
damage and ultraviolet ray deterioration while 
incorporating erosion protection as necessary. 

Emptying Component.  Some type of 
component shall be provided for emptying 
storage facilities.  It may be a facility such as a 
gate, pipe, dock, wet well, pumping platform, 
retaining wall, or ramp.  Features to protect 
against erosion, tampering, and accidental 
release shall be incorporated as necessary. 

Accumulated Solids Removal.  Provision 
shall be made for periodic removal of 
accumulated solids to preserve storage 
capacity.  The anticipated method for doing 
this must be considered in planning, 
particularly in determining the configuration of 
ponds and type of seal, if any. 

Safety.  Design shall include appropriate 
safety features to minimize the hazards of the 
facility.  Ramps used to empty liquids shall 
have a slope of 4 horizontal to 1 vertical or 
flatter.  Those used to empty slurry, semi-solid, 
or solid waste shall have a slope of 10 
horizontal to 1 vertical or flatter unless special 
traction surfaces are provided.  Warning signs, 
fences, ladders, ropes, bars, rails, and other 
devices shall be provided, as appropriate, to 
ensure the safety of humans and livestock.  
Ventilation and warning signs must be 

provided for covered waste holding structures, 
as necessary, to prevent explosion, poisoning, 
or asphyxiation.  Pipelines shall be provided 
with a water-sealed trap and vent, or similar 
device, if there is a potential, based on design 
configuration, for gases to enter buildings or 
other confined spaces.  Ponds and uncovered 
fabricated structures for liquid or slurry waste 
with walls less than 5 feet above ground 
surface shall be fenced and warning signs 
posted to prevent children and others from 
using them for other than their intended 
purpose.  

Erosion Protection.  Embankments and 
disturbed areas surrounding the facility shall 
be treated to control erosion.  

Liners.  Liners shall meet or exceed the 
criteria in Pond Sealing or Lining (PS 521). 

Additional Criteria for Waste Storage Ponds 

Location.  A separation distance of 100 feet 
for storage ponds and waste confinement 
areas from existing water wells shall be 
maintained.  A different separation distance 
will require a site specific evaluation of the 
aquifer.  In no case shall a pond be closer to a 
well than allowed by state and local 
regulations. 

Permits and Regulations.  For all waste 
storage ponds that impound 10 acre-feet or 
more of wastewater, WAC Chapter 173-175 
Dam Safety Regulation, require review and 
approval of the construction plans and 
specifications by the Washington Dam Safety 
Office (Department of Ecology).  The plans 
and specifications are reviewed for 
conformance with requirements for 
downstream hazard and dam height 
classifications; outlet, spillway and energy 
dissipater configurations; and application of 
site specific slope stability and design 
precipitation criteria.  These criteria and 
configurations are listed in “Dam Safety 
Guidelines: Part IV: Dam Design and 
Construction, Washington State Department of 
Ecology, 1993, Document #92-55D. 

The impoundment volume is used to determine 
if a structure exceeds the 10 acre-feet storage 
threshold.  The impoundment volume is the 
volume of wastewater stored behind the dam 
from the elevation measured from the lowest 
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point of the outside limit of the impoundment 
barrier to the maximum attainable water 
surface elevation of the reservoir pool that 
could occur during extreme operating 
conditions. 

For multiple cell waste storage ponds the 
following shall be considered in the 
determination of the impoundment volume: 

1.  Include the volume that would be released 
from one cell if an embankment were to fail, 
plus the volume that would drain from 
adjacent cells through connecting pipe 
conduits or any other type of spillways that 
would connect adjacent cells. 

2.  If the top of the embankments for adjacent 
cells are not at the same elevation, the 
breach volume shall include the total 
volume that would be released from the 
higher cell plus the total volume that would 
be released from the lower cell if the 
common embankment between the cells 
and the exterior embankment of the lower 
cell were to both fail. 

 
Soil and foundation.   

The pond shall be located in soils with an 
acceptable permeability that meets all 
applicable regulation, or the pond shall be 
lined.  Information and guidance on controlling 
seepage from waste impoundments can be 
found in the Agricultural Waste Management 
Field Handbook (AWMFH), Appendix 10D.   

Soil permeability rate of the ponds wetted 
surface shall not exceed 1x10-6 cm/s.  The 
effects of manure sealing will provide 
approximately one order of magnitude of 
additional protection resulting in a liner 
permeability of 1x 10-7 cm/s.  If the foundation 
permeability rate exceeds 1x10-6 cm/s, a 
compacted clay, amended soil liner or 
synthetic liner is required. Refer to NRCS 
Conservation Practice Standard 521A-D.  

Criteria for Evaluating the Potential of 
Waste Storage Pond Earthfill Liner Material.   

The following appropriate tests must be 
conducted for compacted earthfill liners, by 
qualified soils testing laboratory or NRCS soil 
mechanics laboratory. A number of soil 
samples may need to be tested if one sample 

is not representative of the material that is to 
be used for a Compacted Earthfill liner. 

 

1.  ASTM D 420, “Standard Guide to Site 
Characterization for Engineering, Design, 
and Construction Purposes Section 8 
“Sampling”. 

2.  ASTM D 2487, “Classification of Soils for 
Engineering Purposes” shall be followed 
to classify all samples provided for 
testing. 

3.  ASTM D 5084, “Measurement of Hydraulic 
Conductivity of Saturated Porous Material 
Using a Flexible Wall Permeameter” shall 
be conducted on soils or soil admixtures 
documenting the permeability rate of each 
sample tested with respect to the 
moisture/density of the sample. 

4.  ASTM D 698, “Test Methods for Moisture-
Density Relations of Soils and Soil-
Aggregate Mixtures using 5.5-lb Rammer 
and 12-in Drop” shall be followed. 

The data results from the tests listed above 
shall be used to establish the compaction 
parameters for construction.  NRCS-WA 
Construction Specification CS-18, Compacted 
Earthfill Liner, can be used where the specified 
degree of compaction is to be checked and 
controlled by standard compaction tests. 

Additional Soil and Foundation Criteria 
Groundwater and/or seasonal high ground 
water table.  The depth to the seasonal high 
water table shall be determined.  Washington 
Engineering Technical Note #7 provides 
guidance on identifying soil features for 
establishing the seasonal high ground water 
table depth. 

The pond shall have a bottom elevation that is 
a minimum of 2 feet above the seasonal high 
water table unless features of special design 
are incorporated that address buoyant forces, 
pond seepage rate and non-encroachment of 
the water table by contaminants.  The water 
table may be lowered by use of passive 
perimeter drains, if feasible, to meet this 
requirement.   

Foundation and Subsurface Investigations.  
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See reference section for guidance criteria for 
the subsurface investigations of waste storage 
ponds.  

Maximum Operating Level.  The maximum 
operating level for waste storage ponds shall 
be the pond level that provides for the required 
volume less the volume contribution of 
precipitation and runoff from the 25-year, 24-
hour storm event plus the volume allowance 
for residual solids after liquids have been 
removed.  A permanent marker or recorder 
shall be installed at this maximum operating 
level to indicate when drawdown should begin.  
The marker or recorder shall be referenced 
and explained in the O&M plan. 

Outlet.  No outlet shall automatically release 
storage from the required design volume.  
Manually operated outlets shall be of 
permanent type designed to resist corrosion 
and plugging.  

Spillway.  Waste storage ponds with an 
impoundment volume requiring a Dam Safety 
permit shall have spillway facilities.  The 
spillway may be open channel or pipe conduit 
that meets the following requirements: 
1.  For waste storage ponds with a gravity 

inlet, the spillway shall accommodate 
design storm events on the area that will 
contribute runoff to the pond in combination 
with the design storm even on the pond 
surface.  The design storm even shall be 
determined according to the Washington 
State Department of Ecology (DOE) Dam 
Safety Guidelines.  Potential roof runoff 
shall not be excluded.   Roof runoff 
management facilities are not considered to 
be effective for the design storm event. 

2.  For ponds with a pumped inlet, the spillway 
shall accommodate the pumped inflow in 
combination with the design storm event on 
the pond surface.  The design storm event 
shall be determined according to the DOE 
Dam Safety Guidelines. 

3.  Multiple cell waste storage ponds shall 
have a spillway for each cell.  These 
spillways may be through common interior 
embankments, but at least one cell must 
have a spillway through an exterior 
embankment.  All spillways shall be 
designed for erosion control. 

Embankments. The minimum elevation of the 
top of the settled embankment shall be 1 foot 
above the waste storage pond’s required 
volume.  This height shall be increased by the 
amount needed to ensure that the top 
elevation will be maintained after settlement.  
This increase shall be not less than 5 percent.  
The minimum top widths are shown in Table 1.  
The combined side slopes of the settled 
embankment shall not be less than 5 
horizontal to 1 vertical, and neither slope shall 
be steeper than 2 horizontal to 1 vertical 
unless provisions are made to provide stability. 

Table 1 – Minimum Top Widths 
Total embankment Top Width, 
 Height, ft. ft. 
 15 or less 8 
 15 – 20 10 
 20 – 25 12 
 25 – 30 14 
 30 – 35 15 

 

Waste storage ponds with an impoundment 
volume requiring a Dam Safety permit shall 
meet the following additional requirements: 

1.  Normal and minimum freeboard shall be 
provided according to the DOE Dam Safety 
Guidelines. 

2.  For multiple cell ponds, the common 
embankments between cells shall not have 
a top elevation lower than the external 
embankments and the combined side 
slopes of the common embankment shall 
meet the 5 horizontal to 1 vertical 
requirement. 

3.  Compaction of GW, GP, GM, GC, SW, SP, 
SM, SC, CL, ML, CH, and MH soil material 
shall be in accordance with Washington 
NRCS Construction Specifications CS-15, 
Earth Fill Class S or Washington NRCS 
Construction Specification CS-14, Earth Fill 
Class A. 

Excavations.  Unless supported by a soil 
investigation, excavated side slopes shall be 
no steeper than 2 horizontal to 1 vertical. 

Additional Criteria for Fabricated 
Structures 

Foundation.  The foundations of fabricated 
waste storage structures shall be proportioned 
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to safely support all superimposed loads 
without excessive movement or settlement.  

Where a non-uniform foundation cannot be 
avoided or applied loads may create highly 
variable foundation loads, settlement should 
be calculated from site-specific soil test data.  
Index tests of site soil may allow correlation 
with similar soils for which test data is 
available.  If no test data is available, 
presumptive bearing strength values for 
assessing actual bearing pressures may be 
obtained from Table 2 or another nationally 
recognized building code.  In using 
presumptive bearing values, adequate 
detailing and articulation shall be provided to 
avoid distressing movements in the structure.  

Foundations consisting of bedrock with joints, 
fractures, or solution channels shall be treated 
or a separation distance provided consisting of 
a minimum of 1 foot of impermeable soil 
between the floor slab and the bedrock or an 
alternative that will achieve equal protection. 

Table 2 - Presumptive Allowable Bearing 
Stress Values1  

Foundation Description Allowable 
Stress 

Crystalline Bedrock 

Sedimentary Rock 

Sandy Gravel or Gravel 

Sand, Silty Sand, Clayey 
Sand, Silty Gravel, Clayey 
Gravel 

Clay, Sandy Clay, Silty Clay, 
Clayey Silt 

12000 psf 

6000 psf 

5000 psf 

 

3000 psf 

 

2000 psf 
1 Basic Building Code, 12th Edition, 1993, 
Building Officials and Code Administrators, 
Inc. (BOCA) 

Foundation and Subsurface Investigations.  

See reference section for guidance criteria for 
the subsurface investigations of fabricated 
structures 

Liquid Tightness.  Applications such as 
tanks, that require liquid tightness shall be 
designed and constructed in accordance with 
standard engineering and industry practice 

appropriate for the construction materials used 
to achieve this objective. 

 Structural Loadings.  Waste storage 
structures shall be designed to withstand all 
anticipated loads including internal and 
external loads, hydrostatic uplift pressure, 
concentrated surface and impact loads, water 
pressure due to seasonal high water table, 
and frost or ice pressure and load 
combinations in compliance with this standard 
and applicable local building codes.  

The lateral earth pressures should be 
calculated from soil strength values 
determined from the results of appropriate soil 
tests.  Lateral earth pressures can be 
calculated using the procedures in TR-74.  If 
soil strength tests are not available, the 
presumptive lateral earth pressure values 
indicated in Table 3 shall be used.  

Lateral earth pressures based upon equivalent 
fluid assumptions shall be assigned according 
to the following conditions:  

• Rigid frame or restrained wall.  Use the 
values shown in Table 3 under the column 
“Frame tanks,” which gives pressures 
comparable to the at-rest condition.  

• Flexible or yielding wall.  Use the values 
shown in Table 3 under the column “Free-
standing walls,” which gives pressures 
comparable to the active condition.  Walls 
in this category are designed on the basis 
of gravity for stability or are designed as a 
cantilever having a base wall thickness to 
height of backfill ratio not more than 0.085. 

Internal lateral pressure used for design shall 
be 65 lb/ft2 where the stored waste is not 
protected from precipitation.  A value of 60 
lb/ft2 may be used where the stored waste is 
protected from precipitation and will not 
become saturated.  Lesser values may be 
used if supported by measurement of actual 
pressures of the waste to be stored.  If heavy 
equipment will be operated near the wall, an 
additional two feet of soil surcharge shall be 
considered in the wall analysis.  

Tank covers shall be designed to withstand 
both dead and live loads.  The live load values 
for covers contained in ASAE EP378.3, Floor 
and Suspended Loads on Agricultural 
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Structures Due to Use, and in ASAE EP 393.2, 
Manure Storages, shall be the minimum used.  
The actual axle load for tank wagons having 

more than a 2,000 gallon capacity shall be 
used.   

TABLE 3 - LATERAL EARTH PRESSURE VALUES1

 Equivalent fluid pressure   (lb/ft2/ft of depth) 
Soil Above seasonal high 

water table2
Below seasonal high water table3

 
Description4

Unified 
Classification4

Free-
standing 

walls 

Frame 
tanks 

Free-
standing 

walls 

Frame 
tanks 

Clean gravel, sand or 
sand-gravel mixtures 
(maximum 5% fines)5

 
GP, GW, SP, SW  

 
30 

 
50 

 
80 

 
90 

Gravel, sand, silt  and 
clay mixtures  (less than 
50%  fines) 
Coarse sands with silt 
and and/or clay (less 
than  50% fines) 

All gravel sand dual 
symbol classifications 
and GM, GC, SC, SM, 
SC-SM 

 
 
 

35 

 
 
 

60 

 
 
 

80 

 
 
 

100 

Low-plasticity  silts and 
clays with some sand 
and/or gravel (50% or 
more fines) 
Fine sands with silt 
and/or clay (less than 
 50% fines) 

 
 
CL, ML, CL-ML 
SC, SM, SC-SM 
 

 
 
 
 

45 

 
 
 
 

75 

 
 
 
 

90 

 
 
 
 

105 

Low to medium plasticity 
silts and clays with little 
sand and/or gravel (50% 
or more  fines) 

 
 
 
CL, ML, CL-ML 

 
 
 

65 

 
 
 

85 

 
 
 

95 

 
 
 

110 
High plasticity silts and  
clays (liquid limit more 
than 50)6

 
CH, MH 
 

 
- 

 
- 

 
- 

 
- 

1 For lightly-compacted soils (85% to 90% maximum standard density.)  Includes compaction by use of typical 
farm equipment.  

2 Also below seasonal high water table if adequate drainage is provided.  
3 Includes hydrostatic pressure.  
4 All definitions and procedures in accordance with ASTM D 2488 and D 653.  
5 Generally, only washed materials are in this category  
6 Not recommended.  Requires special design if used. 

If the facility is to have a roof, snow and wind 
loads shall be as specified in ASCE 7-02, 
Minimum Design Loads for Buildings and 
Other Structures.  If the facility is to serve as 
part of a foundation or support for a building, 
the total load shall be considered in the 
structural design.  

Tanks may be designed with or without covers.  
Covers, beams, or braces that are integral to 

structural performance must be indicated on 
the construction drawings.  The openings in 
covered tanks shall be designed to 
accommodate equipment for loading, agitating, 
and emptying.  These openings shall be 
equipped with grills or secure covers for 
safety, and for odor and vector control. 

All structures shall be underlain by free 
draining material or shall have a footing 
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located below the anticipated frost depth. 
Fabricated structures shall be designed 
according to the criteria in the following 
references as appropriate: 

• Steel:  “Manual of Steel Construction”, 
American Institute of Steel Construction.  

• Timber:  “National Design Specifications 
for Wood Construction”, American Forest 
and Paper Association.  

• Concrete:  “Building Code Requirements 
for Reinforced Concrete, ACI 318”, 
American Concrete Institute.  

• Masonry:  “Building Code Requirements 
for Masonry Structures, ACI 530”, 
American Concrete Institute.  

Slabs on Grade.  Slab design shall consider 
the required performance and the critical 
applied loads along with both the subgrade 
material and material resistance of the 
concrete slab.  Where applied point loads are 
minimal and liquid-tightness is not required, 
such as barnyard and feedlot slabs subject 
only to precipitation, and the subgrade is 
uniform and dense, the minimum slab 
thickness shall be 4 inches with a maximum 
joint spacing of 10 feet.  Joint spacing can be 
increased if steel reinforcing is added based 
on subgrade drag theory.  

For applications where liquid-tightness is 
required such as floor slabs of storage tanks, 
the minimum thickness for uniform foundations 
shall be 5 inches and shall contain distributed 
reinforcing steel.  The required area of such 
reinforcing steel shall be based on subgrade 
drag theory as discussed in industry guidelines 
such as American Concrete Institute, ACI 360, 
“Design of Slabs-on-Grade”.  

When heavy equipment loads are to be 
resisted and/or where a non-uniform 
foundation cannot be avoided, an appropriate 
design procedure incorporating a subgrade 
resistance parameter(s) such as ACI 360 shall 
be used.  

CONSIDERATIONS  

Waste storage facilities should be located as 
close to the source of waste and polluted 
runoff as practicable.  Other considerations for 
locating the waste storage facility include 

vehicle access, wind direction, neighboring 
dwellings, proximity of streams and 
floodplains, and visibility.   

An increased separation distance from ground 
water wells will provide additional wellhead 
protection. 

Non-polluted runoff should be excluded from 
the structure to the fullest extent possible 
except where its storage is advantageous to 
the operation of the agricultural waste 
management system.  

Freeboard for waste storage tanks should be 
considered.  

Solid/liquid separation of runoff or wastewater 
entering pond facilities should be considered 
to minimize the frequency of accumulated 
solids removal and to facilitate pumping and 
application of the stored waste.  

Due consideration should be given to 
environmental concerns, economics, the 
overall waste management system plan, and 
safety and health factors.  

Considerations for Minimizing the Potential 
for and Impacts of Sudden Breach of 
Embankment or Accidental Release from 
the Required Volume. 

Features, safeguards, and/or management 
measures to minimize the risk of failure or 
accidental release, or to minimize or mitigate 
impact of this type of failure should be 
considered when any of the categories listed in 
Table 4 might be significantly affected. 

The following should be considered either 
singly or in combination to minimize the 
potential of or the consequences of sudden 
breach of embankments when one or more of 
the potential impact categories listed in Table 4 
may be significantly affected: 

1.   An auxiliary (emergency) spillway 

2.   Additional freeboard 

3.   Storage for wet year rather than normal 
year precipitation 

4.   Reinforced embankment -- such as, 
additional top width, flattened and/or 
armored downstream side slopes 

5.   Secondary containment 
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Table 4 - Potential Impact Categories from 
Breach of Embankment or Accidental 

Release 
1. Surface water bodies -- perennial streams, 

lakes, wetlands, and estuaries 

2. Critical habitat for threatened and 
endangered species. 

3. Riparian areas 

4. Farmstead, or other areas of habitation 

5. Off-farm property 

6. Historical and/or archaeological sites or 
structures that meet the eligibility criteria 
for listing in the National Register of 
Historical Places. 

Table 5 - Potential Impact Categories for 
Liner Failure 

1.   Any underlying aquifer is at a shallow 
depth and not confined 

2.   The vadose zone is rock 

3.   The aquifer is a domestic water supply 
or ecologically vital water supply 

4.   The site is located in an area of 
solutionized bedrock such as 
limestone or gypsum. 

 

The following options should be considered to 
minimize the potential for accidental release 
from the required volume through gravity 
outlets when one or more of the potential 
impact categories listed in Table 4 may be 
significantly affected: 

1.   Outlet gate locks or locked gate housing 

2.   Secondary containment 

3.   Alarm system 

4.   Another means of emptying the required 
volume 

Considerations for Minimizing the Potential 
of Waste Storage Pond Liner Failure. 

Sites with categories listed in Table 5 should 
be avoided unless no reasonable alternative 
exists.  Under those circumstances, 
consideration should be given to providing an 
additional measure of safety from pond 
seepage when any of the potential impact 
categories listed in Table 5 may be 
significantly affected. 

 

Should any of the potential impact categories 
listed in Table 5 be affected, consideration 
should be given to the following: 

1.   A clay liner designed in accordance with 
procedures of AWMFH Appendix 10D with 
a thickness and  coefficient of permeability 
so that specific discharge is less than 1 x 
10 −6 cm/sec 

2.   A flexible membrane liner over a clay liner 

3.   A geosynthetic clay liner (GCL) flexible 
membrane liner 

4.   A concrete liner designed in accordance 
with slabs on grade criteria for fabricated 
structures requiring water tightness 

Considerations for Improving Air Quality 

To reduce emissions of greenhouse gases, 
ammonia, volatile organic compounds, and 
odor, other practices such as Anaerobic 
Digester – Ambient Temperature (365), 
Anaerobic Digester – Controlled Temperature 
(366), Waste Facility Cover (367), and 
Composting Facility (317) can be added to the 
waste management system. 

Adjusting pH below 7 may reduce ammonia 
emissions from the waste storage facility but 
may increase odor when waste is surface 
applied (see Waste Utilization, 633). 

Some fabric and organic covers have been 
shown to be effective in reducing odors. 

PLANS AND SPECIFICATIONS  

Plans and specifications shall be prepared in 
accordance with the criteria of this standard 
and shall describe the requirements for 
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applying the practice to achieve its intended 
use.  

OPERATION AND MAINTENANCE  

An operation and maintenance plan shall be 
developed that is consistent with the purposes 
of the practice, its intended life, safety 
requirements, and the criteria for its design. 

The plan shall contain the operational 
requirements for emptying the storage facility.  
This shall include the requirement that waste 
shall be removed from storage and utilized at 
locations, times, rates, and volume in 
accordance with the overall waste 
management system plan. 

In addition, for ponds, the plan shall include an 
explanation of the permanent marker or 
recorder installed to indicate the maximum 
operating level. 

The plan shall include a strategy for removal 
and disposition of waste with the least 
environmental damage during the normal 
storage period to the extent necessary to 
insure the pond’s safe operation.  This strategy 
is for the removal of the contribution of unusual 
storm events that may cause the pond to fill to 
capacity prematurely with subsequent design 
inflow and usual precipitation prior to the end 
of the normal storage period.   

Development of an emergency action plan 
should be considered for waste storage 
facilities where there is a potential for 
significant impact from breach or accidental 
release.  The plan shall include site-specific 
provisions for emergency actions that will 
minimize these impacts. 

REFERENCES 

Subsurface investigations guidance for waste 
storage ponds: 

 “Guidance for Geological Site Explorations of 
Waste Storage Ponds” in Washington 
Engineering Technical Note #5.  

This reference is available for Washington 
State in Section 1 of the NRCS electronic Field 
Office Technical Guide available on the web at 
the following site: 

http://www.nrcs.usda.gov/technical/efotg/

Subsurface investigations for waste storage 
ponds and fabricated structures: 

Agricultural Waste Management Field 
Handbook, Chapter 7, Geological and Ground 
Water Considerations, section 651.0704 Site 
investigations for planning and design. 

This reference is available on-line from the 
NRCS Conservation Engineering Division and 
listed under the Environmental Engineering 
section available on the web at the following 
site: 

http://www.info.usda.gov/CED/

NRCS WA  
December 2004 

Case 2:13-cv-03016-TOR    Document 396-1    Filed 05/19/15

http://www.nrcs.usda.gov/technical/efotg/
http://www.info.usda.gov/CED/


 
 
 
 
 
 
 
 
 
 
 

APPENDIX H 
 

 

WA NRCS Conservation Practice Standard No. 360 
Waste Facility Closure 

  

Case 2:13-cv-03016-TOR    Document 396-1    Filed 05/19/15



360 - 1 

NRCS, WA 
January 2013 

Conservation practice standards are reviewed periodically and updated if needed.  To obtain 
the current version of this standard, contact your Natural Resources Conservation Service 
State Office or visit the Field Office Technical Guide. 

NATURAL RESOURCES CONSERVATION SERVICE 
CONSERVATION PRACTICE STANDARD 

WASTE FACILITY CLOSURE 
(No.) 

CODE 360 

DEFINITION 

The decommissioning of facilities, and/or the 
rehabilitation of contaminated soil, in an 
environmentally safe manner, where agricultural 
waste has been handled, treated, and/or stored 
and is no longer used for the intended purpose. 

PURPOSE 

• Protect the quality of surface water and 
groundwater resources. 

• Mitigate air emissions. 

• Eliminate a safety hazard for humans and 
livestock. 

• Safeguard the public health. 

CONDITIONS WHERE PRACTICE APPLIES 

This practice applies to agricultural waste 
facilities or livestock production sites that are no 
longer needed as a part of a waste management 
system and are to be permanently closed or 
converted for another use.  These facilities 
include liquid/dry waste storage facilities, 
confined animal housing, feedlots, livestock 
yards, or composting facilities. 

This practice applies where impoundments that 
are to be converted to fresh water storage meet 
current NRCS standards.  

Where structures that include agricultural waste 
storage, such as confined animal housing, are to 
be decommissioned, this practice will apply to 
the removal of the waste and rehabilitation of 
soil within the facility.   

This practice applies to remediation of soil 
contaminated by agricultural wastes that have 
been stored on-site.   

It does not apply to sites contaminated by 
materials that require the issuance of a 
hazardous waste permit, such as fuel or 
pesticides. 

CRITERIA 

General Criteria Applicable to All Purposes   
The closure shall comply with all Federal, State, 
and local laws, rules, and regulations including 
national pollutant discharge elimination system 
(NPDES) requirements. 

Existing waste transfer components that convey 
to waste facilities or provide drainage from the 
facility area shall be removed and replaced with 
compacted earth material or otherwise rendered 
unable to convey waste. 

Remove manure, agricultural waste, and 
contaminated soil to the maximum extent 
practicable.  All manure and agricultural waste 
that could negatively impact water and/or air 
quality or pose a safety hazard shall be removed 
as deemed practicable.  All liquid, slurry, sludge, 
and solid waste, and soil removed from the 
facility shall be utilized in accordance with NRCS 
Conservation Practice Standards, Nutrient 
Management, Code 590 and/or Waste 
Utilization, Code 633.   

Precautions (fencing and warning signs) shall be 
used where necessary to ensure that the facility 
is not used for purposes incompatible with the 
facility modification.  

Erosion and Pollution Control.  All disturbed 
areas shall be re-vegetated or treated with other 
suitable measures used to control erosion and 
restore the aesthetic value of the site.  Sites, not 
suitable for re-vegetation through normal 
cropping practices, shall be vegetated in 
accordance with NRCS Conservation Practice 
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Standard, Critical Area Planting, Code 342. 

Liquid and Slurry Waste Removal.  Liquid and 
slurry wastes shall be agitated and pumped to 
the maximum extent practicable. Water shall be 
added as necessary to facilitate the agitation 
and pumping.  The wastewater shall be utilized 
in accordance with NRCS Conservation Practice 
Standard, Nutrient Management, Code 590 
and/or Waste Utilization, Code 633.   

Sludge Removal.  During sludge removal 
operations, the integrity of the liner, if one is 
present, shall be maintained.  Sludge shall be 
removed to the maximum extent practicable and 
utilized in accordance with NRCS Conservation 
Practice Standard, Nutrient Management, Code 
590 and/or Waste Utilization, Code 633.   

Impoundment Closure.  Three options are 
associated with the decommissioning of liquid 
waste impoundments.  One of the following will 
be used.   

1. Embankment Impoundments (those with a 
depth of water at the design water level of 
three feet or more above natural ground) 
may be breached so that they no longer 
impound water.  The embankment material 
can then be graded into the impoundment 
area, and the area vegetated for another 
use.  Or the embankment may remain if the 
impoundment area surface has been 
sufficiently cleaned so that runoff leaving the 
site would not be considered as 
contaminated by the wastes. 

2. Excavated Impoundments may be backfilled 
so that these areas may be reclaimed for 
other uses.   

3. Impoundments may be converted to fresh 
water storage.   

Embankment Impoundments.  Waste and 
sludge shall be removed from the impoundment 
before the embankment is breached.  Concrete 
and flexible membrane liners shall be removed 
or rendered unable to impound water and 
properly disposed of.  The slopes and bottom of 
the breach shall be stable for the soil material 
involved, however the side slopes shall be no 
steeper than three horizontal to one vertical 
(3:1).   

Excavated Impoundments.  Concrete and 
flexible membrane liners shall be removed or 
rendered unable to impound water and properly 
disposed of.  The backfill height shall exceed the 

height to the design finished grade by a 
minimum of 5 percent to allow for settlement.  
The top one foot of the backfill shall be 
constructed of the most impervious soil material 
readily available and mounded to shed rainfall 
runoff.  Incorporate available topsoil where 
feasible to aid establishment of vegetation.   

Conversion to Fresh Water Storage.  The 
converted impoundment shall meet the 
requirements as set forth in the appropriate 
NRCS practice standard for the intended 
purpose.  Where the original impoundment was 
not constructed to meet NRCS standards, the 
investigation for structural integrity shall be in 
accordance with National Engineering Manual 
(NEM) 501.23.  When it is not practical to 
remove the sludge from a waste impoundment 
that is being converted to fresh water storage, 
the impoundment shall not be used for fish 
production, swimming, or livestock watering until 
the water quality is adequate for these purposes.   

Fabricated Liquid Waste Facilities.  If 
fabricated structures are to be demolished, 
disassembled or otherwise altered, it shall be 
done to such an extent that no water can be 
impounded.  Disassembled materials such as 
pieces of metal shall be temporarily stored in 
such a manner that they do not pose a hazard to 
animals or humans until their final disposition.  

Demolished materials shall be buried on-site or 
moved off-site to locations designated by state 
or local officials.  If buried on-site, the materials 
are to be covered with soil to a settled depth of 
at least one foot. The backfill height shall exceed 
the height to the design finished grade by a 
minimum of 5 percent to allow for settlement, 
and the backfill be sufficiently mounded such 
that runoff will be diverted from the site after the 
backfill settles.   

Dry Waste Storage or Treatment Facilities.  
The soil at dry waste facilities such as confined 
animal housing, feedlots, livestock yards, or 
composting facilities with earthen floors must be 
evaluated.   

The evaluation shall include laboratory analyses 
of the soil profile for any nutrients for which 
specific information is needed to determine the 
required depth of rehabilitation.  Soil samples 
shall be taken at multiple locations and depths 
within the facility.  One sample per depth interval 
per acre of the area being decommissioned with 
a minimum of 3 samples per depth interval shall 
be taken.  Samples taken for each specified 
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sampling depth interval may be consolidated 
into a single set (e.g., 3 samples taken at the 0 
to 6 inch depth interval may be consolidated into 
a single sample for testing).  The samples shall 
be collected, prepared and tested in accordance 
with NRCS Conservation Practice Standard, 
Nutrient Management, Code 590.   

The results of the soil analysis will be used to 
prepare a plan to recover the site for its intended 
use.  The following site appropriate options shall 
be utilized, if needed: 

• Adjust pH to restore desired crop growing 
conditions 

• Plant salt tolerant plants to restore the site to 
desired crop conditions.  The harvested 
vegetation quality should be monitored for 
N, P, and K removal. 

• Select plants and erosion control practices 
to minimize phosphorus transport from the 
site and facilitate remediation of excessively 
high phosphorus levels.   

Although in-situ processes are the preferred 
method for adjusting the soil conditions, removal 
of a portion of the soil may be necessary.  The 
removed soil shall be land applied in accordance 
with NRCS Conservation Practice Standard, 
Nutrient Management, Code 590 and/or Waste 
Utilization, Code 633.  Excavated areas shall be 
graded and or backfilled to shed rainfall and 
prevent ponding of runoff.  Where feasible, 
available topsoil should be used to aid the 
establishment of permanent vegetation. 

CONSIDERATIONS 

Conduct pre-closure soil and water (surface and 
subsurface) testing to establish base line data 
surrounding the site at the time of closure.  
Establishing baseline data can be used in the 
future to address soil and water issues. 

Where the surface is covered by a dense mat of 
floating vegetation, pumping effort to empty 
waste impoundments may be reduced by first 
applying herbicide to the vegetation and then 
burning the residue.  Appropriate permits must 
be obtained before burning.  When burning is 
conducted, take necessary actions to ensure 
that smoke is managed to minimize impacts to 
downwind populations. 

Alternative methods of sludge removal may be 
required where the impoundments contain large 

amounts of bedding, oyster shells, soil, or other 
debris. 

Minimize the impact of odors associated with 
land applying dry wastes and with agitation, 
emptying, and land applying wastewater and 
sludge from a waste impoundment by 
conducting these operations at a time when the 
humidity is low, when winds are calm, and when 
wind direction is away from populated areas.  
Adding chemical and biological additives to the 
waste prior to agitation and emptying can reduce 
odors.  Odor impacts from land application can 
also be mitigated by using an incorporation 
application method.  

Minimize agitation of the wastes to only the 
amount needed for pumping to reduce the 
potential for release of air emissions.   

Soil to fill excavated areas should not come from 
important farmlands (prime, statewide, local, 
and/or unique).   

Waste facility closure may improve utilization 
and aesthetics of the farmstead. 

Breached embankments may detract from the 
overall aesthetics of the operation.  
Embankments should be removed and the site 
returned to its original grade. 

Disassembled fabricated structures may be 
suitable for assembly at another site.  Care 
should be taken during closure to minimize 
damage to the pieces of the facility, particularly 
coatings that prevent corrosion of metal pieces. 

Measures should be taken during contractor’s 
activities to minimize site erosion and pollution 
of downstream water resources.  This may 
include such items as silt fences, hay bale 
barriers, temporary vegetation, and mulching. 

To minimize potential impacts to livestock, such 
as nitrate poisoning, initiate a testing and 
monitoring program of nutrient levels in crop 
products, particularly livestock feeds, harvested 
from sites of closed animal confinement 
facilities.  

PLANS AND SPECIFICATIONS 

Plans and specifications for the 
decommissioning of abandoned waste facilities 
and the rehabilitation of contaminated soil shall 
be in keeping with this standard and shall 
describe the requirements for applying the 
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practice to achieve its intended purpose.  At a 
minimum, include the following: 

1. A plan view showing the location and extent 
of the practice. 

2. Pertinent elevations of the closed facility and 
excavation limits. 

3. Number, capacity, and quality of facility(ies) 
and estimate of soil volume to be moved. 

4. Location of known utilities. 

5. Requirements for salvage and disposal of 
structural materials. 

6. Vegetative requirements. 

7. Utilization Plan for animal wastes and soil. 

8. Odor management or mitigation 
requirement. 

9. Safety plan requirements.  Note:  Per 
Occupational Safety and Health 
Administration (OSHA) confined space entry 
protocol, personnel shall not enter confined 
space of an enclosed waste facility without 

breathing apparatus or taking other 
appropriate measures. 

OPERATION AND MAINTENANCE 

The proper decommissioning and rehabilitation 
of a waste facility should require little or no 
operation and maintenance.  However, if it is 
converted to another use, such as a fresh water 
facility, operation and maintenance shall be in 
accordance with the needs as set forth in the 
appropriate NRCS conservation practice 
standard for the intended purpose. 

REFERENCES 

Rice, J.M., D.F. Caldwell, and F.J. Humenik.  
Ed.  2006.  Closure of Earthen Manure 
Structures in Animal Agriculture and the 
Environment: National Center for Manure and 
Animal Waste Management White Papers, pp. 
263-282.  ASABE.  Pub. Number 913C0306.
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Conservation practice standards are reviewed periodically and updated if needed.  To obtain 
the current version of this standard, contact your Natural Resources Conservation Service 
State Office or visit the Field Office Technical Guide. 

NATURAL RESOURCES CONSERVATION SERVICE 
CONSERVATION PRACTICE STANDARD 

POND SEALING OR LINING - FLEXIBLE MEMBRANE 
(No.) 

CODE 521A 

DEFINITION 

A manufactured hydraulic barrier consisting of a 
functionally continuous layer of synthetic or par-
tially synthetic, flexible material.   

PURPOSE 

To restrict, impede, and control seepage of wa-
ter and contaminants from water and waste im-
poundment structures for water conservation 
and environmental protection. 

CONDITIONS WHERE PRACTICE APPLIES 

On ponds and water storage structures that re-
quire treatment to control seepage rates within 
acceptable limits. 

On earthen waste storage ponds or lagoons and 
other waste impoundment structures that require 
treatment to control seepage of contaminants 
from the storage structure.   

CRITERIA 

Design.  Structures to be lined shall be con-
structed to meet all applicable NRCS standards.  
All inlets, outlets, ramps, and other appurte-
nances may be installed before, during, or after 
the liner placement, but shall be done in a man-
ner that does not damage or impair the proper 
operation of the liner.   

Design and installation of the flexible membrane 
shall be in accordance with manufacturer rec-
ommendations.  All flexible membrane installa-
tions shall be certified by the installer or manu-
facturer as meeting the material and installation 
requirements of the plans and specifications. 

Manufacturer recommendations shall be fol-
lowed with regard to protection from weather 
and exposure.   
 
 

Liner Materials.  Flexible membrane liner mate-
rials shall meet the requirements of the specifi-
cations indicated in the following tables: 

 

 
Minimum Bentonite Content for  

Geosynthetic Clay Liners 
Type Minimum Bentonite Content 

 Wastewater Clear Water 
GCL 0.75 lb/sq. ft. 

 

Reference Specifications for  
Geomembranes 

Type Applicable Specification 
HDPE 

NRCS Mtl. Spec. 594, 
Geomembrane Liner 

LLDPE 
LLDPE-R 

PVC 
EPDM 
FPP 

FPP-R 
PE-R 

Minimum Geomembrane Thickness Criteria   
Type Minimum Thickness 

 Wastewater Clear Water 
HDPE 40 mil  30 mil 
LLDPE 40 mil  30 mil 

LLDPE-R 36 mil 24 mil 
PVC 40 mil  30 mil 

EPDM 45 mil  
FPP 40 mil 30 mil 

FPP-R 36 mil 24 mil 
PE-R NR 24 mil 
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Reference Specifications for  
Geosynthetic Clay Liners 

Type Applicable Specification 

GCL NRCS Material Specifica-
tion 595, Geosynthetic Clay 

Liner 
 
1 mil = 1/1000 of an inch 
 
HDPE – High Density Polyethylene Geomembrane 
LLDPE – Linear Low Density Polyethylene Geomembrane 
LLDPE-R – Reinforced Linear Low Density Polyethylene 
Geomembrane,  
PVC – Polyvinyl Chloride Geomembrane 
EPDM – Ethylene Propylene Diene Terpolymer 
Geomembrane 
FPP – Flexible Polypropylene Geomembrane 
FPP-R – Reinforced Flexible Polypropylene Geomembrane 
PE-R – Reinforced, Slit –Film, Woven Polyethylene 
Geomembrane 
NR – Not Recommended 
GCL – Geosynthetic Clay Liner 
 

NRCS – Natural Resources Conservation Service 

Cover Soil.  PVC and GCL liners shall be cov-
ered with a minimum of 12 inches of soil meas-
ured perpendicular to the finished surface.  Cov-
er soil may be used on other liners but is not 
required unless essential for the proper perfor-
mance, protection and durability of the installa-
tion.  Cover soils shall not contain sharp, angular 
stones or any objects that could damage the 
liner.  Maximum allowable particle size of soil 
cover material shall be 3/8-in for geomembrane 
liners and ½-inch for geosynthetic clay liners, 
unless the liner is protected by a 10-oz/sq yd or 
heavier non-woven geotextile cushion material.  
Cover materials shall be stable against slippage 
down the slope under all operational and expo-
sure conditions, such as rapid drawdown or sat-
uration by precipitation or snowmelt. 

Cover soil shall be placed within 24 hours after 
placement of the liner to minimize the potential 
for damage from various sources, including pre-
cipitation, wind, and ultra-violet exposure. 

GCL liners shall have a uniform confinement 
pressure as recommended by the manufacturer, 
which shall not be compromised by the pres-
ence of a drainage layer or venting system un-
der the liner. 

Subgrade Preparation.  Subgrade preparation 
shall conform to manufacturer recommendations 

and applicable state regulations.  Subgrade ma-
terials shall not contain sharp, angular stones or 
any objects that could damage the liner or ad-
versely affect its function unless a cushion layer 
is used. 

Cushion.  A cushion layer shall be placed be-
neath the liner if the subgrade particles contain 
sharp angular stones that could damage the lin-
er or particles greater than 3/8-inch for 
geomembrane liners and ½-inch for GCL’s.  The 
cushion may be a 10-oz/sq yd or heavier non-
woven geotextile or a layer at least 6 inches 
thick of soil meeting the particle size and shape 
requirements of the subgrade.  Geotextile cush-
ion material shall meet the requirements of GRI 
Test Method GT12(a). Follow the manufacturer’s 
recommendations for any additional protective 
measures. 

Anchorage.  Liners shall be anchored to pre-
vent uplift due to wind or slippage down the side 
slope. 

Safety.  Design shall include appropriate safety 
features to minimize the hazards of the struc-
ture.  Warning signs, fences, ladders, ropes, 
bars, rails, and other devices shall be provided, 
as appropriate, to ensure the safety of humans 
and livestock. 

Underliner Drainage and Venting. 

Subsurface conditions such as soil type and 
groundwater levels will dictate the direction and 
scope of the design of the drainage and venting 
system beneath the geomembrane liner.  An 
inadequate drainage and venting system may 
result in floating of the geomembrane liner.  Hy-
drostatic pressures from fluctuating groundwater 
levels or leakage through the liner may cause 
the liner to float.  Gas production and buildup 
beneath the liner due to the presence of organic 
material in the soil or leachate leakage through 
the liner may cause “whales” or bubbling of the 
liner. 

Groundwater and Leakage Drainage.  If the 
groundwater level may be near the invert eleva-
tion of the pond, groundwater monitoring should 
be conducted during the site investigation to ver-
ify the expected water table location.  In some 
situations, it may be necessary to install 
groundwater monitoring wells for a year or more 
to determine the ground water levels and gather 
enough information to properly determine the 
required flow capacity of the drainage system.  If 
high water tables could adversely affect the 
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proper functioning of the structure, interceptor or 
relief-type drainage systems should be included 
to control uplift pressures.  Leakage through the 
liner due to liner damage should also be consid-
ered.  Giroud and Bonaparte (1989) recommend 
designing the drainage system based on a fre-
quency of one hole (0.16 in2) per acre of surface 
area.  

Gas Venting.  The need for venting for 
wastewater pond liners shall be investigated as 
part of the design.  Site conditions which may be 
conducive to gas production include sites which 
have been subject to long-term seepage of ani-
mal waste into the foundation soil, sites with 
naturally occurring organics in the soil, or fine 
grained foundation soils where fluctuating 
groundwater levels may trap gases present in 
the soil.  Venting of wastewater pond liners may 
not be required if other site conditions exist to 
allow dissipation of gas pressure from beneath 
the liner.  One such condition is the presence of 
clean granular foundation soils (SW, SP, GW or 
GP).   

Drainage and Venting System Design.  The 
use of a geosynthetic such as a geonet or 
geocomposite under the liner to facilitate collec-
tion, drainage of liquids and venting of gas 
should be considered.  If drainage and/or vent-
ing is needed, the geocomposite manufacturer’s 
recommendations shall be followed in the sys-
tem design.  The allowable flow rate of the 
geocomposite shall be determined in accord-
ance with GRI Standard GC8.  The pond bottom 
should be sloped, typically a minimum of 1 per-
cent, to permit positive flow of the liquids or gas-
es.  In most cases, the geocomposite will serve 
both purposes of drainage and venting.  In large 
impoundments, the bottom may need to be 
sloped in multiple directions in order to decrease 
the required drainage and venting flow travel 
distances. 

CONSIDERATIONS 

The number of penetrations through the liner 
should be minimized.  Trenching and backfilling 
of fill pipes should be detailed such that charging 
of the underside of the liner with subsurface wa-
ter is prevented. 

For GCL liners, wastewater and subgrade and 
cover soils should be analyzed to ensure that 
undesirable cation exchange (calcium and/or 
magnesium for sodium) will not occur in the 
GCL. 

A leak detection system is recommended be-
neath all liners, especially geomembranes.   

If agitation operations may result in abrasion or 
other mechanical damage to the liner, then pro-
tective measures should be provided as needed 
to ensure the integrity of the liner, such as in-
creasing the liner thickness above the minimum 
values indicated above or providing protective 
ramps and aprons at agitation locations. 

PLANS AND SPECIFICATIONS 

Plans and specifications shall be prepared for 
specific field sites in accordance with this stand-
ard and shall describe the requirements for ap-
plying the practice to achieve its intended uses. 

As a minimum, the plans and specifications shall 
provide the following: 

1. Layout of the containment structure, collec-
tion points, waste transfer locations or pipe-
lines, and topography of the site 

2. Required liner properties, cushion materials, 
and pipeline materials 

3. Subgrade details, including tolerances on 
smoothness of the finished grade 

4. Details of liner installation, seaming re-
quirements, and requirements for attach-
ments and appurtenances 

5. Minimum qualifications of installers 

6. Warranty requirements, if desired 

7. Quality control testing requirements 

8. Fence and signage requirements, if re-
quired. 

OPERATION AND MAINTENANCE 

A plan for operation and maintenance (O&M) of 
the liner and structure shall be prepared.  The 
plan shall be consistent with the purposes of the 
type of liner chosen, intended life, safety re-
quirements and design criteria.  The plan shall 
contain requirements including but not limited to: 

1. Design capacity and liquid level of the struc-
ture. 

2. A description of the normal operation, safety 
concerns and maintenance requirements. 

3. Monitoring procedures for leak detection 
systems, including alarm level leakage rates 
and actions to be taken if these rates are 
exceeded. 
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4. Repair procedures. 

5. Periodic inspection of the following: 

• Visible portions of the liner for tears 
punctures, or other damage; 

• Liner interface with inlets, outlets, 
ramps, or other appurtenances for dam-
age; 

• Liquid level in the structure; 

• Ballooning of the liner indicating pres-
ence of gas beneath the liner. 
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MS-222

1/3             JULY 2002

UNITED STATES DEPARTMENT OF AGRICULTURE
NATURAL RESOURCES CONSERVATION SERVICE

MATERIAL SPECIFICATION
MS-222:  “HDPE and LLDPE FLEXIBLE MEMBRANE LINER”

222.1 SCOPE

This specification covers the quality of High Density Polyethylene (HDPE) and Low Linear Density
Polyethylene (LLDPE) flexible liner, seams, gaskets, metal battens, embed channels, clamps, and
sealant.

222.2 MATERIAL

Liner—The HDPE or LLDPE liner shall have a nominal thickness of 30 mils, 40 mils, or 60 mils as specified.
The liner shall be manufactured to be suitable for use in either exposed or buried conditions. It shall conform
to the requirements of this specification as shown in tables 222–1 through 222–4. It shall also meet the
requirements shown on the drawings.

Gaskets, metal battens, clamps, embed channels, and sealant—Gasket material shall be neoprene, closed cell
medium, 0.25 inch thick, with adhesive on one side, or other gasket material as approved by the liner
manufacturer. Metal battens shall be 0.25 inch thick by 2 inches wide stainless steel. Clamps shall be 0.5-inch-
wide stainless steel. Embed channel shall have the same properties as the liner. Sealant shall be General
Electric Silicone, RTV 103, or equivalent.

222.3 HDPE and LLDPE liner properties

The HDPE or LLDPE liner shall be manufactured from virgin polymer material and shall meet the property
values specified under tables 222–1 through 222–4 as applicable.
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Table 222–1 Requirements for smooth HPDE liner
Property Test methods                            Requirements*

- - - - - - - - - - - - - nominal thickness - - - - - - - - - - - - -
30 mil 40 mil 60 mil

Density, g/cc ASTM D 1505 0.940 0.940 0.940

Tensile properties ASTM D 638 (type IV at 2 in/min)
yield stress, lb/in 63 84 126
break stress, lb/in 114 152 228
yield elongation, % 12 12 12
break elongation, % 560 560 560

Tear resistance, lb ASTM D 1004 21 28 42

Puncture resistance, lb ASTM D 4833 54 72 108

Carbon black content, % ASTM D 1603 2-3 2-3 2–3

Carbon black dispersion ASTM D 5596 Cat 1–2 Cat 1–2 Cat 1–2

Seam properties ASTM D 4437 (1 in wide at 2 in/min)
   shear strength, lb/in 60 80 120
   peel strength, lb/in** 39/FTB 52/FTB 78/FTB
* All values, unless specified otherwise, are minimum average roll values as reported for the test method.
** Film tear bond: A failure of one of the bonded sheets by tearing prior to complete separation in the bonded area.

Table 222–2 Requirements for textured HPDE liner
Property Test methods                                     Requirements*

- - - - - - - - - - - - - nominal thickness - - - - - - - - - - - - -
30 mil 40 mil 60 mil

Density, g/cc ASTM D 1505 0.940 0.940 0.940

Tensile Properties ASTM D 638
(type IV at 2 in/min)

yield stress, lb/in 63 84 126
break stress, lb/in 45 60 90
yield elongation, % 12 12 12
break elongation, % 100 100 100

Tear resistance, lb ASTM D 1004 21 28 42

Puncture resistance, lb ASTM D 4833 45 60 90

Carbon black content, % ASTM D 1603 2 - 3 2 - 3 2 – 3

Carbon black dispersion ASTM D 5596 Cat 1–2 Cat 1–2 Cat 1–2

Seam properties ASTM D 4437
(1 in wide at 2 in/min)

   shear strength, lb/in 60 80 120
   peel strength, lb/in** 39/FTB 52/FTB 78/FTB
* All values, unless specified otherwise, are minimum average roll values as reported by the specified test methods.
** Film tear bond: A failure of one of the bonded sheets by tearing prior to complete separation in the bonded area.
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Table 222–3 Requirements for smooth LLDPE liner
Property Test methods                                   Requirements*

- - - - - - - - - - - - - nominal thickness - - - - - - - - - - - - -
30 mil 40 mil 60 mil

Density, g/cc ASTM D 1505 0.915 0.915 0.915

Tensile properties ASTM D 638
(type IV at 2 in/min)

yield stress, lb/in 45 60 94
break stress, lb/in 128 170  255
yield elongation, % 13 13 13
break elongation, % 800 800 800

Tear resistance, lb ASTM D 1004 17 22 33

Puncture resistance, lb ASTM D 4833 51 68 102

Carbon black content, % ASTM D 1603 2–3  2–3 2–3

Carbon black dispersion, % ASTM D 5596 Cat 1–2 Cat 1–2 Cat 1–2

Seam properties ASTM D 4437
(1 in wide at 2 in/min)

   shear strength, lb/in 44 58 90
   peel strength, lb/in 37/FTB** 50/FTB 90/FTB
* All values, unless otherwise specified, are minimum average roll values as reported for each test method
** Film tear bond: A failure of one of the bonded sheets by tearing prior to complete separation in the bonded area.

Table 222–4 Requirements for textured LLDPE liner
Property Test methods                            Requirements*

- - - - - - - - - - - - - nominal thickness - - - - - - - - - - - - -
30 mil 40 mil 60 mil

Density, g/cc ASTM D 1505 0.915 0.915 0.915

Tensile properties ASTM D 638
     yield stress, lb/in (type IV at 2 in/min) 44 58 87

break stress, lb/in 60 80 120
yield elongation, % 13 13 13
break elongation, % 350 350 350

Tear resistance, lb ASTM D 1004 17 23 35

Puncture resistance, lb ASTM D 4833 51 68 102

Carbon black content, % ASTM D 1603 2–3 2–3 2–3

Carbon black dispersion, % ASTM D 5596 Cat 1–2 Cat 1–2 Cat 1–2

Seam properties ASTM D 4437
   shear strength, lb/in (1 in wide at 2 in/min) 40 53 79
   peel strength, lb/in 33/FTB** 44/FTB 66/FTB
* All values, unless otherwise specified, are minimum average roll values as reported for each test method
** Film tear bond: A failure of one of the bonded sheets by tearing prior to complete separation in the bonded area.
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WA NRCS Material Specification MS-223 
Geosynthetic Clay Liner 
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UNITED STATES DEPARTMENT OF AGRICULTURE
NATURAL RESOURCES CONSERVATION SERVICE

MATERIAL SPECIFICATION
MS-223:  “GEOSYNTHTIC CLAY LINER”

223.1 SCOPE

This specification covers the quality of geosynthetic clay liner (GCL) material and workmanship.

223.2 MATERIAL

The GCL is composed of a layer of high shrink-swell sodium bentonite sandwiched between a layer of
6 ounces per square yard nonwoven polypropylene geotextile and a layer of 3.2 ounces per square yard
woven geotextile. The GCL material shall be manufactured by one of the following processes:

• Needle punched process by which the bentonite is encapsulated between the geotextile layers by a
mechanical bonding process without the use of any chemical binders or adhesive, or

• Lock stitched to provide internal shear strength and the integrity and consistency
to the thickness and unit weight of the
material.

The bentonite shall have the following base properties:

• A minimum of 0.75 pound per square foot of high shrink/swell sodium bentonite at 12 percent
moisture. If the liner material is manufactured at higher moisture content, it shall still meet the
above requirements when adjusted to the 12 percent moisture level.

• Swell index—minimum 24 ml per 2 grams.
• Fluid loss—maximum 18 ml

The GCL shall have an index flux value no larger than 1 x 10-8 m/s

223.3 PACKAGING AND LABELING

All material shall be packaged in individual rolls of a minimum of 3.65 meters wide and with at least
30.5 meters in length on the roll. All rolls shall be labeled and in a wrapping that is resistant to UV
light deterioration. The labels on each roll shall identify the length and width of the roll, the
manufacturer, the product, lot number, and the roll number.
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223.4 TESTING AND QUALITY CONTROL

The following tests shall be performed and the results certified by the manufacturer:

Swell index ASTM D 5890
Fluid loss ASTM D 5891
Bentonite mass/unit area ASTM D 5993
Index flux ASTM D 5887
Mass/unit area, geotextile ASTM D 3776

223.5 INSPECTION AND ACCEPTANCE

No liner material shall be accepted for placement in the permanent works that has not been certified by
the manufacturer as meeting all specified requirements. No liner material shall be accepted that
exhibits any visible defects. The liner material shall be subject to quality assurance testing at any time
before and during installation.
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RESPONSE REQUESTED: 

 

Current Operations 
Currently the Cow Palace Dairy composts approximately 110,000 – 120,000 tons per 
year of straw manure in turned windrows on approximately 50 acres in the three ares 
shown outlined in red in the figure below.  The majority of this material is generated 
during the four wet months of November through February when the cows shelter in the 
Loafing Sheds on straw bedding.  An estimated average of 22,500 tons/month of straw 
manure produced during these months.  The balance of straw manure is produced 
sporadically during the rest of the year during wet weather periods. 

 

 
 
The compost produced the Cow Palace Dairy complies with WSDA and national 
guidelines for organic compost.  This compost is broadly distributed to local agricultural 
customers for beneficial reuse. 
 
 

 

DATE: 3/13/15 ECS PROJ. NO.: P242 
BY: Tim O’Neill PROJECT NAME: Dolsen Dairy Compost Improvement 
TO: Levi Gassaway COPY TO: Adam Dolsen 
SUBJECT: Current Operations, Project Goals and Compost Pilot Overview 

Yes X No  Hard Copy  E-Mail X Phone Call  

Project Memo
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Project Goals 
The high-level goals of this project are to improve the thermal/biological efficiency of  
the process so that finished compost can be produced more quickly.  A shorter 
processing time will in turn allow the same annual tonnage to be processed in a smaller, 
more efficient area.  ECS has helped other windrow composters improve efficiency by 
adding controlled aeration to their facilities. The likely reduction in the area required is 
between 40% – 70%.  
 
The specific process goals are: 

1. Meeting the time/temperature requirements posed by the WSDA guidelines. 
2. Reducing the moisture in the product more quickly. 
3. More rapidly producing a similarly stable material as the current process. 
4. Reducing the particle size of the straw so the vast majority of the compost falls through 

as fines in the screening process. 
 

Compost Pilot System  
The proposed pilot will measure the improvements gained by adding forced aeration 
and additional process control and monitoring to primary composting (first 2 – 6 weeks).  
This pilot will increase the Oxygen levels, speed up moisture removal, and provide 
temperature control.  Controlling these process variables always improves the efficiency 
of the composting process.  Every feedstock is however somewhat unique.  The goal of 
the pilot is therefore to characterize how much additional efficiency is realistically 
possible.   
 
The pilot program will use parametric testing it identify the best value approach for 
aeration rates, aeration periods, initial mix optimization, and how best to combine 
agitation (turning) and aeration. 
 
The pilot system will provide controlled and repeatable rate of air flow through a 
temporary aeration floor. This floor will be designed to allow both static (un-turned) and 
agitated (turned) composting over the top of it.  The system will have two zones that are 
50 ft long x 14 wide (approximate volume 80 cy, weight 60 tons). A drawing of the pilot 
system is attached.  The system will provide automatically controlled and monitored 
forced aerated composting in two zones.  The control system will be linked to the Cow 
Palace office via a wireless network and connected to the web.  This will enable 
management to track the testing, save data files, and change settings.  This same 
connectivity will allow ECS direct access from Seattle to provide prompt support for 
training, tuning the system and optimizing operations. 
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Initial Test Plan 
The test plan outlined below should be considered as a starting point; these plans will 
evolve as more is learned about how the feedstocks respond to an aerated system.  
Also during a pilot program it is common to need to stop a test early, change some 
parameters, t hen re-run.  The test period per batch will generally be between 10 – 40 
days.  Some feedstock characterization tests will also be required in addition to the data 
acquired by the automated control system.  This will include density and moisture tests, 
and a few lab tests. 
 
Test # 1 Start-Up, Zone #1 

Procedure Goals 

 Fill Zone #1 with as-received straw manure. 
 Use default ECS aeration control settings 

 Check out system 
 Discover straw manure’s response to 

aeration/Tune control system 

Test # 2 Start-Up, Zone #2 

Procedure Goals 

 Fill Zone #2 with as-received straw manure. 
 Use tuned aeration control settings 

 Check out system 
 Measure un-amended straw manure’s heat 

generating capacity and drying rate 

Test # 3 Amended Mix Test #1 

Procedure Goals 

 Fill zone with a mix of 10% dryer finished 
materials and the as-received straw 
manure. 
 

 Measure straw manure’s heat generating 
capacity and drying rate after being lightly 
amended with finished product 

Test # 4 Amended Mix Test #2 

Procedure Goals 

 Fill zone with a mix of 30% dryer finished 
materials and the as-received straw 
manure. 

 Measure straw manure’s heat generating 
capacity and drying rate after being 
modestly amended with finished product 

Test # 5 Combined Turning & Aeration #1 

Procedure Goals 

 Fill Zone with as-received straw manure. 
 Turn with WR turner every 3 days during 

the first 15 days 
 

 Measure the effect of combining aeration 
and turning on the heat generating capacity 
and drying rate of the as-received straw 
manure. 
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Test # 6 Combined Turning & Aeration #2 

Procedure Goals 

 Fill Zone with as-received straw manure. 
 Turn with WR turner every 6 days during 

the first 18 days 
 

 Measure the effect of combining aeration 
and turning on the heat generating capacity 
and drying rate of the as-received straw 
manure. 

Test # 7 Super Aeration #1 

Procedure Goals 

 Fill Zone with as-received straw manure. 
 Put fan on maximum output for first 3 days 

of process, then return to automatic 
temperature control 
 

 Measure the drying effect over aerating 
initially on the longer term heat generating 
capacity and drying rate of the as-received 
straw manure. 

Test # 8 Super Aeration #2 

Procedure Goals 

 Fill Zone with as-received straw manure. 
 Put fan on maximum output for first 7 days 

of process, then return to automatic 
temperature control 
 

 Measure the drying effect over aerating for 
a longer initial period on the longer term 
heat generating capacity and drying rate of 
the as-received straw manure. 
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Cow Palace  ‐‐  Annual Nitrogen and Phosphorus Budget Narrative Update (Draft) 
 
Date:   March 10, 2015 
 
The following is a detailed and updated narrative and explanation on the use of the attached N 
and P budget.  This narrative also attempts to address and provide input to some of the 
concerns presented by Bryon Shaw. 
 
In its simplest form, a nutrient budget is based on the principle of conservation of mass and as 
an example can be defined as follows: 
 
      N inputs – Noutputs = ∆Nsoil (Change in the soil N storage) 
 
However, careful thought and definition of the goals of any budget are necessary to help define 
what particular N or P pathways are being represented within the system.  The goal of this 
budget is to provide a framework to which nitrogen and phosphorus can be evaluated within a 
manured agricultural system.  The hope is that through documentation of the major inputs, 
outputs, and change in the soil that the N and P pathways that are unaccounted for will be 
minimized. 
 
Under the current system of data collection, as defined by the AFMP and AOC, there will be a 
consistent documentation of data that will help to achieve quality budget evaluations.  It is 
acknowledged that as this project moves forward, there may be some realized adjustments to 
attempt to make the budget more accurate. 
 
The Nitrogen Budget 
The attached budget is set up on a crop year basis and is divided into 4 categories for nitrogen 
that include 1) soil inorganic N (measured nitrates and ammonium within the soil profile), 2) 
soil organic N (measured organic matter within the soil profile and a calculation of the nitrogen 
release from organic matter as well as that which is expected to mineralize from past manure 
applications or incorporated crop residues), 3) nitrogen applied, and 4) nitrogen removed from 
the harvested crop.  All components of these categories are described below: 
 

1. Soil inorganic N (Columns B‐G) 

As defined by the AFMP, each sampling unit is soil sampled twice per year; once pre‐

plant in the spring and once post‐harvest in the fall.  Each field will be sampled at 

relatively the same time each year, which is favorable for use in the budget.  Both 

nitrate (NO3‐N) and ammonium (NH4‐N) are a part of the required tests (Columns E and 

F). 
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2. Soil organic N (Columns H‐L) 

As a part of the AFMP, organic matter percent is also measured.  The amount of 

mineralization from this organic matter fraction is estimated based on values from 

various literature sources, of which one is listed below.  This estimated is based upon an 

equation where the value is multiplied against a fixed value of estimated N release on 

an annual basis (Columns H and I).  In general, organic matter contains roughly 5% total 

nitrogen and of that portion, it is estimated that 1‐2% or that nitrogen is released, or 

mineralized, each year.  Therefore, a silt loam soil that weighs 3.5 million pounds that 

has an organic matter level of 3% would contain 105,000 pounds of OM and 5,250 lbs 

TN.  If 1.5% of the TN was mineralized annually, then that would result in a total of 79 

lbs available N per year.  This results in a total of ~26 lbs N per percent of OM annually.  

For example, if the organic matter value is 3% for an alfalfa crop, then this value would 

be multiplied against a rate of ~26 lbs N release per percent of OM, for a total of 79 lbs 

N released for the year.  It should be noted that organic matter release is much more 

complicated than this and is not linear in nature, but this will provide a repeatable, 

consistent approach to making estimations.  Also, there is much literature on the 

reduction of organic matter mineralization rates and potential that is associated with 

conventional tillage and any sort of elevated salts, both of which are represented within 

these systems. 

 

Resource:  USDA‐NRCS, “Soil Organic Matter, Soil Quality Kit – Guides for Educators” 
Note:  The literature in general provides a wide range of possibilities for 

mineralization.  Mineralization is highly variable and hard to predict due to its 

complex interaction of the environment and specific soils. 

 

If a crop is coming out of alfalfa or another legume, then, there will be a credit for the 

nitrogen that the crop will return to the system (Column K). 

 

Resource:  “Nutrient Management for Field Corn Silage and Grain in the Inland Pacific 
Northwest”, PNW 615. 
 

Also, there is an additional component within manured systems where the organic 

nitrogen from past applications becomes available over time.  This is accounted for 

through the calculations made as part of the report that is generated for determining 

available nitrogen within manures, called the “Ammonium‐N Retention and 

Mineralization Report” (See attached example).  This report is generated for all manures 
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that will be applied to sampling units which also includes an estimate for long‐term 

availability for organic N (Column J). 

 

Resource:  “Estimating Plant‐available Nitrogen from Manure”, EM 8954‐E, January 
2008. 
 

3. Applied N (Columns M‐O) 

As defined in the AFMP and the DNMP, manures that will be applied to sampling units, 

must have a recent analysis so as to define the amount of nutrient, particularly N, that is 

present per a given volume or weight of product.  This should also include a calculation 

of the amount of nitrogen that will be plant‐available within the 1st year after 

application (Column O).  All of these components are defined within the “Ammonium‐N 

Retention and Mineralization Report”.  This report is generated for all manures that will 

be applied to the sampling units and provide the necessary information for making a 

fertilizer rate recommendation.  It also takes into consideration that some of the 

ammonia nitrogen will be lost to volatilization, which is estimated based upon the 

manure type and the application‐incorporation dynamics. 

 

Resource:  “Estimating Plant‐available Nitrogen from Manure”, EM 8954‐E, January 
2008. 
 

4. Removed N (Columns P‐U) 

As also defined in the AFMP and the DNMP, crop yields will be recorded and maintained 

for a minimum of 5 years.  This data is used both for making recommendation based off 

of realistic crop yield goals, as well as for determining the quantity of nutrient removed 

with the harvestable portion of the crop.  These calculations will be based upon the 

USDA Crop Nutrient Removal Tool or by actual sampling of the crop plant material just 

prior to harvest to determine the actual amount of nutrient that is being removed 

(Columns P through U). 

 

Resource:  USDA‐NRCS Crop Nutrient Tool (https://plants.usda.gov/npk/main) 

While column V provides an analysis of the results of the inputs minus the outputs apart from 
that recorded as residual N within the soil, column W provides a calculation for the measured 
change in the soil inorganic N levels on an annual basis.  These two columns will provide insight 
into the application and management decisions that affect the soil N budget and ultimately the 
amount of residual N within the soil profile. 
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While the nitrogen cycle is well understood, in practice, it is difficult to define within the 
construction of a nutrient budget.  However, with the goal of using systematic data, that is 
already being generated as part of the AOC to populate and support the budget, this budget 
can provide valuable information for evaluating management processes with the goal of using 
system nitrogen efficiently and sustainably. 
 
The Phosphorus Budget 
This budget is a simplified version of the nitrogen budget, which includes, the measured soil P 
level from the pre‐plant and post harvest soil samples (Column D), the amount of P applied per 
acre (Column Y) based on the measured manure application (Column M) and the calculated P 
concentrations within the manure product (Column X), and the amount of P removed from the 
harvested portion of the crop (Column Z), as defined by the USDA Crop Nutrient Tool or by 
actual pre‐harvest crop analysis. 
 
Column AA represents the net balance between what was applied and what was extracted from 
crop uptake. 
 
Look Up Tables and References 
Below is a list and description of the values that are utilized within the Look‐Up portion of the 
budget. 
 

 Rate1 – Organic matter mineralization rates 

Rates are included that represent the inherent capability of the soil to mineralize 

nitrogen that will become available for plant uptake.  If actual field measurements are 

simulated, or if rates are found to be different than the stated rates, then adjustments 

will be made. 

 Rate2 – Past manure mineralization rates 

By using the “Ammonium‐N Retention and Mineralization Report” a 3 sample rolling 

average will be calculated as to what rate of release will be expected from past manure 

applications.  This rolling average will help to provide some level of stability to the 

changes that may be observed from year to year. 

 Rate3 – Crop removal rate estimates (dry matter basis) 

As stated earlier, the crop removal rates will initially be based upon the USDA Crop 

Nutrient Tool Database.  Pre‐harvest samples of all crop types will be collected and 

analyzed so as to most accurately portray nutrient removal rates. 

Other pertinent comments regarding the use of this budget: 
 

 Agronomic rates will take rooting depth into consideration. 

 The budget will be updated no less than annually. 
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 This budget is not a net sum “0” budget.  There will be losses that are not defined. 

 This budget is not proof of any specific amount of N loss. 

 Crop removal rates will be calculated off of the harvested portion of the plant only.  It is 

realized that the roots, stalks, and stems have taken‐up nitrate and ammonium and 

transformed it into organic nitrogen. 

 The phosphorus value measured in the soil is a value that represents that portion of the 

total phosphorus pool that is available to the plants for use.  This value can vary 

significantly based on soil biology, soil temperatures, and other environmental factors.  

Therefore, any measureable change in soil values will have to be assessed over a longer 

period of time. 

 Soil organic matter is also a relatively stable pool that will not change significantly over 

time, and therefore, any measureable change in soil values will have to be assessed over 

a longer period of time. 

 
Other concerns and discussion (as per a phone conversation with Byron Shaw on 3/10/15): 
 
Shaw discussed the following concerns: 
 
1.  What would be my approach to reduce both N and P within the field soils? 
 
The AFMP, which is based upon the guidelines presented within the NRCS Code 590, requires 
that fertilizer (including manure) applications be based upon agronomic rates that consider all 
of the above mentioned nitrogen inputs.  Including residual nitrogen within the application rate 
calculations will help to bring soil N levels down in that residual nitrogen is expected to be 
mostly used.  While calculations are made with essentially a zero balance in mind, in practice, 
no soils will ever reach zero.  However, overtime using this approach soil nitrate residual levels 
will drop.  Through the use of lower application rates, the amount of nitrogen that is 
mineralized from past applications will decrease as well. 
 
As part of the initial analysis of the manure management systems at Cow Palace, it was 
determined early on that a centrifuge or Dissolved Air Flotation Bed (DAF), would be an 
important tool to implement to both reduce nitrogen and phosphorus within the lagoon water 
that is typically used to apply to fields.  Hence, within the next month or two, there will be a 
functioning centrifuge in place that will reduce nitrogen by a minimum of 30% and phosphorus 
by a minimum of 80% within the lagoon water at Cow Palace.  Cow Palace already had relatively 
low phosphorus additions as part of their manure management system, but the centrifuge will 
reduce these levels even more.  Therefore, even if Cow Palace makes agronomic applications 
on a nitrogen basis to fields, the phosphorus extracted by the crops being produced will always 
exceed that being added, resulting in a “draw‐down” plan for phosphorus.   
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Shaw stated that he would like to see 15 ppm or less in the 2nd foot for nitrate and 20 ppm or 
less for the top foot for phosphorus.  I do not necessarily agree with these values, but with the 
approach that is being used to manage applications, soil levels will be decreasing and moving 
towards these targets.   
 
For nitrogen, I would be in favor of initially working towards achieving levels that are 
consistently below 45 ppm (the AOC standard), then stepping down to 35  ppm, then 25 ppm.  
However, even with well controlled agronomic applications, it should be realized that due to 
the varied nature of mineralization from organic matter and past manure applications, that very 
low values may not be able to be achieved every year.  In my experience with working with 
both dairy and non‐dairy growers, it is not plausible to expect that levels below 15 ppm would 
be able to be maintained.  However, it should be noted that through careful water 
management, that these levels would be held within the profile and not lost.  This is due to the 
nature of our environment where we only receive small amounts of rainfall within the winter 
months.  This retained nitrogen would be available for late fall and winter uptake by the 
growing crops. 
 
For phosphorus, I also do not agree with the proposed value as this level is half of what other 
states in the PNW are using as guidance.  For example, Idaho has a standard of 40 ppm that is 
promoted.  In addition, the NRCS Code 590 calls for the use of a Phosphorus Index that gives 
weight to risk as a result of current soil levels, environment, and soils.  This index provides 
feedback on fields that may have higher risk for movement off‐site.  This data would be used to 
make evaluations and plans for each individual field.  As also stated above, the current system 
will continue to result in the “draw‐down” of phosphorus. 
 
2.  What sort of timeframe would I project to be able to reach the stated goals? 
 
For nitrogen, this drop will occur fairly quickly as it is utilized at higher levels.  On fields with 
higher residuals, I would expect to be down into the 25‐30 ppm range, or lower, within a year 
or two for most, if not all, fields.  Levels should continue to drop beyond that as well. 
 
It should be realized that phosphorus levels will decline at a much slower rate than nitrogen as 
it is used at a much lower rate within the plant as compared to nitrogen.  Even if no manure 
was applied to some of these fields for the foreseeable future, it will likely take 10‐20 or more 
years to bring these levels down to mid‐double digit values.  Remember that many of these 
fields have had manure applications for 30 or more years.  Also, the Irrigation Water 
Management Plan will help to reduce the potential for off‐site movement. 
 
3.  What will be my approach to the timing of field manure applications? 
 
In as much as it is possible, application will occur at times when there are actively growing 
crops in place.  I agree and adhere to the principles outlined in the NRCS Code 590 guidelines in 
that applications should be avoided to soils that are saturated or frozen.  Planned applications 
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also need to take into consideration weather events that have recently occurred or are forecast 
to occur within a couple days.  With the implementation of a centrifuge and with proper lagoon 
management, it should become possible to avoid applications during winter months.  The data 
collected from the irrigation sensors can also help to guide rates as soil moisture levels will be 
more easily assessed for each field. 
 
4.  What sort of strategies would be used to help control low or sensitive areas? 
 
Many of the soil water sensors that are within the fields represent the lower portions of the 
fields.  This was done on purpose to be sure that we are not over irrigating such areas.  Also, 
additional agronomic practices have been discussed and will be implemented this season.  One 
such practice is the use of a dammer‐diker.  This implement makes small depressions within the 
soil between the crop rows that help hold water in place, thus reducing water movement 
across the surface of the field (this is similar to soil imprinting).  This practice is known to 
reduce soil erosion, reduce water use, reduce inputs, and typically increase yields. 
 
I believe that this tool will help to reduce wetness to lower areas.  However, if such issues do 
persist, then there remains the option to using some sort of buffer crop within the lower more 
sensitive zones. 
 
Please call or email if there are any questions to the contents of this narrative. 
 
Sincerely, 
 
Scott Stephen 
Soil Scientist 
Agrimanagement, Inc. 
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Field CP‐SU01 Acres Annual Nitrogen and Phosphorus Budget (Draft)
69.0 See the Look Up tables for pertinent resouces

[A] [B] [C] [D] [E] [F] [G] [H] [I] [J] [K] [L] [M] [N] [O] [P] [Q] [R] [S] [T] [U] [V] [W] [X] [Y] [Z] [AA]

Soil Sampling Data (soil inorganic N) Mineralized Nitrogen (soil organic N) Nitrogen Applied Nitrogen Removed by Crops Estimated N  Calculated  Phosphorus  Phosphorus Estimated P
Residual Nitrogen Total Amount Estimated Revised added change in Estimated  Applied Removed added
and Phosphorus Total N Estimated Est. Past Estimated N  Total Lagoon Lagoon N Lbs N Crop Yield (Dry Lbs N (removed) Soil N Lagoon P Lbs P by Crops (removed)

Crop  P NO3‐N NH4‐N Available N from O.M.  manure N Credits from  Estimated N Applied Analysis Applied Production Yield moisture Matter Basis) Removal Residual Analysis Applied

Year Sample Date Depth (ppm) lb/ac lb/ac lb/ac O.M. % mineralization mineralization previous crop mineralization (1000 gal) (lbs/1Kgal) (lbs/acre) Crop (tons) (tons/ac) (%) (tons/ac) (lbs/acre) (lbs/acre) (lbs/acre) (lbs/1Kgal) (lbs/acre) (lbs/acre) (lbs/acre)

[D] + [E] [H] x Rate1 See Rate2 [I] + [J] + [K] [M] x [N] / Ac [Q] / Ac [R] x (1‐[S]) [T] x Rate3 [L] + [O] ‐ [U] ∆ [G] [M] x [X] / Ac [Y] ‐ [Z]

2011 17280

2012 7680

2013 11400

2014 10/5/2013 1 290 330 2 332 3.0% 30 53 0 83 612 3 29 Triticale 489.52 7.09 55% 3.19 150 (38) 0.48 4.26 43.99 (40)
2 254 254

3 256 256 ((7680*0.23)+(17280*0.11))/69

3' Profile 842

5/10/2014 1 264 112 4 116 2.7% 54 54 2562 3 123 Silage Corn 2113.69 30.63 68% 9.80 255 (78) 0.48 17.82 73.52 (56)
2 143 143

2015 10/5/2014 1 184 175 4 179 2.3% 23 51 0 74 3 Triticale

2 100 158 5 163 0.9%

3 70 176 6 182 1.0% ((11400*0.23)+(7680*0.11))/69

3' Profile 524 (318)

Silage Corn

2016 29 ?

((3174*0.23)+(11400*0.11))/69

PRELIMINARY TRIAL ‐ Annual Nitrogen and Phosphorus Budget Field: CP‐SU01 3/10/2015

Case 2:13-cv-03016-TOR    Document 396-4    Filed 05/19/15



Field CP‐SU04A Acres Annual Nitrogen and Phosphorus Budget (Draft)
71.0 See the Look Up tables for pertinent resouces

[A] [B] [C] [D] [E] [F] [G] [H] [I] [J] [K] [L] [M] [N] [O] [P] [Q] [R] [S] [T] [U] [V] [W] [X] [Y] [Z] [AA]

Soil Sampling Data (soil inorganic N) Mineralized Nitrogen (soil organic N) Nitrogen Applied Nitrogen Removed by Crops Estimated N  Calculated  Phosphorus  Phosphorus Estimated P
Residual Nitrogen Total Amount Estimated Revised added change in Estimated  Applied Removed added

PRELIMINARY TRIAL ‐ Annual Nitrogen and Phosphorus Budget Field: CP‐SU04A 3/10/2015

g g pp
and Phosphorus Total N Estimated Est. Past Estimated N  Total Lagoon Lagoon N Lbs N Crop Yield (Dry Lbs N (removed) Soil N Lagoon P Lbs P by Crops (removed)

Crop P NO3‐N NH4‐N Available N from O.M.  manure N Credits from  Estimated N Applied Analysis Applied Production Yield moisture Matter Basis) Removal Residual Analysis Applied

Year Sample Date Depth (ppm) lb/ac lb/ac lb/ac O.M. % mineralization mineralization previous crop mineralization (1000 gal) (lbs/1Kgal) (lbs/acre) Crop (tons) (tons/ac) (%) (tons/ac) (lbs/acre) (lbs/acre) (lbs/acre) (lbs/1Kgal) (lbs/acre) (lbs/acre) (lbs/acre)

[D] + [E] [H] x Rate1 See Rate2 [I] + [J] + [K] [M] x [N] / Ac [Q] / Ac [R] x (1‐[S]) [T] x Rate3 [L] + [O] ‐ [U] ∆ [G] [M] x [X] / Ac [Y] ‐ [Z]

2011 8544

2012 8832

2013 1440

2014 9/17/2013 1 162 68 7 75 2.9% 87 18 0 105 7689 3.3 357 Alfalfa 1552.88 21.87 55% 9.84 463 (0) 0.48 51.98 135.60 (84)
2 53 53

3 66 66 ((8832*0.23)+(8544*0.11))/71

3' Profile 194

5/23/2014 1 144 61 9 70 3 4%5/23/2014 1 144 61 9 70 3.4%

2 48 48

2015 10/5/2014 1 171 56 29 85 2.9% 3.2 Alfalfa

2 88 62 12 74 1.3%

3 44 85 4 89 0.7% ((1440*0.23)+(8832*0.11))/71(( ) ( ))/

3' Profile 248 54

2016 Alf lf2016 Alfalfa

((7689*0.23)+(1440*0.11))/71

PRELIMINARY TRIAL ‐ Annual Nitrogen and Phosphorus Budget Field: CP‐SU04A 3/10/2015
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Look Up Tables and References

Rate1 ‐ Organic matter mineralization

30 lbs Mineralized N per % OM (Full season)

20 lbs Mineralized N per % OM (Summer season only)

10 lbs Mineralized N per % OM (Winter season only)

Rate2 ‐ Past manure mineralization

0.23 2 yr lbs Mineralized N per 1000 gallons This will be a 3 year rolling average

0.11 3 yr lbs Mineralized N per 1000 gallons

0.03 4 yr lbs Mineralized N per 1000 gallons

Assumes some level of Volatilization, as determined by the above document.

Applied Organic Nitrogen will not all be available for the current crop.

Rate3 ‐ Crop Removal Rate Estimates (dry matter basis)
Nitrogen Phosphorus

Triticale 47 lbs N/Ton 6.2 lbs P2O5/Ton

Silage Corn 26 lbs N/Ton 7.5 lbs P2O5/Ton

Sudan Grass 51 lbs N/Ton 8.2 lbs P2O5/Ton

Alfalfa 69 lbs N/Ton 6.8 lbs P2O5/Ton

Values calculated from using the resource: "Estimating Plant‐available Nitrogen 
from Manure", EM 8954‐E, January 2008.  

Values taken from the USDA Crop Nutrient Tool Database (https://plants.usda.gov/npk/main).  Actual 
"in‐field" data will be taken in 2015 and used to populate this look‐up table

Values estimated from USDA‐NRCS publication "Soil Organic Matter, Soil Quality Kit‐Guides 
for Educators".  Several other sources also support these values.

For notes and comments pertaining to these rates and how they will be used, see Pages 3 and 4 of the Budget 

Narrative.

PRELIMINARY TRIAL ‐ Annual Nitrogen and Phosphorus Budget Look‐Up Values ‐ 3/10/2015
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Ammonium-N Retention and
Mineralization Report

Report Details

Cow PalaceCow Palace
CP-LG01

Notes & Observations
Sunny 78 degrees. Filled at 11:40.

Date SampledDate Sampled Aug. 27, 2014
Sampled BySampled By Stephen
Client CodeClient Code Y125
Job CodeJob Code 8362
Report CodeReport Code D14-0001

LaboratoryLaboratory SoilTest
Lab CodeLab Code M14-00647
Sample TypeSample Type Liquid
Dry MatterDry Matter 0.3%
FluidityFluidity Lagoon Water
DensityDensity 8.22 lbs/gal

IncorporationIncorporation 7 Days

Sample Composition, Density Corrected
Element/CompoundElement/Compound ppm(mg/l)ppm(mg/l) lbs/1000gallbs/1000gal 1Y Ret/Min1Y Ret/Min 1Y Available1Y Available

Total NTotal N Nitrogen 443.25 3.70 76.82% 2.84

NONO₃-N-N Nitrate 11.98 0.10 100.00% 0.10

NHNH₄-N-N Ammonium 283.68 2.37 95.00% 2.25

Organic NOrganic N 147.59 1.23 40.00% 0.49

PP Phosphorus 30.53 0.25  

PP₂OO₅ P Oxide 73.87 0.62 90.00% 0.55

KK Potassium 647.14 5.40  

KK₂OO K Oxide 777.16 6.49 90.00% 5.84

SS Sulfur   60.00%  

CaCa Calcium   100.00%  

MgMg Magnesium   100.00%  

NaNa Sodium   100.00%  

BB Boron   100.00%  

ZnZn Zinc   100.00%  

MnMn Manganese   100.00%  

FeFe Iron   100.00%  

CuCu Copper   100.00%  

Long-term Availability for Organic N
Year(s)Year(s) 11 22 33 44 5-95-9

MineralizationMineralization 40.00% 15.00% 7.00% 3.00% 2.00%

AvailableAvailable 0.49 0.18 0.09 0.04 0.02

Other Results
Total CTotal C Carbon (lbs)     

C:N RatioC:N Ratio     

E.C. mmhos/cmE.C. mmhos/cm Salt     

pHpH     

Available N values calculated from OSU EM 8954-E. Calculations by Agrimanagement, Inc.
Fertility and chemical data used to formulate a recommendation was processed and reported by Soil Test, Inc.

AGRIMANAGEMENT, INC. • 408 N 1ST STREET, YAKIMA, WASHINGTON 98901  • (509) 453-4851 • FAX: (509) 588-1672 • WWW.AGRIMGT.COM
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1 INTRODUCTION 

This Lagoon Work Plan was prepared by Inland Earth Sciences Corporation (IES) on behalf of 
Cow Palace, LLC. (Cow Palace). This Lagoon Work Plan is a work plan for the design and 
installation of liner systems in lagoons located at the Cow Palace Dairy consistent with the 
requirements identified in Section III.F.6 of the Statement of Work (SOW) [Appendix A of the 
Administrative Order on Consent (AOC) SDWA 10-2013-0080].  

Specifically, Section III.F.6 of the AOC SOW identifies that “the Lagoon Work Plan shall describe, 
at the Respondents election, measures to address leakage or how Respondents will line those 
lagoons to meet the current standard at the rate of one lagoon per Dairy Facility per year.” The 
“current standard” is identified as the soil permeability rate of 1×10-6 centimeters per second 
(cm/s) identified in the Washington National Resources Conservation Service (WA NRCS) 
Conservation Practice Standard No. 313 – Waste Storage Facility (WA NRCS, 2004). Further, 
lining is identified as lining as described in NRCS Conservation Practice Standard No. 521 A 
through D (NRCS, 2011). 

2 BACKGROUND 

Pursuant to the requirements of Section III.F.6 of the AOC SOW, the Cow Palace Dairy submitted 
to the U.S. Environmental Protection Agency (EPA) a Cow Palace, LLC Lagoon Review Report – 
Version 2 (ARCADIS, 2013) on August 8, 2013. As required by Section III.F.6 of the AOC SOW, 
the purpose of the Lagoon Review Report was to “provide(s) information, i.e., plans and 
specifications signed by a State of Washington licensed professional engineer, that shows that 
existing lagoons are constructed to current WA NRCS 313 standards, including a soil 
permeability rate not to exceed 1×10-6 (“NRCS 313 standard”).” The results of the Cow Palace, 
LLC Lagoon Review Report – Version 2 showed that Lagoon #4 was the only lagoon at the Cow 
Palace Dairy that was constructed after the promulgation of the current 2004 Washington (WA) 
NRCS Conservation Practice Standard No. 313 – Waste Storage Facility. Lagoon #4 was 
constructed in 2006. Sufficient design and construction quality assurance/quality control 
documentation was available to show that Lagoon #4 was constructed to have a soil foundation 
material permeability of 5.7×10-7 centimeters per second (cm/s). Because the remainder of 
lagoons at the Cow Palace Dairy were constructed prior to the promulgation of the 2004 WA 
NRCS Conservation Practice Standard No. 313 foundation material permeability requirement, no 
documentation was found or expected to be found that showed the lagoons complied with the 
2004 WA NRCS Conservation Practice Standard No. 313 foundation material permeability 
requirement. 

Figure 1 shows the locations of liquid manure storage lagoons and other water storage facilities 
at the Cow Palace Dairy that either contain liquid manure or water that may have come into 
contact with manure at the dairy. In total, there are four lagoons (numbered 1 through 4), two 
settling basins (A and B), two catch basins (Northeast [NE] and Northwest [NW]), and a Safety 
Debris Basin. The approximate dimensions of each facility are shown on Table 1. 
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Table 1 – Cow Palace Lagoon Dimensions 

Lagoon 
Length 

(ft) 
Width 

(ft) 
Depth 

(ft) 
Capacity 
(gallons) 

Capacity 
(ac-ft) 

Interior Side 
Slopes 

Lagoon #1 430 280 30 18,300,000 56 2H:1V 
Lagoon #2 200 300 15 5,200,000 16 2H:1V 
Lagoon #3 200 225 20 4,400,000 13.6 2H:1V 
Lagoon #4 265 200 15 3,700,000 11.3 3H:1V 
Settling Basin A 200 133 10 1,500,000 4.7 1H:1V 
Settling Basin B 200 133 10 1,500,000 4.7 1H:1V 
Catch Basin NE 130 175 7 1,100,000 3.4 2H:1V 
Catch Basin NW 135 243 25 3,100,000 9.4 2H:1V 
Safety Debris 
Basin 

170 200 8 2,000,000 6.2 2H:1V 

 
Section III.F.6 of the AOC SOW requires the development of a Lagoon Evaluation Plan “to 
determine whether each such lagoon meets the current NRCS 313 standard. This evaluation 
shall include leak detection or water balance tests to determine that each lagoon is not leaking 
beyond the current NRCS 313 standard.” The Cow Palace Dairy has submitted to EPA several 
iterations of the Lagoon Evaluation Plan that included different evaluation methods (water 
balance testing and physical testing of in situ soil foundation material) for the purpose of 
determining the leakage rates and/or soil permeability rates of the lagoon soil foundation 
materials without coming to agreement with EPA on an evaluation method amenable to both 
parties.  

In order to move forward with implementation of the AOC in a timely manner, the Cow Palace 
Dairy has elected to forgo pursuit of the development and implementation of a Lagoon Evaluation 
Plan to determine which, if any, lagoons may require measures to address leakage or lining. 
Rather, the Cow Palace Dairy has elected to install liner systems in all of its lagoons that contain 
liquid manure or water that may have come into contact with manure at the dairy regardless of 
their status with respect to the 2004 WA NRCS Conservation Practice Standard No. 313 
permeability standard (soil foundation material permeability of 1×10-6 cm/s). 

The Cow Palace Dairy will install liner systems in the following lagoons consistent with the 
requirements of WA NRCS Conservation Practice Standard 521A – Pond Sealing or Lining – 
Flexible Membrane (WA NRCS, 2011) in order to demonstrate compliance with WA NRCS 
Conservation Practice Standard No. 313 permeability requirements: 

 Catch Basin NW 
 Settling Basin A 
 Settling Basin B 
 Lagoon #1 
 Lagoon #2 
 Lagoon #3 
 Lagoon #4 
 Safety Debris Basin 

As noted above, Lagoon #4 was constructed in 2006, following promulgation of the 2004 WA 
NRCS Conservation Practice Standard No. 313 permeability requirement. Construction quality 
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assurance documentation was available to demonstrate that the permeability of the Lagoon #4 
foundation material (5.7×10-7 cm/s) was less than the permeability requirement (1×10-6 cm/s). 
While the Cow Palace Dairy has demonstrated that Lagoon #4 is in compliance with the 
requirements of Section III.F.6 of the AOC SOW, the Cow Palace Dairy has elected to conduct 
additional work at Lagoon #4 to maintain consistency in operations and maintenance with the 
other manure storage lagoons in its manure management system. 

Catch Basin NE is not currently included in this Lagoon Work Plan for the installation of a liner 
system because it is currently slated for elimination. Instead of lining Catch Basin NE, a lagoon 
abandonment design will be developed for Catch Basin NE that is consistent with the 
requirements of NRCS Conservation Practice Standard No. 360 – Waste Facility Closure (WA 
NRCS, 2013). In the event that operational circumstances do not allow for the abandonment of 
Catch Basin NE, a lagoon liner system design package consistent with this Lagoon Work Plan will 
be developed and implemented for Catch Basin NE. 

3 PROJECT ORGANIZATION 

This section presents the organization structure and lines of communication that will be followed 
to implement the activities presented in this Lagoon Work Plan. 

The Cow Palace Dairy has retained IES to develop and implement this Lagoon Work Plan for the 
purposes of designing lagoon liner systems for each of the lagoons identified in Section 2.0 and 
implementation of the lagoon liner system designs.  

The Yakima Valley Dairies (YVD) Project Coordinator (PC) is responsible for the implementation 
of all activities identified in this Lagoon Work Plan, and will maintain communication with the EPA 
PC as required to communicate progress and resolve issues that may arise during the design and 
implementation process. The YVD PC has overall authority over the project team and 
implementation of the Lagoon Work Plan. 

The Design Engineer is responsible for the implementation of pre-design data collection activities 
(Section 5); review and use of data for the purpose of lagoon liner design; and development and 
review of lagoon liner system design basis reports, design drawings, specifications, and cost 
estimates that will be generated during the implementation of the Lagoon Work Plan. The Design 
Engineer is a Washington State licensed Professional Engineer and will sign and seal the final 
design drawings developed for each lagoon. 

The YVD PC and the Design Engineer will develop appropriate corrective actions to address any 
potential issues or deficiencies that may occur related to pre-design data collection activities and 
laboratory analysis. Corrective actions, if required, will be communicated to the EPA PC and will 
be implemented and documented, as required. 

Laboratory analysis of soil samples will be performed by soils laboratories certified to perform the 
testing using the methods identified in Section 5 by the American Association of State Highway 
and Transportation Officials (AASHTO) Materials Reference Laboratory (AMRL). Because of the 
large number of samples that will be collected during the pre-design data collection phase at the 
Cow Palace Dairy and other facilities subject to the requirements of the AOC SOW, the 
compressed design schedule required to accommodate implementation of lagoon lining in a 
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timely manner, and the limited number of laboratories and laboratory capacity, it will be necessary 
to employ multiple laboratories to perform analysis of the samples. At a minimum, all samples 
collected form a single lagoon will be sent to the same laboratory. This will maintain consistency 
in sample results and eliminate variability that may occur between laboratories conducting the 
same analysis.  

4 CONCEPTUAL LAGOON LINING DESIGN  

This section presents an overview of the major components of the typical conceptual design that 
will be employed for liner systems for the lagoons and water storage features at the Cow Palace 
Dairy identified in Section 2.0. The major components of the typical conceptual design were 
selected and developed to comply with design criteria and additional considerations identified in 
the 2004 WA NRCS Conservation Practice Standard No. 313. The major components discussed 
in this section are not intended to present an exhaustive or all-inclusive listing of all components 
that will be incorporated into each lagoon liner system design. However, the major components of 
the typical conceptual design discussed in this section are sufficient to provide a clear picture and 
understanding of the technologies that will be employed to line lagoons and water storage 
features at the Cow Palace Dairy. As noted in the subsections below, some components will be 
common to all lagoons and water features (such as, geosynthetic clay liners and synthetic flexible 
membrane liners) while others may only be employed at select locations (such as, concrete 
access ramps). 

4.1 Flexible Membrane Liners 

All lagoons and water storage features identified for lining will be lined with a liner system 
consisting of a geosynthetic clay liner (GCL) and a 40 mil high density polyethylene (HDPE) liner 
system. A typical cross-section showing the lagoon liner system is shown on Figure 2. The GCL 
will be placed over a compacted soil foundation consistent with the requirements of WA NRCS 
Conservation Practice Standard No. 521A – Pond Sealing or Lining – Flexible Membrane (WA 
NRCS, 2011). The GCL will meet the minimum requirements identified in WA NRCS Material 
Specification MS-223: “Geosynthetic Clay Liner” (WA NRCS, 2002).  

A cushion layer may be placed between the GCL and the underlying compacted soil foundation if 
the underlying soil foundation material (interior side slopes and bottoms) contains sharp rocks or 
rocks greater than three-eighths (3/8) of an inch (in) in diameter in the upper 6 inches of the soil 
foundation material. The cushion layer will consist of a 10-ounce per square yard (oz/sq yd) or 
heavier non-woven geotextile placed between the soil foundation material and the GCL. In the 
event that it is determined that the use of a geotextile cushion layer is not optimal, then the upper 
6 inches of the soil foundation material may be removed, screened to remove rocks greater than 
3/8-in diameter, replaced, and recompacted prior to placement of the GCL.   

The 40 mil HDPE liner will be placed directly above the GCL. The 40 mil HDPE liner material will 
meet the requirements presented in WA NRCS Material Specification MS-222: “HDPE and 
LLDPE Flexible Membrane Liner” (WA NRCS, 2002) shown in Table 2. Table 2 presents material 
specifications for both smooth and textured 40 mil HDPE liner material. The selection of smooth 
versus textured HDPE liner will be determined during design based on the expected operational 
conditions and maintenance requirements for each lagoon or water storage feature. 
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Table 2 – WA NRCS Material Specification MS- 222 – 40 mil HDPE Liner 

Property Test Method Smooth Textured 
Density, g/cc ASTM D 1505 0.940 0.940 
Tensile Properties: 
 Yield Stress, lb/in 
 Break Stress, lb/in 
 Yield Elongation, % 
 Break Elongation, % 

ASTM D 638  
84 
152 
12 
560 

 
84 
60 
12 
100 

Tear Resistance, lb ASTM D 1004 28 28 
Puncture Resistance, lb ASTM D 4833 72 60 
Carbon Black Content, % ASTM D 1603 2-3 2-3 
Carbon Black Dispersion ASTM D 5596 Cat 1-2 Cat 1-2 
Seam Properties: 
 Shear Strength, lb/in 
 Peel Strength, lb/in2 

ASTM D 4437  
80 
52/FTB 

 
80 
52/FTB 

 
If during design, it is determined that a cushion layer is required to provide protection for the GCL 
and 40 mil HDPE liner during installation, a cushion layer may be placed over the GCL prior to 
the installation of the 40 mil HDPE liner. The cushion layer will consist of a 3 oz/sq yd or heavier 
non-woven geotextile. 

The combined GCL and 40 mil HDPE liner system will be secured in a continuous anchor trench 
located on top of the lagoon embankment a minimum of 1 foot above the maximum operating 
level. The dimensions of the anchor trench will be determined during design. 

A minimum of 12 inches of compacted fill will be placed over the liner system. The fill material will 
be screened to remove all sharp rocks and rocks greater than 3/8 of an inch in diameter. The fill 
material will be compacted to a level equal to or greater than 90 percent of the Standard Proctor 
(ASTM D 698) density for those soils to reduce the potential for settlement, ensure slope stability, 
and reduce soil permeability. The thickness of the cover fill material will be increased in higher 
traffic areas and areas where additional protection of the liner system is desired. A non-woven 
geotextile will be placed 3 inches below the surface of the final top elevation of the fill to act as a 
warning layer to protect the liner system. 

During design, it may be determined that operations and maintenance of the liner system may be 
simplified by exposing the 40 mil HDPE liner. In this event, a minimum of 12 inches of compacted 
fill will be placed directly over the GCL liner and the 40 mil HDPE liner will be placed on top of the 
compacted fill. 

4.2 Side Slopes 

The interior and exterior (where present) side slopes of all lagoons will be evaluated for 
compliance with design criteria in the current 2004 WA NRCS Conservation Practice Standard 
No. 313. The current design criteria identify that the combined side slopes (interior plus exterior) 
shall not be less than 5 horizontal to 1 vertical (5H:1V), with no single slope greater than 2H:1V. 
In the event that an exterior side slope is not present, for example, a lagoon completed below or 
at grade, then the no single slope greater than 2H:1V guides the maximum slope allowable. 
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For all lagoon liner systems designed under this Lagoon Work Plan, the interior side slopes will 
be reshaped and graded to a 3H:1V or flatter slope prior to the installation of the liner system.  All 
exterior side slopes, if present, will be graded to a 2H:1V or flatter slope as determined during 
design.  

All side slope material will be compacted to a level equal to or greater than 90 percent of the 
Standard Proctor (ASTM D 698) density for those soils to reduce the potential for settlement, 
ensure slope stability, and reduce soil permeability.  

In the event that import material or local borrow material is required to meet material balances 
required for the reshaping and regrading of interior and exterior slopes, the material 
requirements, testing, and placement specifications will be included in the lagoon lining design. 

4.3 Lagoon Bottom 

Lagoon bottoms will be regraded and sloped to encourage drainage to one point in the lagoon 
bottom. This low spot will be the location where solids cleanout will occur. Depending on 
operational and maintenance requirements, the low spot may be configured as a swale or sump 
to facilitate cleanout. 

All lagoon bottom foundation material will be compacted to a level equal to or greater than 90 
percent of the Standard Proctor (ASTM D 698) density for those soils to reduce the potential for 
settlement and reduce soil permeability. 

4.4 Embankment 

Embankment top widths will meet the criteria contained in WA NRCS Conservation Practice 
Standard No. 313 (Table 3).  

Table 3 – Embankment Minimum Top Widths 

Total Embankment Height (ft) Top Width (ft) 
15 or less 8 
15 – 20 10 
20 – 25 12 
25 – 30 14 
30 – 35 15 

 
At a minimum, all embankments will extend 2 feet above the lagoon’s maximum operating level. 
The first foot above the operating level will contain the liner system and anchor trench and the 
second foot will include the liner soil protective cover and lagoon access roadway at the top of the 
embankment. In cases where no embankment is present (such as lagoons constructed below 
grade) then the maximum operating level will be one foot below grade, and the liner system will 
extend up to grade. The soil protective cover and lagoon access roadway will be constructed 
above grade. 
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4.5 Lagoon Access 

Access to the bottoms of manure storage lagoons and other water storage features that 
experience significant solids build up is required in order to remove solids physically with heavy 
equipment or introduce agitation to the solids that results in their liquefaction allowing their 
removal by pumping. The Cow Palace Dairy is in the process of installing a centrifuge at the 
facility. The centrifuge will be placed in the manure process stream after the current solid 
separator screens. Liquid from the separator screens will be directed through the centrifuge. It is 
anticipated that the use of the centrifuge will greatly reduce the volume of solids entering the 
liquid manure storage system.  

As part of the introduction of the centrifuge into the solid separation process at the Cow Palace 
Dairy, some modifications to the liquid manure handling system will also occur. Settling Basin A 
will be used solely to handle liquid manure collected using vacuum trucks. This material is 
typically sold directly to third party farmers for use as a fertilizer and is therefore not screened or 
added to the rest of the liquid manure storage system. Liquid from the centrifuge will be directed 
to Settling Basin B, then to Lagoon #1, Lagoon #2, Lagoon #3, and finally Lagoon #4 before 
application as a fertilizer to the Cow Palace Dairy cropping fields.  

The use of the centrifuge is expected to greatly reduce the volume of solids remaining in the 
liquid manure and therefore reduce the amount of solids that will settle out of the liquid manure as 
it moves through the liquid manure storage system. Therefore, access for cleanout using agitation 
equipment would only likely be needed at Settling Basin A, Settling Basin B, and Lagoon #1. 

For Settling Basin A, Settling Basin B, and Lagoon #1, concrete access ramps and equipment 
pads will be included in the lagoon liner design package. The concrete ramps and equipment 
pads will be constructed above the liner system. This will allow the liner system to be continuous 
across the lagoon. The access ramps will be placed on slopes of 5H:1V or flatter and will extend 
to the bottom elevation of the lagoon. At the end of the access ramp, an equipment pad will be 
placed that is, at a minimum, equal in width to the access ramp and of sufficient length to 
accommodate solids cleanout equipment safely. 

4.6 Gas Venting 

The presence of organic materials, even at trace levels, can allow for the production of gasses. 
The presence of these gasses can result in whaling, bubbling, uplift, or the eventual failure of 
flexible membrane liners. This is a common occurrence when manure lagoons have been 
retrofitted with flexible membrane liners.  

Prior to the initiation of design activities, all liquid and solid manure will be removed from lagoons 
down to the current soil foundation material at the direction of the Design Engineer. While every 
effort will be made to ensure that all organics have been removed, the potential exists that some 
organic material or residuals may remain behind. Therefore, gas venting will be included in all 
lagoon liner system designs developed under this work plan. 

The gas venting system will include vents penetrating the liner system. The vents will be located 
in the upper portion of the 1 foot of freeboard between the maximum operating level and the top 
of the embankment or ground surface. The vent penetrations in the HDPE material will be 
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covered by a layer of HDPE that is sealed to the 40 mil HDPE liner on three sides allowing 
gasses to escape on the fourth side. The dimensions of the gas vent penetrations and their 
spacing along the perimeter of the liner will be determined during design. 

In addition to the vents, a piping system may also be included to aid in venting gasses from 
beneath the liner. The need for the piping system will be determined during design, but would 
likely include perforated pipe placed in sand-filled ditches located in the lagoon bottom and side 
slopes. The spacing and configuration of the piping vent system would be determined during 
design. 

4.7 Inlet and Outlet Piping 

All inlet and outlet piping associated with lagoons being lined will be replaced with HDPE piping. 
The use of HDPE piping will allow for more secure and consistent connections with the GCL and 
HDPE liner materials versus other materials. The extent of piping replacement upstream or 
downstream of the lagoon liner will be determined during design and construction. 

4.8 Operations, Maintenance, and Monitoring Plan 

All lagoon liner designs will include and operations, maintenance, and monitoring plan (OM&M 
Plan). Appropriate operations, maintenance, and monitoring are necessary to ensure the safe 
and efficient operation of lagoon liner systems. The OM&M Plan will include, at a minimum: 

 Identification of the maximum operating liquid level 
 Lagoon liquid level and water balance monitoring 
 Lagoon operation details 
 Piping and pump maintenance 
 Lagoon cleanout methodology 
 Lagoon liner inspection and testing schedule 

4.9 Washington Dam Safety Act 

For all waste storage ponds that impound 10 acre-feet or more of wastewater, Washington 
Administrative Code (WAC) Chapter 173-175 Dam Safety Regulation, requires review and 
approval of the construction plans and specifications by the Washington Dam Safety Office 
(Department of Ecology).  

Review of Table 1 shows that four lagoons at the Cow Palace Dairy currently exceed the 10 acre-
feet volume threshold. However, the volume used to determine if a structure exceeds 10 acre-feet 
of storage is the volume of wastewater stored behind a dam from the elevation measured from 
the lowest point of the outside limit of the impoundment barrier to the maximum attainable water 
surface elevation of the reservoir pool that could occur during extreme operating conditions. 
Taking this into consideration, only Lagoon #1 would be expected to trigger Dam Safety Act 
requirements.  

Following the topographic survey and design of lagoon side slopes and bottoms, each lagoon will 
be evaluated with respect to Dam Safety Act storage threshold requirements. If lagoons are found 
to have stored volumes that exceed Dam Safety Act criteria, either changes to the design of the 
lagoon will be made to reduce the volume below the criteria or design and schedule modifications 
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will be made to accommodate Washington Department of Ecology Dam Safety Act review. Any 
changes to design or schedule resulting from the need to accommodate Washington Department 
of Ecology Dam Safety Act review will be conveyed by the YVD PC to the EPA PC. 

Lagoon #1 is currently included in the Washington Department of Ecology inventory of regulated 
dams and modifications were previously made to comply with Dam Safety Act Criteria, 
specifically the inclusion of a concrete emergency spillway. As noted in the project schedule 
(Section 8), Lagoon #1 is slated for design and construction in 2016. The Design Engineer will 
contact the Washington Department of Ecology regarding the potential need for additional review 
of the Lagoon #1 liner design package as a result of changes to the lagoon resulting from 
installation of a liner. If modifications to the schedule resulting from inclusion of Washington 
Department of Ecology Dam Safety Act review are required, they will be conveyed by the YVD 
PC to the EPA PC. 

5 PRE-DESIGN DATA COLLECTION 

This section identifies the anticipated pre-design data collection activities required to provide 
information necessary to support lagoon liner design activities. All anticipated pre-design data 
collection activities are commonly conducted data collection activities identified in American 
Society for Testing and Materials (ASTM) standards and are implemented by or under the 
direction of a professional engineer. While every effort has been made to identify all pre-design 
data collection activities that will occur to support the lagoon liner design process, unforeseen 
circumstances or design requirements may require collection of additional data that were not 
anticipated during the development of this Lagoon Work Plan. In the event that this occurs, the 
YVD PC will convey these additional data collection activities to the EPA PC for discussion prior 
to the initiation of data collection activities. 

Lagoon liquid removal and solid material cleanout will be necessary prior to the commencement 
of pre-design data collection activities. Lagoon liquid removal and solid material cleanout will be 
conducted by Cow Palace Dairy personnel or a contractor hired by the Cow Palace Dairy. All free 
liquid will be removed from the lagoon and solids will be removed down to the current lagoon soil 
foundation material. The extent of material removal will be checked by the Design Engineer to 
ensure that solids removal are sufficient to provide a sufficient beginning surface for design 
purposes. Under no circumstances will collection of pre-design data occur until the liquids and 
solids have been removed from the lagoon to the satisfaction of the Design Engineer. 

5.1 Topographic Survey 

Following lagoon drawdown and cleanout, a topographic survey of the lagoon will be conducted 
by a Washington State licensed surveyor. Lagoon dimensions and elevations will be recorded as 
well as the presence and location of all inlet and outlet structures associated with the lagoon. The 
lagoon topographic survey will extend a minimum of 50 feet beyond the edge of the lagoon 
embankment or the toe of the lagoon embankment, if present.   

All lagoon-specific survey information will be recorded in a local coordinate system for the facility. 
Horizontal measurements will be accurate within 1.0-foot and vertical measurement will be 
accurate within 0.01-feet. The local coordinate system will be converted to the Washington State 
Plane Coordinate System for horizontal measurements and the North American Vertical Datum of 
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1988 (NAVD88) for mapping and other purposes by surveying in the base control points used to 
conduct the survey at the facility. 

5.2 Foundation Material Geotechnical Soil Sampling 

Samples of foundation material will be collected from each lagoon. The foundation material soil 
samples will be sent to a soils laboratory for testing using the following methods: 

 ASTM D2487 – Classification of Soils for Engineering Purposes – using: 

 ASTM D422 – Test Method for Particle Size Analysis of Soils 
 ASTM D1140 – Test Method for Amount of Material in Soils Finer than No. 200 (75 µm) 

Sieve 
 ASTM D4318 – Test Method for Liquid Limit, Plastic Limit, and Plasticity Index of Soils 

 ASTM D 698 – Test Methods for Moisture-Density Relations of Soils and Soil-Aggregate 
Mixtures Using 5.5-lb Rammer and 12-in Drop (Standard Proctor) 

Sample collection activities will be conducted by or under the direction of the Design Engineer 
and will follow the sampling guidelines and requirements presented in ASTM D 420, “Standard 
Guide to Site Characterization for Engineering, Design, and Construction Purposes,” specifically 
Section 8 “Sampling”. 

Based on historic site observations, the material types within each lagoon are generally 
consistent within a single lagoon. Therefore, collection of representative samples is not expected 
to be complicated by heterogeneities within a lagoon. However, the Design Engineer will inspect 
the foundation material within each lagoon to verify this assumption or identify areas where 
heterogeneities may be present. For lagoons with relatively heterogeneous foundation materials, 
three samples will be collected; one from the bottom of the lagoon and two from opposite interior 
side slopes. If heterogeneities or significant differences in material types are determined to be 
present within a lagoon, additional samples will be collected from these areas in addition to the 
three planned samples. All samples will be sent to the laboratory and homogenized prior to 
testing. 

5.3 Borrow/Import Material Sampling 

In the event that additional material is required in order to perform side slope and lagoon bottom 
reshaping required as part of the lagoon liner design, soil samples will be collected from potential 
borrow areas or import material sources to verify their ability to meet design requirements and 
specifications using the same laboratory analysis methods described for foundation material 
sampling in Section 5.2. The need for and collection of borrow or import material samples will be 
determined and implemented by or under the direction of the Design Engineer.  
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6 DESIGN PROCESS 

This section presents a description of the design process that will be employed for the design of 
lagoon liner systems for the Cow Palace Dairy lagoons. The design process selected for the 
design of the lagoon liner systems was selected based on the relatively straight-forward design 
requirements associated with design of lagoon liner systems for existing lagoons as well as the 
significant time constraints associated with operational considerations and a desire to implement 
a portion of the designs in 2015.  

Rather than the traditional design process of Preliminary (30%), Intermediate (60%), Pre-Final 
(90%), and Final (100%) design packages. The first design package that will be submitted to EPA 
will be at the Pre-Final (90%) design level. This will provide EPA with a relatively complete and 
straight-forward design package for review. In order to facilitate EPA design review, a design 
team review meeting between EPA and the design team will occur approximately two weeks after 
the submittal of the Pre-Final (90%) design packages to EPA. The purpose of this meeting is to 
allow EPA and the design team to go over the design together and answer questions and provide 
clarification regarding components of the design. The intent of the design team meeting is to 
facilitate the review process and allow the design team to be prepared to fully address any design 
comments in an appropriate and efficient manner. 

It is assumed that by having a design team meeting that any comments on the Pre-Final design 
will be easily addressed allowing the Final design to be submitted and approved without 
additional review and allow bidding, procurement, and construction activities to proceed in time 
for lagoon liner installation to occur during the 2015 construction season. 

6.1 Pre-Final (90%) Design 

The Pre-Final (90%) design package will include: 

 A Draft Basis of Design Report 

 Pre-Final construction drawings – currently anticipated to include: 

 Title Sheet 
 Legend and General Notes 
 Existing Conditions 
 Final Grades & Erosion Control 
 Liner Layout 
 Cross-Sections 
 Details 

 Pre-Final Specifications in Construction Specifications Institute’s Master Format. This 
document is currently anticipated to include: 

 DIVISION 1 – GENERAL REQUIREMENTS 

 01 35 13 – Special Project Procedures 
 01 57 13 – Temporary Erosion and Sediment Control 
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 DIVISION 2 – EXISTING CONDITIONS 

 02 41 00 – Demolition 

 DIVISION 3 – CONCRETE (for lagoons with access ramps) 

 DIVISION 31 – EARTHWORK 

 31 10 00 – Site Preparation and Surveying 
 31 23 13 – Subgrade Preparation 
 31 23 16 – Excavation 
 31 23 23 – Fill and Backfill 
 31 23 23.15 – Trench Backfill 
 31 32 00 – Soil Stabilization 
 Supplement: Contractor’s Certification of Subsurface Acceptability 
 31 32 19.16 – Geotextile 

 DIVISION 32 – EXTERIOR IMPROVEMENTS 

 32 11 23 – Aggregate Base Courses 

 DIVISION 33 – UTILITIES 

 33 40 00 – Storm Drainage Utilities 
 33 47 13.01 – High Density Polyethylene (HDPE) Liner 
 Supplement: Geomembrane Installer’s Certification of Subsurface Acceptability 

 Draft Final Operations, Monitoring, and Maintenance (OM&M) Plan 

 Draft Final Cost Estimate 

 Updated Construction Schedule 

6.2 Final (100%) Design 

Following EPA review and approval of the Pre-Final (90%) design package, a Final (100%) 
design package will be developed and issued that is sufficient for procurement and construction 
of the lagoon liner. 

The Final (100%) design package will include: 

 A Final Basis of Design Report 
 Final construction drawings signed and sealed by a Washington Professional Engineer 
 Final construction specifications 
 Final OM&M Plan 
 Final cost estimate 
 Final construction schedule 
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7 IMPLEMENTATION STRATEGY 

This section provides an overview of the implementation strategy that will be employed by the 
Cow Palace Dairy to install lagoon liner systems in lagoons at the facility. Given the compressed 
schedule required in order to line lagoons and still maintain operations at the dairy, a modified 
design/bid/build process will be employed for lagoon lining at the Cow Palace Dairy. 

The lagoon liner design will be prescriptive enough to allow bidding from multiple contractors for 
well-defined portions of the work. Currently it is anticipated that one contractor will be engaged for 
earth work activities (regrade and reslope of interior lagoon slopes and bottoms) and another 
contractor for liner system installation. In addition, portions of the earthwork may be self-
performed by Cow Palace if personnel and equipment are available. IES will serve as the owner’s 
engineering representative during the bidding process and provide oversight and quality 
assurance and control during the construction process. 

The preliminary construction sequence is currently anticipated to include the following, with the 
responsible party indicated in parentheses: 

1. Lagoon pumping and soilds removal to soil subgrade (Cow Palace) 

2. Topographic survey (Subcontractor - TBD) 

3. Pre-design data collection (Design Engineer) 

4. Regrade, reslope, and compact interior slopes, bottom, and exterior slopes (Earthwork 
Contractor) 

5. Trenching & Piping (Earthwork Contractor) 

6. Geotextile Placement (Liner Contractor) 

7. Liner Placement (Liner Contractor) 

8. Backfilling (Earthwork Contractor) 

9. Embankment Treatment – liner protection and access (Earthwork Contractor) 

10. Concrete Ramps (Earthwork Contractor or separate Concrete Contractor) 

The preliminary construction sequence will be modified and roles and responsibilities will be 
refined during the design, bidding, and award process. 

8 PROJECT SCHEDULE 

This section presents the preliminary project schedule for the implementation of lagoon lining 
activities at the Cow Palace Dairy. Table 4 presents the anticipated 2015 schedule. Subsequent 
years will observe a similar schedule. However, a revised schedule will be submitted by the YVD 
PC to the EPA PC at the beginning of each year. 
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Table 4 – 2015 Project Schedule 

Task Start Date Completion Date 
2015 Lagoons (Settling Basin 
A, Settling Basin B, Catch 
Basin NW) – Topographic 
Survey and Pre-Design Data 
Collection 

Upon EPA Approval of 
Lagoon Work Plan 
(Estimated April 15, 2015) 

Approximately 2 weeks 
(Estimated May 1, 2015) 

Pre-Final (90%) Design for 
2015 Lagoons (Settling Basin 
A, Settling Basin B, Catch 
Basin NW) 

Upon completion of 
Topographic Survey and 
Pre-Design Data Collection 
(Estimated May 1, 2015) 

Approximately 1 month after 
completion of Topographic 
Survey and Pre-Design Data 
Collection (Estimated June 1, 
2014) 

EPA Review of Pre-Final 
(90%) Design for 2015 
Lagoons (Settling Basin A, 
Settling Basin B, Catch Basin 
NW) 

Upon submittal of Pre-Final 
(90%) Design (Estimated 
June 1, 2015) 

30 days following submission 
of Pre-Final (90%) Design 
(Estimated July 1, 2015) 

Pre-Final (90%) Design 
Meeting 

2 weeks after submittal of 
Pre-Final Design for 2015 
Lagoons (Estimated June 
15, 2015) 

2 weeks after submittal of 
Pre-Final Design for 2015 
Lagoons (Estimated June 15, 
2015) 

Final (100%) Design for 2015 
Lagoons (Settling Basin A, 
Settling Basin B, Catch Basin 
NW) 

Upon receipt of EPA 
Review and Approval of 
Pre-Final (90%) Design 
(Estimated July 1, 2015) 

15 days after receipt of EPA 
comments on Pre-Final (90%) 
Design (Estimated July 15, 
2015) 

Bidding and Procurement Upon issue of Final (100%) 
Design (Estimated July 15, 
2015) 

30 days after issue of Final 
(100%) Design (Estimated 
August 1, 2015) 

Construction of 2015 Lagoons 2 weeks after completion of 
bid and procurement 
(Estimated August 15, 2015 

75 days after start of 
construction (Estimated 
October 31, 2015) 

 
The above schedule was developed to allow the Cow Palace Dairy to implement liner 
construction in Settling Basin A, Settling Basin B, and Catch Basin NW in 2015. The time lines for 
design development and agency review are extremely tight and will require significant efforts on 
behalf of the Cow Palace Dairy, design team, and EPA to ensure the successful implementation 
of lagoon lining activities. In the event that any time slippage occurs as a result of scheduling 
difficulties, it is likely that implementation of the designs will not be able to occur until the 2016 
construction season and would likely delay any subsequent year’s groupings of lagoons for one 
year. 
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Currently, the Cow Palace Dairy has identified the following lagoon groupings for implementation 
each year: 

 2015: 

 Settling Basin A 
 Settling Basin B 
 Catch Basin NW 

 2016 

 Lagoon #1 
 Lagoon #4 

 2017 

 Lagoon #2 
 Lagoon #3 

 2018 

 Safety Debris Basin 
 Abandon Catch Basin NE 

For lagoons in years 2016 through 2018, the review schedule will still remain similar to the 2015 
schedule shown in Table 4. However, while it may be possible to perform lagoon cleanout and 
pre-design data collection activities earlier depending on weather and irrigation schedules it is 
likely to only gain a number of weeks versus months for the schedule. 
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10 CERTIFICATION 

I certify under the penalty of law that this document and all attachments were prepared by me or 
under my direction or supervision in accordance with a system designed to assure that qualified 
personnel gathered and evaluated the information submitted. Based on my inquiry of any and all 
persons directly responsible for gathering and analyzing the information obtained, I certify that the 
information contained in or accompanying this submittal is to the best of my knowledge and 
belief, true, accurate and complete. As to those identified portion(s) of this submittal for which I 
cannot personally verify the accuracy, I certify that this submittal and all attachments were 
prepared in accordance with procedures designed to assure that qualified personnel properly 
gathered and evaluated the information submitted. Based on my inquiry of the person or persons 
who manage the system, or those directly responsible for gathering the information, or the 
immediate supervisor of such person(s), the information submitted is, to the best of my 
knowledge and belief, true, accurate, and complete. I am aware that there are significant 
penalties for submitting false information, including the possibility of fine and imprisonment for 
knowing violations. 

 

Cow Palace, LLC 

 
 
Signature   
 
 
 
Name: Adam Dolsen  
 
 
 
Title: Member  
 
 
 
Date:   
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Designation: D 420 – 98

Standard Guide to
Site Characterization for Engineering Design and
Construction Purposes 1

This standard is issued under the fixed designation D 420; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (e) indicates an editorial change since the last revision or reapproval.

INTRODUCTION

Investigation and identification of subsurface materials involves both simple and complex
techniques that may be accomplished by many different procedures and may be variously interpreted.
These studies are frequently site specific and are influenced by geological and geographical settings,
by the purpose of the investigation, by design requirements for the project proposed, and by the
background, training, and experience of the investigator. This guide has been extensively rewritten and
enlarged since the version approved in 1987. Material has been added for clarification and for
expansion of concepts. Many new ASTM standards are referenced and a bibliography of non-ASTM
references is appended.
This document is a guide to the selection of the various ASTM standards that are available for the

investigation of soil, rock, and ground water for projects that involve surface or subsurface
construction, or both. It is intended to improve consistency of practice and to encourage rational
planning of a site characterization program. Since the subsurface conditions at a particular site are
usually the result of a combination of natural, geologic, topographic, and climatic factors, and of
historical modifications both natural and manmade, an adequate and internally consistent exploration
program will allow evaluation of the results of these influences.

1. Scope

1.1 This guide refers to ASTM methods by which soil, rock,
and ground water conditions may be determined. The objective
of the investigation should be to identify and locate, both
horizontally and vertically, significant soil and rock types and
ground water conditions present within a given site area and to
establish the characteristics of the subsurface materials by
sampling or in situ testing, or both.
1.2 Laboratory testing of soil, rock, and ground water

samples is specified by other ASTM standards not listed herein.
Subsurface exploration for environmental purposes will be the
subject of a separate ASTM document.
1.3 Prior to commencement of any intrusive exploration the

site should be checked for underground utilities. Should
evidence of potentially hazardous or otherwise contaminated
materials or conditions be encountered in the course of the
investigation, work should be interrupted until the circum-
stances have been evaluated and revised instructions issued
before resumption.
1.4 The values stated in (SI) inch-pound units are to be

regarded as the standard.

1.5 This guide offers an organized collection of information
or a series of options and does not recommend a specific
course of action. This document cannot replace education or
experience and should be used in conjunction with professional
judgment. Not all aspects of this guide may be applicable in all
circumstances. This ASTM standard is not intended to repre-
sent or replace the standard of care by which the adequacy of
a given professional service must be judged, nor should this
document be applied without consideration of a project’s many
unique aspects. The word“ Standard” in the title of this
document means only that the document has been approved
through the ASTM consensus process.
1.6 This guide does not purport to address all of the safety

concerns, if any, associated with its use. It is the responsibility
of the user of this standard to establish appropriate safety and
health practices and determine the applicability of regulatory
limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:
C 119 Terminology Relating to Dimension Stone2

C 294 Descriptive Nomenclature for Constituents of Natu-
ral Mineral Aggregates3

1 This guide is under the jurisdiction of ASTM Committee D-18 on Soil and
Rock and is the direct responsibility of Subcommittee D18.01 on Surface and
Subsurface Characterization.

Current edition approved March 10, 1998. Published January 1999. Originally
published as D 425 – 65 T. Last previous edition D 420 – 93.

2 Annual Book of ASTM Standards, Vol 04.08.
3 Annual Book of ASTM Standards, Vol 04.09.

1

AMERICAN SOCIETY FOR TESTING AND MATERIALS
100 Barr Harbor Dr., West Conshohocken, PA 19428

Reprinted from the Annual Book of ASTM Standards. Copyright ASTM
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C 851 Practice for Estimating Scratch Hardness of Coarse
Aggregate Particles3

D 75 Practice for Sampling Aggregates4

D 653 Terminology Relating to Soil, Rock, and Contained
Fluids2

D 1194 Test Method for Bearing Capacity of Soil for Static
Load and Spread Footings2

D 1195 Test Method for Repetitive Static Plate Load Tests
of Soils and Flexible Pavement Components, for Use in
Evaluation and Design of Airport and Highway Pave-
ments2

D 1196 Test Method for Nonrepetitive Static Plate Load
Tests of Soils and Flexible Pavement Components, for Use
in Evaluation and Design of Airport and Highway Pave-
ments2

D 1452 Practice for Soil Investigation and Sampling by
Auger Borings2

D 1586 Test Method for Penetration Test and Split-Barrel
Sampling of Soils2

D 1587 Practice for Thin-Walled Tube Sampling of Soils2

D 2113 Practice for Rock Core Drilling, and Sampling of
Rock for Site Investigation2

D 2487 Classification of Soils for Engineering Purposes
(Unified Soil Classification System)2

D 2488 Practice for Description and Identification of Soils
(Visual-Manual Procedure)2

D 2573 Test Method for Field Vane Shear Test in Cohesive
Soil2

D 2607 Classification of Peats, Mosses, Humus, and Re-
lated Products2

D 3017 Test Method for Water Content of Soil and Rock in
Place by Nuclear Methods (Shallow Depth)2

D 3213 Practices for Handling, Storing, and Preparing Soft
Undisturbed Marine Soil2

D 3282 Classification of Soils and Soil-Aggregate Mixtures
for Highway Construction Purposes2

D 3385 Test Method for Infiltration Rate of Soils in Field
Using Double-Ring Infiltrometers2

D 3404 Guide to Measuring Matric Potential in the Vadose
Zone Using Tensiometers2

D 3441 Test Method for Deep, Quasi-Static, Cone and
Friction-Cone Penetration Tests of Soil2

D 3550 Practice for Ring-lined Barrel Sampling of Soils2

D 3584 Practice for Indexing Papers and Reports on Soil
and Rock for Engineering Purposes2

D 4083 Practice for Description of Frozen Soils (Visual-
Manual Procedure)2

D 4220 Practices for Preserving and Transporting Soil
Samples2

D 4394 Test Method for Determining the In Situ Modulus
of Deformation of Rock Mass Using the Rigid Plate
Loading Method2

D 4395 Test Method for Determining the In Situ Modulus
of Deformation of Rock Mass Using the Flexible Plate
Loading Method2

D 4403 Practice for Extensometers Used in Rock2

D 4428 Test Methods for Crosshole Seismic Testing2

D 4429 Test Method for CBR (California Bearing Ratio) of
Soils in Place2

D 4452 Methods for X-Ray Radiography of Soil Samples2

D 4506 Test Method for Determining the In Situ Modulus
of Deformation of Rock Mass Using a Radial Jacking
Test2

D 4544 Practice for Estimating Peat Deposit Thickness2

D 4553 Test Method for Determining the In Situ Creep
Characteristics of Rock2

D 4554 Test Method for In Situ Determination of Direct
Shear Strength of Rock Discontinuities2

D 4555 Test Method for Determining Deformability and
Strength of Weak Rock by an In Situ Uniaxial Compres-
sive Test2

D 4622 Test Method for Rock Mass Monitoring Using
Inclinometers2

D 4623 Test Method for Determination of In Situ Stress in
Rock Mass by Overcoring Method—USBM Borehole
Deformation Gage2

D 4630 Test Method for Determining Transmissivity and
Storativity of Low Permeability Rocks by In Situ Mea-
surements Using the Constant Head Injection Test2

D 4631 Test Method for Determining Transmissivity and
Storativity of Low Permeability Rocks by In Situ Mea-
surements Using the Pressure Pulse Technique2

D 4633 Test Method for Stress Wave Energy Measurement
for Dynamic Penetrometer Testing Systems2

D 4645 Test Method for Determination of the In Situ Stress
in Rock Using the Hydraulic Fracturing Method2

D 4700 Guide for Soil Sampling from the Vadose Zone2

D 4719 Test Method for Pressuremeter Testing in Soils2

D 4729 Test Method for In Situ Stress and Modulus of
Deformation Using the Flatjack Method2

D 4750 Test Method for Determining Subsurface Liquid
Levels in a Borehole or Monitoring Well (Observation
Well)2

D 4879 Guide for Geotechnical Mapping of Large Under-
ground Openings in Rock2

D 4971 Test Method for Determining the In Situ Modulus
of Deformation of Rock Using the Diametrically Loaded
76-mm (3-in.) Borehole Jack5

D 5079 Practices for Preserving and Transporting Rock
Core Samples5

D 5088 Practice for Decontamination of Field Equipment
Used at Nonradioactive Waste Sites5

D 5092 Practice for Design and Installation of Ground
Water Monitoring Wells in Aquifers5

D 5093 Test Method for Field Measurement of Infiltration
Rate Using a Double-Ring Infiltrometer with a Sealed-
Inner Ring5

D 5126 Guide for Comparison of Field Methods for Deter-
mining Hydraulic Conductivity in the Vadose Zone5

D 5195 Test Method for Density of Soil and Rock In-Place
at Depths Below the Surface by Nuclear Methods5

E 177 Practice for the Use of the Terms Precision and Bias

4 Annual Book of ASTM Standards, Vol 04.03.
5 Annual Book of ASTM Standards, Vol 04.09.
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in ASTM Test Methods6

E 380 Practice for the Use of the International System of
Units (SI) (the Modernized Metric System)6

G 51 Test Method for pH of Soil for Use in Corrosion
Testing7

G 57 Method for Field Measurement of Soil Resistivity
Using the Wenner Four-Electrode Method7,8

3. Significance and Use

3.1 An adequate soil, rock, and ground water investigation
will provide pertinent information for decision making on one
or more of the following subjects:
3.1.1 Optimum location of the structure, both vertically and

horizontally, within the area of the proposed construction.
3.1.2 Location and preliminary evaluation of suitable bor-

row and other local sources of construction aggregates.
3.1.3 Need for special excavating and dewatering tech-

niques with the corresponding need for information, even if
only approximate, on the distribution of soil water content or
pore pressure, or both, and on the piezometric heads and
apparent permeability (hydraulic conductivity) of the various
subsurface strata.
3.1.4 Investigation of slope stability in natural slopes, cuts,

and embankments.
3.1.5 Conceptual selection of embankment types and hy-

draulic barrier requirements.
3.1.6 Conceptual selection of alternate foundation types and

elevations of the corresponding suitable bearing strata.
3.1.7 Development of additional detailed subsurface inves-

tigations for specific structures or facilities.
3.2 The investigation may require the collection of suffi-

ciently large soil and rock samples of such quality as to allow
adequate testing to determine the soil or rock classification or
mineralogic type, or both, and the engineering properties
pertinent to the proposed design.
3.3 This guide is not meant to be an inflexible description of

investigation requirements; methods defined by other ASTM
standards or non-ASTM techniques may be appropriate in
some circumstances. The intent is to provide a checklist to
assist in the design of an exploration/investigation plan.

4. Reconnaissance of Project Area

4.1 Available technical data from the literature or from
personal communication should be reviewed before any field
program is started. These include, but are not limited to,
topographic maps, aerial photography, satellite imagery, geo-
logic maps, statewide or county soil surveys and mineral
resource surveys, and engineering soil maps covering the
proposed project area. Reports of subsurface investigations of
nearby or adjacent projects should be studied.

NOTE 1—While certain of the older maps and reports may be obsolete
and of limited value in the light of current knowledge, a comparison of the
old with the new will often reveal valuable information.

4.1.1 The United States Geological Survey and the geologi-
cal surveys of the various states are the principal sources of
geologic maps and reports on mineral resources and ground
water.
4.1.2 United States Department of Agriculture Soil Conser-

vation Service soil surveys, where available and of recent date,
should enable the investigator to estimate the range in soil
profile characteristics to depths of 5 or 6 ft (1.5 or 2 m) for each
soil mapped.

NOTE 2—Each soil type has a distinctive soil profile due to age, parent
material, relief, climatic condition, and biological activity. Consideration
of these factors can assist in identifying the various soil types, each
requiring special engineering considerations and treatment. Similar engi-
neering soil properties are often found where similar soil profiles
characteristics exist. Changes in soil properties in adjacent areas often
indicate changes in parent material or relief.

4.2 In areas where descriptive data are limited by insuffi-
cient geologic or soil maps, the soil and rock in open cuts in the
vicinity of the proposed project should be studied and various
soil and rock profiles noted. Field notes of such studies should
include data outlined in 10.6.
4.3 Where a preliminary map covering the area of the

project is desired, it can be prepared on maps compiled from
aerial photography that show the ground conditions. The
distribution of the predominant soil and rock deposits likely to
be encountered during the investigation may be shown using
data obtained from geologic maps, landform analysis and
limited ground reconnaissance. Experienced photo-interpreters
can deduce much subsurface data from a study of black and
white, color, and infrared photographs because similar soil or
rock conditions, or both, usually have similar patterns of
appearance in regions of similar climate or vegetation.

NOTE 3—This preliminary map may be expanded into a detailed
engineering map by locating all test holes, pits, and sampling stations and
by revising boundaries as determined from the detailed subsurface survey.

4.4 In areas where documentary information is insufficient,
some knowledge of subsurface conditions may be obtained
from land owners, local well drillers, and representatives of the
local construction industry.

5. Exploration Plan

5.1 Available project design and performance requirements
must be reviewed prior to final development of the exploration
plan. Preliminary exploration should be planned to indicate the
areas of conditions needing further investigation. A complete
soil, rock, and ground water investigation should encompass
the following activities:
5.1.1 Review of available information, both regional and

local, on the geologic history, rock, soil, and ground water
conditions occurring at the proposed location and in the
immediate vicinity of the site.
5.1.2 Interpretation of aerial photography and other remote

sensing data.
5.1.3 Field reconnaissance for identification of surficial

geologic conditions, mapping of stratigraphic exposures and
outcrops, and examination of the performance of existing
structures.
5.1.4 On site investigation of the surface and subsurface

materials by geophysical surveys, borings, or test pits.

6 Annual Book of ASTM Standards, Vol 14.02.
7 Annual Book of ASTM Standards, Vol 03.02.
8 The boldface numbers in parentheses refer to the list of references at the end of

this standard.
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5.1.5 Recovery of representative disturbed samples for
laboratory classification tests of soil, rock, and local construc-
tion material. These should be supplemented by undisturbed
specimens suitable for the determination of those engineering
properties pertinent to the investigation.
5.1.6 Identification of the position of the ground water table,

or water tables, if there is perched ground water, or of the
piezometric surfaces if there is artesian ground water. The
variability of these positions in both short and long time frames
should be considered. Color mottling of the soil strata may be
indicative of long-term seasonal high ground water positions.
5.1.7 Identification and assessment of the location of suit-

able foundation material, either bedrock or satisfactory load-
bearing soils.
5.1.8 Field identification of soil sediments, and rock, with

particular reference to type and degree of decomposition (for
example, saprolite, karst, decomposing or slaking shales), the
depths of their occurrence and the types and locations of their
structural discontinuities.
5.1.9 Evaluation of the performance of existing installa-

tions, relative to their structure foundation material and envi-
ronment in the immediate vicinity of the proposed site.

6. Equipment and Procedures for Use in Exploration

6.1 Pertinent ASTM Standards—Practices D 1452, D 2113,
D 4544, D 5088, D 5092; Method D 1586; and Test Methods
D 4622, D 4633, D 4750.
6.2 The type of equipment required for a subsurface inves-

tigation depends upon various factors, including the type of
subsurface material, depth of exploration, the nature of the
terrain, and the intended use of the data.
6.2.1 Hand Augers, Hole Diggers, Shovels, and Push Tube

Samplersare suitable for exploration of surficial soils to
depths of 3 to 15 ft (1 to 5 m).
6.2.2 Earth Excavation Equipment, such as backhoes, dra-

glines, and drilled pier augers (screw or bucket) can allow in
situ examination of soil deposits and sampling of materials
containing very large particles. The investigator should be
aware of the possiblity of permanent disturbance of potential
bearing strata by unbalanced pore pressure in test excavations.
6.2.3 Soil and rock boring and drilling machines and proof-

ing devices may be used to depths of 200 to 300 ft in soil and
to a much greater depth in rock.
6.2.4 Well drilling equipment may be suitable for deep

geologic exploration. Normally samples are in the form of
sand-sized cuttings captured from the return flow, but coring
devices are available.

7. Geophysical Exploration

7.1 Pertinent ASTM Standards—Test Methods D 4428 and
Method G 57.
7.2 Remote sensing techniques may assist in mapping the

geological formations and for evaluating variations in soil and
rock properties. Satellite and aircraft spectral mapping tools,
such as LANDSAT, may be used to find and map the areal
extent of subsurface materials and geologic structure. Interpre-
tation of aircraft photographs and satellite imagery can locate
and identify significant geologic features that may be indicative
of faults and fractures. Some ground control is generally

required to verify information derived from remote sensing
data.
7.3 Geophysical survey methods may be used to supplement

borehole and outcrop data and to interpolate between holes.
Seismic, ground penetrating radar, and electrical resistivity
methods can be particularly valuable when distinct differences
in the properties of contiguous subsurface materials are indi-
cated.
7.4 Shallow seismic refraction/reflection and ground pen-

etrating radar techniques can be used to map soil horizons and
depth profiles, water tables, and depth to bedrock in many
situations, but depth penetration and resolution vary with local
conditions. Electromagnetic induction, electrical resistivity,
and induced polarization (or complex resistivity) techniques
may be used to map variations in water content, clay horizons,
stratification, and depth to aquifer/bedrock. Other geophysical
techniques such as gravity, magnetic, and shallow ground
temperature methods may be useful under certain specific
conditions. Deep seismic and electrical methods are routinely
used for mapping stratigraphy and structure of rock in con-
junction with logs. Crosshole shear wave velocity measure-
ments can provide soil and rock parameters for dynamic
analyses.
7.4.1 The seismic refraction method may be especially

useful in determining depth to, or rippability of, rock in
locations where successively denser strata are encountered.
7.4.2 The seismic reflection method may be useful in

delineating geological units at depths below 10 ft (3 m). It is
not constrained by layers of low seismic velocity and is
especially useful in areas of rapid stratigraphic change.
7.4.3 The electrical resistivity method, Method G 57, may

be similarly useful in determining depth to rock and anomalies
in the stratigraphic profile, in evaluating stratified formations
where a denser stratum overlies a less dense stratum, and in
location of prospective sand-gravel or other sources of borrow
material. Resistivity parameters also are required for the design
of grounding systems and cathodic protection for buried
structures.
7.4.4 The ground penetrating radar method may be useful in

defining soil and rock layers and manmade structures in the
depth range of 1 to 30 ft (1⁄3 to 10 m).

NOTE 4—Surface geophysical investigations can be a useful guide in
determining boring or test hole locations. If at all possible, the interpre-
tation of geophysical studies should be verified by borings or test
excavations.

8. Sampling

8.1 Pertinent ASTM Standards—Practices D 75, D 1452,
D 1587, D 2113, D 3213, D 3550, D 4220, D 5079; Test
Method D 1586; Methods D 4452; and Guide D 4700.
8.2 Obtain samples that adequately represent each subsur-

face material that is significant to the project design and
construction. The size and type of sample required is depen-
dent upon the tests to be performed, the relative amount of
coarse particles present, and the limitations of the test equip-
ment to be used.

NOTE 5—The size of disturbed or bulk samples for routine tests may
vary at the discretion of the geotechnical investigator, but the following
quantities are suggested as suitable for most materials: (a) Visual
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classification—50 to 500 g (2 oz to 1 lb); (b) Soil constants and particle
size analysis of non-gravelly soil—500 g to 2.5 kg (1 to 5 lb); (c) Soil
compaction tests and sieve analysis of gravelly soils—20 to 40 kg (40 to
80 lb); (d) Aggregate manufacture or aggregate properties tests—50 to 200
kg (100 to 400 lb).

8.3 Accurately identify each sample with the boring, test
hole, or testpit number and depth below reference ground
surface from which it was taken. Place a waterproof identifi-
cation tag inside the container, securely close the container,
protect it to withstand rough handling, and mark it with proper
identification on the outside. Keep samples for natural water
content determination in sealed containers to prevent moisture
loss. When drying of samples may affect classification or
engineering properties test results, protect them to minimize
moisture loss. Practices D 4220 and D 5079 address the trans-
portation of samples from field to laboratory. Most of the titles
of the referenced standards are self-explanatory, but some need
elaboration for the benefit of the users of this guide.
8.3.1 Practice D 75 describes the sampling of coarse and

fine aggregates for the preliminary investigation of a potential
source of supply.
8.3.2 Practice D 1452 describes the use of augers in soil

investigations and sampling where disturbed soil samples can
be used. Depths of auger investigations are limited by ground
water conditions, soil characteristics, and equipment used.
8.3.3 Test Method D 1586 describes a procedure to obtain

representative soil samples for identification and classification
laboratory tests.
8.3.4 Practice D 1587 describes a procedure to recover

relatively undisturbed soil samples suitable for laboratory
testing.
8.3.5 Practice D 2113 describes a procedure to recover

intact samples of rock and certain soils too hard to sample by
Test Method D 1586 or Practice D 1587.
8.3.6 Practice D 3550 describes a procedure for the recov-

ery of moderately disturbed, representative samples of soil for
classification testing and, in some cases, shear or consolidation
testing.

9. Classification of Earth Materials

9.1 Pertinent ASTM Standards—Terminology C 119; De-
scriptive Nomenclature C 294; Classifications D 2487, D 2607,
D 3282; Practices D 2488, D 4083.
9.2 Additional description of samples of soil and rock may

be added after submission to the laboratory for identification
and classification tests in accordance with one or more ASTM
laboratory standards or other applicable references, or both.
Section 10.6.3 discusses the use, for identification and for
classification purposes, of some of the standards listed in 9.1.

10. Determination of Subsurface Conditions

10.1 Subsurface conditions are positively defined only at the
individual test pit, hole, boring, or open cut examined. Condi-
tions between observation points may be significantly different
from those encountered in the exploration. A stratigraphic
profile can be developed by detailed investigations only where
determinations of a continuous relationship of the depths and
locations of various types of soil and rock can be inferred. This
phase of the investigation may be implemented by plotting logs

of soil and rock exposures in walls of excavations or cut areas
and by plotting logs of the test borings. Then one may
interpolate between, and extrapolate a reasonable distance
beyond, these logs. The spacing of these investigations should
depend on the geologic complexity of the project area and on
the importance of soil and rock continuity to the project design.
Exploration should be deep enough to identify all strata that
might be significantly affected by the proposed use of the site
and to develop the engineering data required to allow analysis
of the items listed in Section 4 for each project.

NOTE 6—Plans for a program of intrusive subsurface investigation
should consider possible requirements for permits for installation and
proper closure of bore holes and wells at the completion of the investi-
gation.

10.2 The depth of exploratory borings or test pits for
roadbeds, airport paving, or vehicle parking areas should be to
at least 5 ft (1.5 m) below the proposed subgrade elevation.
Special circumstances may increase this depth. Borings for
structures, excavations, or embankments should extend below
the level of significant stress or ground water influence from
the proposed load as determined by subsurface stress analysis.
10.3 When project construction or performance of the

facility may be affected by either previous water-bearing
materials or impervious materials that can block internal
drainage, borings should extend sufficiently to determine those
engineering and hydrogeologic properties that are relevant to
the project design.
10.4 In all borrow areas the borings or test pits should be

sufficient in number and depth to outline the required quantities
of material meeting the specified quality requirements.
10.5 Where frost penetration or seasonal desiccation may be

significant in the behavior of soil and rock, borings should
extend well below the depth from finished grade of the
anticipated active zone.
10.6 Exploration records shall be kept in a systematic

manner for each project. Such records shall include:
10.6.1 Description of each site or area investigated. Each

test hole, boring, test pit, or geophysical test site shall be
clearly located (horizontally and vertically) with reference to
some established coordinate system, datum, or permanent
monument.
10.6.2 Logs of each test hole, boring, test pit, or cut surface

exposure shall show clearly the field description and location
of each material and any water encountered, either by symbol
or word description. Reference to a Munsell color chart
designation is a substantial aid to an accurate description of soil
and rock materials.

NOTE 7—Color photographs of rock cores, soil samples, and exposed
strata may be of considerable value. Each photograph should include an
identifying number or symbol, a date, and reference scale.

10.6.3 Identification of all soils based on Classification
D 2487, Practice D 2488, Classification D 2607, or Practice
D 4083. Identification of rock materials based on Terminology
C 119, Descriptive Nomenclature C 294, or Practice C 851.
Classification of soil and rock is discussed in Section 9.
10.6.4 Location and description of seepage and water-

bearing zones and records of piezometric elevations found in
each hole, boring, piezometer, or test pit.
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10.6.5 The results and precise locations of in situ test results
such as the penetration resistance or vane shear discussed in
8.3, plate load tests, or other in situ test-engineering properties
of soils or rock.
10.6.6 Percentage of core recovery and rock quality desig-

nation in core drilling as outlined in 8.3.5.
10.6.7 Graphical presentation of field and laboratory and its

interpretation facilitates comprehensive understanding subsur-
face conditions.

11. In Situ Testing

11.1 Pertinent ASTM Standards—Test Methods D 1194,
D 1195, D 1196, D 1586, D 2573, D 3017, D 3441, D 3885,
D 4394, D 4395, D 4429, D 4506, D 4553, D 4554, D 4555,
D 4623, D 4630, D 4631, D 4645, D 4719, D 4729, D 4971,
D 5093, D 5195, G 51; Guides D 3404, D 5126; and Practice
D 4403.
11.2 In situ testing is useful for: (a) measurement of soil

parameters in their undisturbed condition with all of the
restraining or loading effects, or both, of the surrounding soil or
rock mass active, and (b) for rapid or closely spaced measure-
ments, or both, of earth properties without the necessity of
sampling. Most of the titles of the various referenced standards
are self-explanatory, but some need elaboration for the users of
this guide.
11.2.1 Test Method D 1586 describes a penetration test that

has been correlated by many authors with various strength
properties of soils.
11.2.2 Test Method D 2573 describes a procedure to mea-

sure the in situ unit shear resistance of cohesive soils by
rotation of a four-bladed vane in a horizontal plane.
11.2.3 Test Method D 3441 describes the determination of

the end bearing and side friction components of the resistance
to penetration of a conical penetrometer into a soil mass.
11.2.4 Practice D 4403 describes the application of various

types of extensometers used in the field of rock mechanics.
11.2.5 Test Method D 4429 describes the field determina-

tion of the California Bearing Ratio for soil surfaces in situ to
be used in the design of pavement systems.
11.2.6 Test Method D 4719 describes an in situ stress-strain

test performed on the walls of a bore hole in soil.

NOTE 8—Other standards for in situ test procedures and automated data
collection are being prepared by ASTM Committee D-18 for publication
at a later date.

12. Interpretation of Results

12.1 Interpret the results of an investigation in terms of
actual findings and make every effort to collect and include all
field and laboratory data from previous investigations in the
same area. Extrapolation of data into local areas not surveyed
and tested should be made only for conceptual studies. Such
extrapolation can be done only where geologically uniform
stratigraphic and structural relationships are known to exist on
the basis of other data. Cross sections may be developed as part
of the site characterization if required to demonstrate the site
conditions.
12.1.1 Cross sections included with the presentation of

basic data from the investigation should be limited to the
ground surface profile and the factual subsurface data obtained

at specific exploration locations. Stratigraphic units between
the locations of intrusive explorations should only be indicated
if supported by continuous geophysical profiles.
12.1.2 Cross sections showing interpretations of strati-

graphic units and other conditions between intrusive explora-
tions but without support of continuous geophysical profiles
should be presented in an interpretative report appendix or in a
separate interpretative report. The interpretive cross sections
must be accompanied by notes describing anomalies or other-
wise significant variations in the site conditions that should be
anticipated for the intended design or construction activities.

NOTE 9—Additional exploration should be considered if there is not
sufficient knowledge to develop interpretative cross sections, with realistic
descriptions of anticipated variations in subsurface conditions, to meet
project requirements.

12.2 Subject to the restrictions imposed by state licensing
law, recommendations for design parameters can be made only
by professional engineers and geologists specializing in the
field of geotechnical engineering and familiar with purpose,
conditions, and requirements of the study. Soil mechanics, rock
mechanics, and geomorphological concepts must be combined
with a knowledge of geotechnical engineering or hydrogeology
to make a complete application of the soil, rock, and ground
water investigation. Complete design recommendations may
require a more detailed study than that discussed in this guide.
12.3 Delineate subsurface profiles only from actual geo-

physical, test-hole, test-pit, or cut-surface data. Interpolation
between locations should be made on the basis of available
geologic knowledge of the area and should be clearly identi-
fied. The use of geophysical techniques as discussed in 7.2 is a
valuable aid in such interpolation. Geophysical survey data
should be identified separately from sample data or in situ test
data.

13. Report

13.1 Pertinent ASTM Standards—Terminology D 653;
Practices D 3584, E 177, E 380; and Guide D 4879.
13.2 The report of a subsurface investigation shall include:
13.2.1 The location of the area investigated in terms perti-

nent to the project. This may include sketch maps or aerial
photos on which the test pits, bore holes, and sample areas are
located, as well as geomorphological data relevant to the
determination of the various soil and rock types. Such data
includes elevation contours, streambeds, sink holes, cliffs, and
the like. Where feasible, include in the report a geologic map
or an agronomic soils map, or both, of the area investigated.
13.2.2 A description of the investigation procedures, includ-

ing all borings and testhole logs, graphic presentation of all
compaction, consolidation, or load test data tabulation of all
laboratory test results, and graphical interpretations of geo-
physical measurements.
13.2.3 A summary of the findings obtained under Sections

4, 10, and 12, using subhead titles for the respective sections
and appropriate recommendations and disclaimers for the use
of the report.

14. Precision and Bias

14.1 This guide provides qualitative data only; therefore, a
precision and bias statement is not applicable.
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15. Keywords

15.1 explorations; feasibility studies; field investigations;
foundation investigations; geological investigations; geophysi-
cal investigation; ground water; hydrologic investigations;

maps; preliminary investigations; reconnaissance surveys;
sampling; site investigations (see Practice D 3584); soil sur-
veys; subsurface investigations
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Designation: D422 − 63 (Reapproved 2007)´1

Standard Test Method for
Particle-Size Analysis of Soils1

This standard is issued under the fixed designation D422; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (´) indicates an editorial change since the last revision or reapproval.

ε1 NOTE—Editorial changes made throughout in February 2014.

1. Scope

1.1 This test method covers the quantitative determination
of the distribution of particle sizes in soils. The distribution of
particle sizes larger than 75 µm (retained on the No. 200 sieve)
is determined by sieving, while the distribution of particle sizes
smaller than 75 µm is determined by a sedimentation process,
using a hydrometer to secure the necessary data (Note 1 and
Note 2).

NOTE 1—Separation may be made on the No. 4 (4.75-mm), No. 40
(425-µm), or No. 200 (75-µm) sieve instead of the No. 10. For whatever
sieve used, the size shall be indicated in the report.

NOTE 2—Two types of dispersion devices are provided: (1) a high-
speed mechanical stirrer, and (2) air dispersion. Extensive investigations
indicate that air-dispersion devices produce a more positive dispersion of
plastic soils below the 20-µm size and appreciably less degradation on all
sizes when used with sandy soils. Because of the definite advantages
favoring air dispersion, its use is recommended. The results from the two
types of devices differ in magnitude, depending upon soil type, leading to
marked differences in particle size distribution, especially for sizes finer
than 20 µm.

2. Referenced Documents

2.1 ASTM Standards:2

D421 Practice for Dry Preparation of Soil Samples for
Particle-Size Analysis and Determination of Soil Con-
stants

E11 Specification for Woven Wire Test Sieve Cloth and Test
Sieves

E100 Specification for ASTM Hydrometers

2.2 ASTM Adjuncts:
Air-Jet Dispersion Cup for Grain-Size Analysis of Soil3

3. Apparatus

3.1 Balances—A balance sensitive to 0.01 g for weighing
the material passing a No. 10 (2.00-mm) sieve, and a balance
sensitive to 0.1 % of the mass of the sample to be weighed for
weighing the material retained on a No. 10 sieve.

3.2 Stirring Apparatus—Either apparatus A or B may be
used.

3.2.1 Apparatus A shall consist of a mechanically operated
stirring device in which a suitably mounted electric motor turns
a vertical shaft at a speed of not less than 10 000 rpm without
load. The shaft shall be equipped with a replaceable stirring
paddle made of metal, plastic, or hard rubber, as shown in Fig.
1. The shaft shall be of such length that the stirring paddle will
operate not less than 3⁄4 in. (19.0 mm) nor more than 11⁄2 in.
(38.1 mm) above the bottom of the dispersion cup. A special
dispersion cup conforming to either of the designs shown in
Fig. 2 shall be provided to hold the sample while it is being
dispersed.

3.2.2 Apparatus B shall consist of an air-jet dispersion cup
(see drawing 3) (Note 3) conforming to the general details
shown in Fig. 3 (Note 4 and Note 5).

NOTE 3—The amount of air required by an air-jet dispersion cup is of
the order of 2 ft3/min; some small air compressors are not capable of
supplying sufficient air to operate a cup.

NOTE 4—Another air-type dispersion device, known as a dispersion
tube, developed by Chu and Davidson at Iowa State College, has been
shown to give results equivalent to those secured by the air-jet dispersion
cups. When it is used, soaking of the sample can be done in the
sedimentation cylinder, thus eliminating the need for transferring the
slurry. When the air-dispersion tube is used, it shall be so indicated in the
report.

NOTE 5—Water may condense in air lines when not in use. This water
must be removed, either by using a water trap on the air line, or by
blowing the water out of the line before using any of the air for dispersion
purposes.

3.3 Hydrometer—An ASTM hydrometer, graduated to read
in either specific gravity of the suspension or grams per litre of
suspension, and conforming to the requirements for hydrom-
eters 151H or 152H in Specifications E100. Dimensions of
both hydrometers are the same, the scale being the only item of
difference.

3.4 Sedimentation Cylinder—A glass cylinder essentially 18
in. (457 mm) in height and 21⁄2 in. (63.5 mm) in diameter, and

1 This test method is under the jurisdiction of ASTM Committee D18 on Soil and
Rock and is the direct responsibility of Subcommittee D18.03 on Texture, Plasticity
and Density Characteristics of Soils.

Current edition approved Oct. 15, 2007. Published October 2007. Originally
approved in 1935. Last previous edition approved in 2002 as D422 – 63 (2002)ε1.
DOI: 10.1520/D0422-63R07E01.

2 For referenced ASTM standards, visit the ASTM website, www.astm.org, or
contact ASTM Customer Service at service@astm.org. For Annual Book of ASTM
Standards volume information, refer to the standard’s Document Summary page on
the ASTM website.

3 Available from ASTM International Headquarters. Order Adjunct No.
ADJD0422.

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959. United States
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marked for a volume of 1000 mL. The inside diameter shall be
such that the 1000-mL mark is 36 6 2 cm from the bottom on
the inside.

3.5 Thermometer—A thermometer accurate to 1°F (0.5°C).

3.6 Sieves—A series of sieves, of square-mesh woven-wire
cloth, conforming to the requirements of Specification E11. A
full set of sieves includes the following (Note 6):

3-in. (75-mm) No. 10 (2.00-mm)
2-in. (50-mm) No. 20 (850-µm)
11⁄2-in. (37.5-mm) No. 40 (425-µm)
1-in. (25.0-mm) No. 60 (250-µm)
3⁄4-in. (19.0-mm) No. 140 (106-µm)
3⁄8-in. (9.5-mm) No. 200 (75-µm)
No. 4 (4.75-mm)

NOTE 6—A set of sieves giving uniform spacing of points for the graph,
as required in Section 17, may be used if desired. This set consists of the
following sieves:

3-in. (75-mm) No. 16 (1.18-mm)
11⁄2-in. (37.5-mm) No. 30 (600-µm)
3⁄4-in. (19.0-mm) No. 50 (300-µm)
3⁄8-in. (9.5-mm) No. 100 (150-µm)
No. 4 (4.75-mm) No. 200 (75-µm)
No. 8 (2.36-mm)

3.7 Water Bath or Constant-Temperature Room—A water
bath or constant-temperature room for maintaining the soil
suspension at a constant temperature during the hydrometer
analysis. A satisfactory water tank is an insulated tank that
maintains the temperature of the suspension at a convenient
constant temperature at or near 68°F (20°C). Such a device is
illustrated in Fig. 4. In cases where the work is performed in a
room at an automatically controlled constant temperature, the
water bath is not necessary.

3.8 Beaker—A beaker of 250-mL capacity.

3.9 Timing Device—A watch or clock with a second hand.

4. Dispersing Agent

4.1 A solution of sodium hexametaphosphate (sometimes
called sodium metaphosphate) shall be used in distilled or
demineralized water, at the rate of 40 g of sodium
hexametaphosphate/litre of solution (Note 7).

NOTE 7—Solutions of this salt, if acidic, slowly revert or hydrolyze
back to the orthophosphate form with a resultant decrease in dispersive
action. Solutions should be prepared frequently (at least once a month) or
adjusted to pH of 8 or 9 by means of sodium carbonate. Bottles containing
solutions should have the date of preparation marked on them.

4.2 All water used shall be either distilled or demineralized
water. The water for a hydrometer test shall be brought to the
temperature that is expected to prevail during the hydrometer
test. For example, if the sedimentation cylinder is to be placed
in the water bath, the distilled or demineralized water to be
used shall be brought to the temperature of the controlled water
bath; or, if the sedimentation cylinder is used in a room with
controlled temperature, the water for the test shall be at the

Metric Equivalents
in. 0.001 0.049 0.203 1⁄2 3⁄4
mm 0.03 1.24 5.16 12.7 19.0

FIG. 1 Detail of Stirring Paddles

Metric Equivalents
in. 1.3 2.6 3.75
mm 33 66 95.2

FIG. 2 Dispersion Cups of Apparatus
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temperature of the room. The basic temperature for the
hydrometer test is 68°F (20°C). Small variations of tempera-
ture do not introduce differences that are of practical signifi-
cance and do not prevent the use of corrections derived as
prescribed.

5. Test Sample

5.1 Prepare the test sample for mechanical analysis as
outlined in Practice D421. During the preparation procedure
the sample is divided into two portions. One portion contains
only particles retained on the No. 10 (2.00-mm) sieve while the
other portion contains only particles passing the No. 10 sieve.
The mass of air-dried soil selected for purpose of tests, as
prescribed in Practice D421, shall be sufficient to yield
quantities for mechanical analysis as follows:

5.1.1 The size of the portion retained on the No. 10 sieve
shall depend on the maximum size of particle, according to the
following schedule:

Nominal Diameter of
Largest Particles,

in. (mm)

Approximate Minimum
Mass of Portion, g

3⁄8 (9.5) 500
3⁄4 (19.0) 1000
1 (25.4) 2000
11⁄2 (38.1) 3000
2 (50.8) 4000
3 (76.2) 5000

5.1.2 The size of the portion passing the No. 10 sieve shall
be approximately 115 g for sandy soils and approximately 65
g for silt and clay soils.

5.2 Provision is made in Section 5 of Practice D421 for
weighing of the air-dry soil selected for purpose of tests, the
separation of the soil on the No. 10 sieve by dry-sieving and
washing, and the weighing of the washed and dried fraction
retained on the No. 10 sieve. From these two masses the
percentages retained and passing the No. 10 sieve can be
calculated in accordance with 12.1.

FIG. 3 Air-Jet Dispersion Cups of Apparatus B

Metric Equivalents
in. 7⁄8 1 3 61⁄4 14 37
mm 22.2 25.4 76.2 158.2 356 940

FIG. 4 Insulated Water Bath
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NOTE 8—A check on the mass values and the thoroughness of
pulverization of the clods may be secured by weighing the portion passing
the No. 10 sieve and adding this value to the mass of the washed and
oven-dried portion retained on the No. 10 sieve.

SIEVE ANALYSIS OF PORTION RETAINED ON NO.
10 (2.00-mm) SIEVE

6. Procedure

6.1 Separate the portion retained on the No. 10 (2.00-mm)
sieve into a series of fractions using the 3-in. (75-mm), 2-in.
(50-mm), 11⁄2-in. (37.5-mm), 1-in. (25.0-mm), 3⁄4-in. (19.0-
mm), 3⁄8-in. (9.5-mm), No. 4 (4.75-mm), and No. 10 sieves, or
as many as may be needed depending on the sample, or upon
the specifications for the material under test.

6.2 Conduct the sieving operation by means of a lateral and
vertical motion of the sieve, accompanied by a jarring action in
order to keep the sample moving continuously over the surface
of the sieve. In no case turn or manipulate fragments in the
sample through the sieve by hand. Continue sieving until not
more than 1 mass % of the residue on a sieve passes that sieve
during 1 min of sieving. When mechanical sieving is used, test
the thoroughness of sieving by using the hand method of
sieving as described above.

6.3 Determine the mass of each fraction on a balance
conforming to the requirements of 3.1. At the end of weighing,
the sum of the masses retained on all the sieves used should
equal closely the original mass of the quantity sieved.

HYDROMETER AND SIEVE ANALYSIS OF PORTION
PASSING THE NO. 10 (2.00-mm) SIEVE

7. Determination of Composite Correction for
Hydrometer Reading

7.1 Equations for percentages of soil remaining in
suspension, as given in 14.3, are based on the use of distilled
or demineralized water. A dispersing agent is used in the water,
however, and the specific gravity of the resulting liquid is
appreciably greater than that of distilled or demineralized
water.

7.1.1 Both soil hydrometers are calibrated at 68°F (20°C),
and variations in temperature from this standard temperature
produce inaccuracies in the actual hydrometer readings. The
amount of the inaccuracy increases as the variation from the
standard temperature increases.

7.1.2 Hydrometers are graduated by the manufacturer to be
read at the bottom of the meniscus formed by the liquid on the
stem. Since it is not possible to secure readings of soil
suspensions at the bottom of the meniscus, readings must be
taken at the top and a correction applied.

7.1.3 The net amount of the corrections for the three items
enumerated is designated as the composite correction, and may
be determined experimentally.

7.2 For convenience, a graph or table of composite correc-
tions for a series of 1° temperature differences for the range of
expected test temperatures may be prepared and used as
needed. Measurement of the composite corrections may be
made at two temperatures spanning the range of expected test

temperatures, and corrections for the intermediate temperatures
calculated assuming a straight-line relationship between the
two observed values.

7.3 Prepare 1000 mL of liquid composed of distilled or
demineralized water and dispersing agent in the same propor-
tion as will prevail in the sedimentation (hydrometer) test.
Place the liquid in a sedimentation cylinder and the cylinder in
the constant-temperature water bath, set for one of the two
temperatures to be used. When the temperature of the liquid
becomes constant, insert the hydrometer, and, after a short
interval to permit the hydrometer to come to the temperature of
the liquid, read the hydrometer at the top of the meniscus
formed on the stem. For hydrometer 151H the composite
correction is the difference between this reading and one; for
hydrometer 152H it is the difference between the reading and
zero. Bring the liquid and the hydrometer to the other tempera-
ture to be used, and secure the composite correction as before.

8. Hygroscopic Moisture

8.1 When the sample is weighed for the hydrometer test,
weigh out an auxiliary portion of from 10 to 15 g in a small
metal or glass container, dry the sample to a constant mass in
an oven at 230 6 9°F (110 6 5°C), and weigh again. Record
the masses.

9. Dispersion of Soil Sample

9.1 When the soil is mostly of the clay and silt sizes, weigh
out a sample of air-dry soil of approximately 50 g. When the
soil is mostly sand the sample should be approximately 100 g.

9.2 Place the sample in the 250-mL beaker and cover with
125 mL of sodium hexametaphosphate solution (40 g/L). Stir
until the soil is thoroughly wetted. Allow to soak for at least 16
h.

9.3 At the end of the soaking period, disperse the sample
further, using either stirring apparatus A or B. If stirring
apparatus A is used, transfer the soil-water slurry from the
beaker into the special dispersion cup shown in Fig. 2, washing
any residue from the beaker into the cup with distilled or
demineralized water (Note 9). Add distilled or demineralized
water, if necessary, so that the cup is more than half full. Stir
for a period of 1 min.

NOTE 9—A large size syringe is a convenient device for handling the
water in the washing operation. Other devices include the wash-water
bottle and a hose with nozzle connected to a pressurized distilled water
tank.

9.4 If stirring apparatus B (Fig. 3) is used, remove the cover
cap and connect the cup to a compressed air supply by means
of a rubber hose. A air gage must be on the line between the
cup and the control valve. Open the control valve so that the
gage indicates 1 psi (7 kPa) pressure (Note 10). Transfer the
soil-water slurry from the beaker to the air-jet dispersion cup
by washing with distilled or demineralized water. Add distilled
or demineralized water, if necessary, so that the total volume in
the cup is 250 mL, but no more.

NOTE 10—The initial air pressure of 1 psi is required to prevent the
soil-water mixture from entering the air-jet chamber when the mixture is
transferred to the dispersion cup.
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9.5 Place the cover cap on the cup and open the air control
valve until the gage pressure is 20 psi (140 kPa). Disperse the
soil according to the following schedule:

Plasticity Index
Dispersion Period,

min

Under 5 5
6 to 20 10
Over 20 15

Soils containing large percentages of mica need be dispersed
for only 1 min. After the dispersion period, reduce the gage
pressure to 1 psi preparatory to transfer of soil-water slurry to
the sedimentation cylinder.

10. Hydrometer Test

10.1 Immediately after dispersion, transfer the soil-water
slurry to the glass sedimentation cylinder, and add distilled or
demineralized water until the total volume is 1000 mL.

10.2 Using the palm of the hand over the open end of the
cylinder (or a rubber stopper in the open end), turn the cylinder
upside down and back for a period of 1 min to complete the
agitation of the slurry (Note 11). At the end of 1 min set the
cylinder in a convenient location and take hydrometer readings
at the following intervals of time (measured from the beginning
of sedimentation), or as many as may be needed, depending on
the sample or the specification for the material under test: 2, 5,
15, 30, 60, 250, and 1440 min. If the controlled water bath is
used, the sedimentation cylinder should be placed in the bath
between the 2- and 5-min readings.

NOTE 11—The number of turns during this minute should be approxi-
mately 60, counting the turn upside down and back as two turns. Any soil
remaining in the bottom of the cylinder during the first few turns should
be loosened by vigorous shaking of the cylinder while it is in the inverted
position.

10.3 When it is desired to take a hydrometer reading,
carefully insert the hydrometer about 20 to 25 s before the
reading is due to approximately the depth it will have when the
reading is taken. As soon as the reading is taken, carefully
remove the hydrometer and place it with a spinning motion in
a graduate of clean distilled or demineralized water.

NOTE 12—It is important to remove the hydrometer immediately after
each reading. Readings shall be taken at the top of the meniscus formed
by the suspension around the stem, since it is not possible to secure
readings at the bottom of the meniscus.

10.4 After each reading, take the temperature of the suspen-
sion by inserting the thermometer into the suspension.

11. Sieve Analysis

11.1 After taking the final hydrometer reading, transfer the
suspension to a No. 200 (75-µm) sieve and wash with tap water
until the wash water is clear. Transfer the material on the No.
200 sieve to a suitable container, dry in an oven at 230 6 9°F

(110 6 5°C) and make a sieve analysis of the portion retained,
using as many sieves as desired, or required for the material, or
upon the specification of the material under test.

CALCULATIONS AND REPORT

12. Sieve Analysis Values for the Portion Coarser than
the No. 10 (2.00-mm) Sieve

12.1 Calculate the percentage passing the No. 10 sieve by
dividing the mass passing the No. 10 sieve by the mass of soil
originally split on the No. 10 sieve, and multiplying the result
by 100. To obtain the mass passing the No. 10 sieve, subtract
the mass retained on the No. 10 sieve from the original mass.

12.2 To secure the total mass of soil passing the No. 4
(4.75-mm) sieve, add to the mass of the material passing the
No. 10 sieve the mass of the fraction passing the No. 4 sieve
and retained on the No. 10 sieve. To secure the total mass of
soil passing the 3⁄8-in. (9.5-mm) sieve, add to the total mass of
soil passing the No. 4 sieve, the mass of the fraction passing the
3⁄8-in. sieve and retained on the No. 4 sieve. For the remaining
sieves, continue the calculations in the same manner.

12.3 To determine the total percentage passing for each
sieve, divide the total mass passing (see 12.2) by the total mass
of sample and multiply the result by 100.

13. Hygroscopic Moisture Correction Factor

13.1 The hydroscopic moisture correction factor is the ratio
between the mass of the oven-dried sample and the air-dry
mass before drying. It is a number less than one, except when
there is no hygroscopic moisture.

14. Percentages of Soil in Suspension

14.1 Calculate the oven-dry mass of soil used in the
hydrometer analysis by multiplying the air-dry mass by the
hygroscopic moisture correction factor.

14.2 Calculate the mass of a total sample represented by the
mass of soil used in the hydrometer test, by dividing the
oven-dry mass used by the percentage passing the No. 10
(2.00-mm) sieve, and multiplying the result by 100. This value
is the weight W in the equation for percentage remaining in
suspension.

14.3 The percentage of soil remaining in suspension at the
level at which the hydrometer is measuring the density of the
suspension may be calculated as follows (Note 13): For
hydrometer 151H:

P 5 @~100 000/W! 3 G/~G 2 G 1!#~R 2 G1! (1)
NOTE 13—The bracketed portion of the equation for hydrometer 151H

is constant for a series of readings and may be calculated first and then
multiplied by the portion in the parentheses.

For hydrometer 152H:
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P 5 ~Ra/W! 3 100 (2)

where:
a = correction faction to be applied to the reading of

hydrometer 152H. (Values shown on the scale are
computed using a specific gravity of 2.65. Correction
factors are given in Table 1),

P = percentage of soil remaining in suspension at the level
at which the hydrometer measures the density of the
suspension,

R = hydrometer reading with composite correction applied
(Section 7),

W = oven-dry mass of soil in a total test sample represented
by mass of soil dispersed (see 14.2), g,

G = specific gravity of the soil particles, and
G1 = specific gravity of the liquid in which soil particles are

suspended. Use numerical value of one in both in-
stances in the equation. In the first instance any
possible variation produces no significant effect, and in
the second instance, the composite correction for R is
based on a value of one for G1.

15. Diameter of Soil Particles

15.1 The diameter of a particle corresponding to the per-
centage indicated by a given hydrometer reading shall be
calculated according to Stokes’ law (Note 14), on the basis that
a particle of this diameter was at the surface of the suspension
at the beginning of sedimentation and had settled to the level at
which the hydrometer is measuring the density of the suspen-
sion. According to Stokes’ law (see Table 2):

D 5 =@30n/980~G 2 G 1!# 3 L/T (3)

where:
D = diameter of particle, mm,
n = coefficient of viscosity of the suspending medium (in

this case water) in poises (varies with changes in
temperature of the suspending medium),

L = distance from the surface of the suspension to the level
at which the density of the suspension is being
measured, cm. (For a given hydrometer and sedimen-
tation cylinder, values vary according to the hydrom-
eter readings. This distance is known as effective
depth (see Table 2)),

T = interval of time from beginning of sedimentation to
the taking of the reading, min,

G = specific gravity of soil particles, and
G1 = specific gravity (relative density) of suspending me-

dium (value may be used as 1.000 for all practical
purposes).

NOTE 14—Since Stokes’ law considers the terminal velocity of a single
sphere falling in an infinity of liquid, the sizes calculated represent the
diameter of spheres that would fall at the same rate as the soil particles.

15.2 For convenience in calculations the above equation
may be written as follows (see Table 3):

D 5 K=L/T (5)

where:
K = constant depending on the temperature of the suspen-

sion and the specific gravity of the soil particles. Values
of K for a range of temperatures and specific gravities
are given in Table 3. The value of K does not change for
a series of readings constituting a test, while values of
L and T do vary.

15.3 Values of D may be computed with sufficient accuracy,
using an ordinary 10-in. slide rule.

NOTE 15—The value of L is divided by T using the A- and B-scales, the
square root being indicated on the D-scale. Without ascertaining the value
of the square root it may be multiplied by K, using either the C- or
CI-scale.

16. Sieve Analysis Values for Portion Finer than No. 10
(2.00-mm) Sieve

16.1 Calculation of percentages passing the various sieves
used in sieving the portion of the sample from the hydrometer
test involves several steps. The first step is to calculate the mass
of the fraction that would have been retained on the No. 10
sieve had it not been removed. This mass is equal to the total
percentage retained on the No. 10 sieve (100 minus total
percentage passing) times the mass of the total sample repre-
sented by the mass of soil used (as calculated in 14.2), and the
result divided by 100.

TABLE 1 Values of Correction Factor, α, for Different Specific
Gravities of Soil ParticlesA

Specific Gravity Correction FactorA

2.95 0.94
2.90 0.95
2.85 0.96
2.80 0.97
2.75 0.98
2.70 0.99
2.65 1.00
2.60 1.01
2.55 1.02
2.50 1.03
2.45 1.05

A For use in equation for percentage of soil remaining in suspension when using
Hydrometer 152H.
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16.2 Calculate next the total mass passing the No. 200 sieve.
Add together the fractional masses retained on all the sieves,

including the No. 10 sieve, and subtract this sum from the mass
of the total sample (as calculated in 14.2).

16.3 Calculate next the total masses passing each of the
other sieves, in a manner similar to that given in 12.2.

16.4 Calculate last the total percentages passing by dividing
the total mass passing (as calculated in 16.3) by the total mass
of sample (as calculated in 14.2), and multiply the result by
100.

17. Graph

17.1 When the hydrometer analysis is performed, a graph of
the test results shall be made, plotting the diameters of the
particles on a logarithmic scale as the abscissa and the
percentages smaller than the corresponding diameters to an
arithmetic scale as the ordinate. When the hydrometer analysis
is not made on a portion of the soil, the preparation of the graph
is optional, since values may be secured directly from tabulated
data.

18. Report

18.1 The report shall include the following:
18.1.1 Maximum size of particles,
18.1.2 Percentage passing (or retained on) each sieve, which

may be tabulated or presented by plotting on a graph (Note 16),
18.1.3 Description of sand and gravel particles:
18.1.3.1 Shape—rounded or angular,
18.1.3.2 Hardness—hard and durable, soft, or weathered

and friable,
18.1.4 Specific gravity, if unusually high or low,
18.1.5 Any difficulty in dispersing the fraction passing the

No. 10 (2.00-mm) sieve, indicating any change in type and
amount of dispersing agent, and

18.1.6 The dispersion device used and the length of the
dispersion period.

NOTE 16—This tabulation of graph represents the gradation of the
sample tested. If particles larger than those contained in the sample were
removed before testing, the report shall so state giving the amount and
maximum size.

18.2 For materials tested for compliance with definite
specifications, the fractions called for in such specifications
shall be reported. The fractions smaller than the No. 10 sieve
shall be read from the graph.

18.3 For materials for which compliance with definite
specifications is not indicated and when the soil is composed
almost entirely of particles passing the No. 4 (4.75-mm) sieve,
the results read from the graph may be reported as follows:
(1) Gravel, passing 3-in. and retained on No. 4 sieve . . . %
(2) Sand, passing No. 4 sieve and retained on No. 200 sieve . . . %

(a) Coarse sand, passing No. 4 sieve and retained on No. 10 sieve . . . %
(b) Medium sand, passing No. 10 sieve and retained on No. 40 sieve . . . %
(c) Fine sand, passing No. 40 sieve and retained on No. 200 sieve . . . %

(3) Silt size, 0.074 to 0.005 mm . . . %
(4) Clay size, smaller than 0.005 mm . . . %

Colloids, smaller than 0.001 mm . . . %

18.4 For materials for which compliance with definite
specifications is not indicated and when the soil contains
material retained on the No. 4 sieve sufficient to require a sieve
analysis on that portion, the results may be reported as follows
(Note 17):

TABLE 2 Values of Effective Depth Based on Hydrometer and
Sedimentation Cylinder of Specified SizesA

Hydrometer 151H Hydrometer 152H

Actual
Hydrometer

Reading

Effective
Depth, L, cm

Actual
Hydrometer

Reading

Effective
Depth, L, cm

Actual
Hydrometer

Reading

Effective
Depth, L,

cm

1.000 16.3 0 16.3 31 11.2
1.001 16.0 1 16.1 32 11.1
1.002 15.8 2 16.0 33 10.9
1.003 15.5 3 15.8 34 10.7
1.004 15.2 4 15.6 35 10.6
1.005 15.0 5 15.5
1.006 14.7 6 15.3 36 10.4
1.007 14.4 7 15.2 37 10.2
1.008 14.2 8 15.0 38 10.1
1.009 13.9 9 14.8 39 9.9
1.010 13.7 10 14.7 40 9.7
1.011 13.4 11 14.5 41 9.6
1.012 13.1 12 14.3 42 9.4
1.013 12.9 13 14.2 43 9.2
1.014 12.6 14 14.0 44 9.1
1.015 12.3 15 13.8 45 8.9
1.016 12.1 16 13.7 46 8.8
1.017 11.8 17 13.5 47 8.6
1.018 11.5 18 13.3 48 8.4
1.019 11.3 19 13.2 49 8.3
1.020 11.0 20 13.0 50 8.1
1.021 10.7 21 12.9 51 7.9
1.022 10.5 22 12.7 52 7.8
1.023 10.2 23 12.5 53 7.6
1.024 10.0 24 12.4 54 7.4
1.025 9.7 25 12.2 55 7.3
1.026 9.4 26 12.0 56 7.1
1.027 9.2 27 11.9 57 7.0
1.028 8.9 28 11.7 58 6.8
1.029 8.6 29 11.5 59 6.6
1.030 8.4 30 11.4 60 6.5
1.031 8.1
1.032 7.8
1.033 7.6
1.034 7.3
1.035 7.0
1.036 6.8
1.037 6.5
1.038 6.2

A Values of effective depth are calculated from the equation:

L 5 L111/2 fL2 2 sVB/Adg (4)

where:

L = effective depth, cm,
L1 = distance along the stem of the hydrometer from the

top of the bulb to the mark for a hydrometer reading, cm,
L2 = overall length of the hydrometer bulb, cm,
VB = volume of hydrometer bulb, cm3, and
A = cross-sectional area of sedimentation cylinder, cm2

Values used in calculating the values in Table 2 are as follows:
For both hydrometers, 151H and 152H:

L2 = 14.0 cm
VB = 67.0 cm3

A = 27.8 cm2

For hydrometer 151H:

L1 = 10.5 cm for a reading of 1.000
= 2.3 cm for a reading of 1.031

For hydrometer 152H:

L1 = 10.5 cm for a reading of 0 g/litre
= 2.3 cm for a reading of 50 g/litre
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SIEVE ANALYSIS

Sieve Size
Percentage

Passing

3-in. . . . . . . . . .
2-in. . . . . . . . . .
11⁄2-in. . . . . . . . . .
1-in. . . . . . . . . .
3⁄4-in. . . . . . . . . .
3⁄8-in. . . . . . . . . .
No. 4 (4.75-mm) . . . . . . . . .
No. 10 (2.00-mm) . . . . . . . . .
No. 40 (425-µm) . . . . . . . . .

No. 200 (75-µm) . . . . . . . . .
HYDROMETER ANALYSIS

0.074 mm . . . . . . . . .
0.005 mm . . . . . . . . .
0.001 mm . . . . . . . . .

NOTE 17—No. 8 (2.36-mm) and No. 50 (300-µm) sieves may be
substituted for No. 10 and No. 40 sieves.

19. Keywords

19.1 grain-size; hydrometer analysis; hygroscopic moisture;
particle-size; sieve analysis

ASTM International takes no position respecting the validity of any patent rights asserted in connection with any item mentioned
in this standard. Users of this standard are expressly advised that determination of the validity of any such patent rights, and the risk
of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM International Headquarters. Your comments will receive careful consideration at a meeting of the
responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should
make your views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
United States. Individual reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above
address or at 610-832-9585 (phone), 610-832-9555 (fax), or service@astm.org (e-mail); or through the ASTM website
(www.astm.org). Permission rights to photocopy the standard may also be secured from the ASTM website (www.astm.org/
COPYRIGHT/).

TABLE 3 Values of K for Use in Equation for Computing Diameter of Particle in Hydrometer Analysis

Temperature,°
C

Specific Gravity of Soil Particles

2.45 2.50 2.55 2.60 2.65 2.70 2.75 2.80 2.85

16 0.01530 0.01505 0.01481 0.01457 0.01435 0.01414 0.01394 0.01374 0.01356
17 0.01511 0.01486 0.01462 0.01439 0.01417 0.01396 0.01376 0.01356 0.01338
18 0.01492 0.01467 0.01443 0.01421 0.01399 0.01378 0.01359 0.01339 0.01321
19 0.01474 0.01449 0.01425 0.01403 0.01382 0.01361 0.01342 0.1323 0.01305
20 0.01456 0.01431 0.01408 0.01386 0.01365 0.01344 0.01325 0.01307 0.01289
21 0.01438 0.01414 0.01391 0.01369 0.01348 0.01328 0.01309 0.01291 0.01273
22 0.01421 0.01397 0.01374 0.01353 0.01332 0.01312 0.01294 0.01276 0.01258
23 0.01404 0.01381 0.01358 0.01337 0.01317 0.01297 0.01279 0.01261 0.01243
24 0.01388 0.01365 0.01342 0.01321 0.01301 0.01282 0.01264 0.01246 0.01229
25 0.01372 0.01349 0.01327 0.01306 0.01286 0.01267 0.01249 0.01232 0.01215
26 0.01357 0.01334 0.01312 0.01291 0.01272 0.01253 0.01235 0.01218 0.01201
27 0.01342 0.01319 0.01297 0.01277 0.01258 0.01239 0.01221 0.01204 0.01188
28 0.01327 0.01304 0.01283 0.01264 0.01244 0.01255 0.01208 0.01191 0.01175
29 0.01312 0.01290 0.01269 0.01249 0.01230 0.01212 0.01195 0.01178 0.01162
30 0.01298 0.01276 0.01256 0.01236 0.01217 0.01199 0.01182 0.01165 0.01149
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Designation: D698 − 12´1

Standard Test Methods for
Laboratory Compaction Characteristics of Soil Using
Standard Effort (12 400 ft-lbf/ft3 (600 kN-m/m3))1

This standard is issued under the fixed designation D698; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (´) indicates an editorial change since the last revision or reapproval.

This standard has been approved for use by agencies of the U.S. Department of Defense.

ε1 NOTE—Editorial corrections made throughout in January 2014.

1. Scope*

1.1 These test methods cover laboratory compaction meth-
ods used to determine the relationship between molding water
content and dry unit weight of soils (compaction curve)
compacted in a 4 or 6-in. (101.6 or 152.4-mm) diameter mold
with a 5.50-lbf (24.5-N) rammer dropped from a height of 12.0
in. (305 mm) producing a compactive effort of 12 400 ft-lbf/
ft3 (600 kN-m/m3).

NOTE 1—The equipment and procedures are similar as those proposed
by R. R. Proctor (Engineering News Record—September 7, 1933) with
this one major exception: his rammer blows were applied as “12 inch firm
strokes” instead of free fall, producing variable compactive effort depend-
ing on the operator, but probably in the range 15 000 to 25 000
ft-lbf/ft3 (700 to 1200 kN-m/m3). The standard effort test (see 3.1.4) is
sometimes referred to as the Proctor Test.

1.1.1 Soils and soil-aggregate mixtures are to be regarded as
natural occurring fine- or coarse-grained soils, or composites or
mixtures of natural soils, or mixtures of natural and processed
soils or aggregates such as gravel or crushed rock. Hereafter
referred to as either soil or material.

1.2 These test methods apply only to soils (materials) that
have 30 % or less by mass of particles retained on the 3⁄4-in.
(19.0-mm) sieve and have not been previously compacted in
the laboratory; that is, do not reuse compacted soil.

1.2.1 For relationships between unit weights and molding
water contents of soils with 30 % or less by mass of material
retained on the 3⁄4-in. (19.0-mm) sieve to unit weights and
molding water contents of the fraction passing 3⁄4-in. (19.0-
mm) sieve, see Practice D4718.

1.3 Three alternative methods are provided. The method
used shall be as indicated in the specification for the material
being tested. If no method is specified, the choice should be
based on the material gradation.

1.3.1 Method A:
1.3.1.1 Mold—4-in. (101.6-mm) diameter.
1.3.1.2 Material—Passing No. 4 (4.75-mm) sieve.
1.3.1.3 Layers—Three.
1.3.1.4 Blows per Layer—25.
1.3.1.5 Usage—May be used if 25 % or less (see 1.4) by

mass of the material is retained on the No. 4 (4.75-mm) sieve.
1.3.1.6 Other Usage—If this gradation requirement cannot

be met, then Method C may be used.
1.3.2 Method B:
1.3.2.1 Mold—4-in. (101.6-mm) diameter.
1.3.2.2 Material—Passing 3⁄8-in. (9.5-mm) sieve.
1.3.2.3 Layers—Three.
1.3.2.4 Blows per Layer—25.
1.3.2.5 Usage—May be used if 25 % or less (see 1.4) by

mass of the material is retained on the 3⁄8-in. (9.5-mm) sieve.
1.3.2.6 Other Usage—If this gradation requirement cannot

be met, then Method C may be used.
1.3.3 Method C:
1.3.3.1 Mold—6-in. (152.4-mm) diameter.
1.3.3.2 Material—Passing 3⁄4-in. (19.0-mm) sieve.
1.3.3.3 Layers—Three.
1.3.3.4 Blows per Layer—56.
1.3.3.5 Usage—May be used if 30 % or less (see 1.4) by

mass of the material is retained on the 3⁄4-in. (19.0-mm) sieve.
1.3.4 The 6-in. (152.4-mm) diameter mold shall not be used

with Method A or B.

NOTE 2—Results have been found to vary slightly when a material is
tested at the same compactive effort in different size molds, with the
smaller mold size typically yielding larger values of density/unit weight
(1, pp. 21+).2

1.4 If the test specimen contains more than 5 % by mass of
oversize fraction (coarse fraction) and the material will not be
included in the test, corrections must be made to the unit mass
and molding water content of the specimen or to the appropri-
ate field-in-place density test specimen using Practice D4718.1 These Test Methods are under the jurisdiction of ASTM Committee D18 on

Soil and Rock and are the direct responsibility of Subcommittee D18.03 on Texture,
Plasticity and Density Characteristics of Soils.

Current edition approved May 1, 2012. Published June 2012. Originally
approved in 1942. Last previous edition approved in 2000 as D698 – 07ε1. DOI:
10.1520/D0698-12E01.

2 The boldface numbers in parentheses refer to the list of references at the end of
this standard.

*A Summary of Changes section appears at the end of this standard
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1.5 This test method will generally produce a well-defined
maximum dry unit weight for non-free draining soils. If this
test method is used for free-draining soils the maximum unit
weight may not be well defined, and can be less than obtained
using Test Methods D4253.

1.6 All observed and calculated values shall conform to the
guidelines for significant digits and rounding established in
Practice D6026, unless superseded by this standard.

1.6.1 For purposes of comparing measured or calculated
value(s) with specified limits, the measured or calculated
value(s) shall be rounded to the nearest decimal or significant
digits in the specified limits.

1.6.2 The procedures used to specify how data are collected/
recorded or calculated, in this standard are regarded as the
industry standard. In addition, they are representative of the
significant digits that generally should be retained. The proce-
dures used do not consider material variation, purpose for
obtaining the data, special purpose studies, or any consider-
ations for the user’s objectives; and it is common practice to
increase or reduce significant digits of reported data to be
commensurate with these considerations. It is beyond the scope
of this standard to consider significant digits used in analytical
methods for engineering design.

1.7 The values in inch-pound units are to be regarded as the
standard. The values stated in SI units are provided for
information only, except for units of mass. The units for mass
are given in SI units only, g or kg.

1.7.1 It is common practice in the engineering profession to
concurrently use pounds to represent both a unit of mass (lbm)
and a force (lbf). This implicitly combines two separate
systems of units; that is, the absolute system and the gravita-
tional system. It is scientifically undesirable to combine the use
of two separate sets of inch-pound units within a single
standard. This standard has been written using the gravitational
system of units when dealing with the inch-pound system. In
this system, the pound (lbf) represents a unit of force (weight).
However, the use of balances or scales recording pounds of
mass (lbm) or the recording of density in lbm/ft3 shall not be
regarded as a nonconformance with this standard.

1.8 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:3

C127 Test Method for Density, Relative Density (Specific
Gravity), and Absorption of Coarse Aggregate

C136 Test Method for Sieve Analysis of Fine and Coarse
Aggregates

D653 Terminology Relating to Soil, Rock, and Contained
Fluids

D854 Test Methods for Specific Gravity of Soil Solids by
Water Pycnometer

D2168 Practices for Calibration of Laboratory Mechanical-
Rammer Soil Compactors

D2216 Test Methods for Laboratory Determination of Water
(Moisture) Content of Soil and Rock by Mass

D2487 Practice for Classification of Soils for Engineering
Purposes (Unified Soil Classification System)

D2488 Practice for Description and Identification of Soils
(Visual-Manual Procedure)

D3740 Practice for Minimum Requirements for Agencies
Engaged in Testing and/or Inspection of Soil and Rock as
Used in Engineering Design and Construction

D4253 Test Methods for Maximum Index Density and Unit
Weight of Soils Using a Vibratory Table

D4718 Practice for Correction of Unit Weight and Water
Content for Soils Containing Oversize Particles

D4753 Guide for Evaluating, Selecting, and Specifying Bal-
ances and Standard Masses for Use in Soil, Rock, and
Construction Materials Testing

D4914 Test Methods for Density and Unit Weight of Soil
and Rock in Place by the Sand Replacement Method in a
Test Pit

D5030 Test Method for Density of Soil and Rock in Place by
the Water Replacement Method in a Test Pit

D6026 Practice for Using Significant Digits in Geotechnical
Data

D6913 Test Methods for Particle-Size Distribution (Grada-
tion) of Soils Using Sieve Analysis

E11 Specification for Woven Wire Test Sieve Cloth and Test
Sieves

E177 Practice for Use of the Terms Precision and Bias in
ASTM Test Methods

E691 Practice for Conducting an Interlaboratory Study to
Determine the Precision of a Test Method

IEEE/ASTM SI 10 Standard for Use of the International
System of Units (SI): the Modern Metric System

3. Terminology

3.1 Definitions:
3.1.1 See Terminology D653 for general definitions.
3.1.2 molding water content, n—the adjusted water content

of a soil (material) that will be compacted/reconstituted.

3.1.3 standard effort—in compaction testing, the term for
the 12 400 ft-lbf/ft3 (600 kN-m/m3) compactive effort applied
by the equipment and methods of this test.

3.1.4 standard maximum dry unit weight, γd,max in lbf/
ft3 (kN/m3)—in compaction testing, the maximum value de-
fined by the compaction curve for a compaction test using
standard effort.

3.1.5 standard optimum water content, wopt in %—in com-
paction testing, the molding water content at which a soil can
be compacted to the maximum dry unit weight using standard
compactive effort.

3.2 Definitions of Terms Specific to This Standard:
3.2.1 oversize fraction (coarse fraction), PC in %—the por-

tion of total specimen not used in performing the compaction

3 For referenced ASTM standards, visit the ASTM website, www.astm.org, or
contact ASTM Customer Service at service@astm.org. For Annual Book of ASTM
Standards volume information, refer to the standard’s Document Summary page on
the ASTM website.
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test; it may be the portion of total specimen retained on the No.
4 (4.75-mm) sieve in Method A, 3⁄8-in. (9.5-mm) sieve in
Method B, or 3⁄4-in. (19.0-mm) sieve in Method C.

3.2.2 test fraction (finer fraction), PF in %—the portion of
the total specimen used in performing the compaction test; it is
the fraction passing the No. 4 (4.75-mm) sieve in Method A,
passing the 3⁄8-in. (9.5-mm) sieve in Method B, or passing the
3⁄4-in. (19.0-mm) sieve in Method C.

4. Summary of Test Method

4.1 A soil at a selected molding water content is placed in
three layers into a mold of given dimensions, with each layer
compacted by 25 or 56 blows of a 5.50-lbf (24.47-N) rammer
dropped from a distance of 12.00 in. (304.8 mm), subjecting
the soil to a total compactive effort of about 12 400 ft-lbf/
ft3 (600 kN-m/m3). The resulting dry unit weight is deter-
mined. The procedure is repeated for a sufficient number of
molding water contents to establish a relationship between the
dry unit weight and the molding water content for the soil. This
data, when plotted, represents a curvilinear relationship known
as the compaction curve. The values of optimum water content
and standard maximum dry unit weight are determined from
the compaction curve.

5. Significance and Use

5.1 Soil placed as engineering fill (embankments, founda-
tion pads, road bases) is compacted to a dense state to obtain
satisfactory engineering properties such as, shear strength,
compressibility, or permeability. In addition, foundation soils
are often compacted to improve their engineering properties.
Laboratory compaction tests provide the basis for determining
the percent compaction and molding water content needed to
achieve the required engineering properties, and for controlling
construction to assure that the required compaction and water
contents are achieved.

5.2 During design of an engineered fill, shear, consolidation,
permeability, or other tests require preparation of test speci-
mens by compacting at some molding water content to some
unit weight. It is common practice to first determine the
optimum water content (wopt) and maximum dry unit weight
(γd,max) by means of a compaction test. Test specimens are
compacted at a selected molding water content (w), either wet
or dry of optimum (wopt) or at optimum (wopt), and at a selected
dry unit weight related to a percentage of maximum dry unit
weight (γd,max). The selection of molding water content (w),
either wet or dry of optimum (wopt) or at optimum (wopt) and
the dry unit weight (γd,max) may be based on past experience,
or a range of values may be investigated to determine the
necessary percent of compaction.

5.3 Experience indicates that the methods outlined in 5.2 or
the construction control aspects discussed in 5.1 are extremely
difficult to implement or yield erroneous results when dealing
with certain soils. 5.3.1 – 5.3.3 describe typical problem soils,
the problems encountered when dealing with such soils and
possible solutions for these problems.

5.3.1 Oversize Fraction—Soils containing more than 30 %
oversize fraction (material retained on the 3⁄4-in. (19-mm)
sieve) are a problem. For such soils, there is no ASTM test

method to control their compaction and very few laboratories
are equipped to determine the laboratory maximum unit weight
(density) of such soils (USDI Bureau of Reclamation, Denver,
CO and U.S. Army Corps of Engineers, Vicksburg, MS).
Although Test Methods D4914 and D5030 determine the
“field” dry unit weight of such soils, they are difficult and
expensive to perform.

5.3.1.1 One method to design and control the compaction of
such soils is to use a test fill to determine the required degree
of compaction and the method to obtain that compaction,
followed by use of a method specification to control the
compaction. Components of a method specification typically
contain the type and size of compaction equipment to be used,
the lift thickness, acceptable range in molding water content,
and the number of passes.

NOTE 3—Success in executing the compaction control of an earthwork
project, especially when a method specification is used, is highly
dependent upon the quality and experience of the contractor and inspector.

5.3.1.2 Another method is to apply the use of density
correction factors developed by the USDI Bureau of Reclama-
tion (2, 3) and U.S. Corps of Engineers (4). These correction
factors may be applied for soils containing up to about 50 to
70 % oversize fraction. Each agency uses a different term for
these density correction factors. The USDI Bureau of Recla-
mation uses D ratio (or D–VALUE), while the U.S. Corps of
Engineers uses Density Interference Coefficient (Ic).

5.3.1.3 The use of the replacement technique (Test Method
D698–78, Method D), in which the oversize fraction is
replaced with a finer fraction, is inappropriate to determine the
maximum dry unit weight, γd,max, of soils containing oversize
fractions (4).

5.3.2 Degradation—Soils containing particles that degrade
during compaction are a problem, especially when more
degradation occurs during laboratory compaction than field
compaction, as is typical. Degradation typically occurs during
the compaction of a granular-residual soil or aggregate. When
degradation occurs, the maximum dry-unit weight increases (1,
p. 73) so that the laboratory maximum value is not represen-
tative of field conditions. Often, in these cases, the maximum
dry unit weight is impossible to achieve in the field.

5.3.2.1 Again, for soils subject to degradation, the use of
test fills and method specifications may help. Use of replace-
ment techniques is not correct.

5.3.3 Gap Graded—Gap-graded soils (soils containing
many large particles with limited small particles) are a problem
because the compacted soil will have larger voids than usual.
To handle these large voids, standard test methods (laboratory
or field) typically have to be modified using engineering
judgement.

NOTE 4—The quality of the result produced by this standard is
dependent on the competence of the personnel performing it, and the
suitability of the equipment and facilities used. Agencies that meet the
criteria of Practice D3740 are generally considered capable of competent
and objective testing/sampling/inspection, and the like. Users of this
standard are cautioned that compliance with Practice D3740 does not in
itself assure reliable results. Reliable results depend on many factors;
Practice D3740 provides a means of evaluating some of those factors.
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6. Apparatus

6.1 Mold Assembly—The molds shall be cylindrical in
shape, made of rigid metal and be within the capacity and
dimensions indicated in 6.1.1 or 6.1.2 and Figs. 1 and 2. See
also Table 1. The walls of the mold may be solid, split, or
tapered. The “split” type may consist of two half-round
sections, or a section of pipe split along one element, which can
be securely locked together to form a cylinder meeting the
requirements of this section. The “tapered” type shall have an
internal diameter taper that is uniform and not more than 0.200
in./ft (16.7 mm/m) of mold height. Each mold shall have a base
plate and an extension collar assembly, both made of rigid
metal and constructed so they can be securely attached and
easily detached from the mold. The extension collar assembly
shall have a height extending above the top of the mold of at
least 2.0 in. (51 mm) which may include an upper section that
flares out to form a funnel, provided there is at least a 0.75 in.
(19 mm) straight cylindrical section beneath it. The extension
collar shall align with the inside of the mold. The bottom of the
base plate and bottom of the centrally recessed area that
accepts the cylindrical mold shall be planar within 60.005 in.
(60.1 mm).

6.1.1 Mold, 4 in.—A mold having a 4.000 6 0.016-in.
(101.6 6 0.4-mm) average inside diameter, a height of 4.584 6

0.018 in. (116.4 6 0.5 mm) and a volume of 0.0333 6 0.0005
ft3 (943.0 6 14 cm3). A mold assembly having the minimum
required features is shown in Fig. 1.

6.1.2 Mold, 6 in.—A mold having a 6.000 6 0.026-in.
(152.4 6 0.7-mm) average inside diameter, a height of 4.584 6

0.018 in. (116.4 6 0.5 mm), and a volume of 0.0750 6 0.0009
ft3 (2124 6 25 cm3). A mold assembly having the minimum
required features is shown in Fig. 2.

6.2 Rammer—A rammer, either manually operated as de-
scribed further in 6.2.1 or mechanically operated as described
in 6.2.2. The rammer shall fall freely through a distance of
12.00 6 0.05 in. (304.8 6 1 mm) from the surface of the
specimen. The weight of the rammer shall be 5.50 6 0.02 lbf
(24.47 6 0.09 N, or mass of 2.495 6 0.009 kg), except that the
weight of the mechanical rammers may be adjusted as de-
scribed in Practices D2168; see Note 5. The striking face of the
rammer shall be planar and circular, except as noted in 6.2.2.1,
with a diameter when new of 2.000 6 0.005 in. (50.80 6 0.13
mm). The rammer shall be replaced if the striking face

becomes worn or bellied to the extent that the diameter exceeds
2.000 6 0.01 in. (50.80 6 0.25 mm).

NOTE 5—It is a common and acceptable practice to determine the
weight of the rammer using either a kilogram or pound balance and
assume 1 lbf is equivalent to 0.4536 kg, 1 lbf is equivalent to 1 lbm, or 1
N is equivalent to 0.2248 lbf or 0.1020 kg.

6.2.1 Manual Rammer—The rammer shall be equipped with
a guide sleeve that has sufficient clearance that the free fall of
the rammer shaft and head is not restricted. The guide sleeve
shall have at least four vent holes at each end (eight holes total)
located with centers 3⁄4 6 1⁄16 in. (19 6 2 mm) from each end
and spaced 90 degrees apart. The minimum diameter of the
vent holes shall be 3⁄8 in. (9.5 mm). Additional holes or slots
may be incorporated in the guide sleeve.

6.2.2 Mechanical Rammer-Circular Face—The rammer
shall operate mechanically in such a manner as to provide
uniform and complete coverage of the specimen surface. There
shall be 0.10 6 0.03-in. (2.5 6 0.8-mm) clearance between the
rammer and the inside surface of the mold at its smallest
diameter. The mechanical rammer shall meet the
standardization/calibration requirements of Practices D2168.FIG. 1 4.0-in. Cylindrical Mold

FIG. 2 6.0-in. Cylindrical Mold

TABLE 1 Metric Equivalents for Figs. 1 and 2

in. mm

0.016 0.41
0.026 0.66
0.032 0.81
0.028 0.71
1⁄2 12.70
21⁄2 63.50
25⁄8 66.70
4 101.60
41⁄2 114.30
4.584 116.43
43⁄4 120.60
6 152.40
61⁄2 165.10
65⁄8 168.30
63⁄4 171.40
81⁄4 209.60
ft3 cm3

1⁄30 (0.0333) 943
0.0005 14
(0.0750) 2,124
0.0011 31
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The mechanical rammer shall be equipped with a positive
mechanical means to support the rammer when not in opera-
tion.

6.2.2.1 Mechanical Rammer-Sector Face—The sector face
can be used with the 6-in. (152.4-mm) mold, as an alternative
to the circular face mechanical rammer described in 6.2.2. The
striking face shall have the shape of a sector of a circle of
radius equal to 2.90 6 0.02 in. (73.7 6 0.5 mm) and an area
about the same as the circular face, see 6.2. The rammer shall
operate in such a manner that the vertex of the sector is
positioned at the center of the specimen and follow the
compaction pattern given in Fig. 3b.

6.3 Sample Extruder (optional)—A jack, with frame or
other device adapted for the purpose of extruding compacted
specimens from the mold.

6.4 Balance—A Class GP5 balance meeting the require-
ments of Guide D4753 for a balance of 1-g readability. If the
water content of the compacted specimens is determined using
a representative portion of the specimen, rather than the whole
specimen, and if the representative portion is less than 1000 g,
a Class GP2 balance having a 0.1-g readability is needed in
order to comply with Test Methods D2216 requirements for
determining water content to 0.1 %.

NOTE 6—Use of a balance having an equivalent capacity and a
readability of 0.002 lbm as an alternative to a class GP5 balance should
not be regarded as nonconformance to this standard.

6.5 Drying Oven—Thermostatically controlled oven, ca-
pable of maintaining a uniform temperature of 230 6 9°F (110
6 5°C) throughout the drying chamber. These requirements
typically require the use of a forced-draft type oven. Preferably
the oven should be vented outside the building.

6.6 Straightedge—A stiff metal straightedge of any conve-
nient length but not less than 10 in. (250 mm). The total length
of the straightedge shall be machined straight to a tolerance of
60.005 in. (60.1 mm). The scraping edge shall be beveled if
it is thicker than 1⁄8 in. (3 mm).

6.7 Sieves—3⁄4 in. (19.0 mm), 3⁄8 in. (9.5 mm), and No. 4
(4.75 mm), conforming to the requirements of Specification
E11.

6.8 Mixing Tools—Miscellaneous tools such as mixing pan,
spoon, trowel, spatula, spraying device (to add water evenly),
and (preferably, but optional) suitable mechanical device for
thoroughly mixing the subspecimen of soil with increments of
water.

7. Standardization/Calibration

7.1 Perform standardizations before initial use, after repairs
or other occurrences that might affect the test results, at
intervals not exceeding 1,000 test specimens, or annually,
whichever occurs first, for the following apparatus:

7.1.1 Balance—Evaluate in accordance with Guide D4753.
7.1.2 Molds—Determine the volume as described in Annex

A1.
7.1.3 Manual Rammer—Verify the free fall distance, ram-

mer weight, and rammer face are in accordance with 6.2. Verify
the guide sleeve requirements are in accordance with 6.2.1.

7.1.4 Mechanical Rammer—Verify and adjust if necessary
that the mechanical rammer is in accordance with Practices
D2168. In addition, the clearance between the rammer and the
inside surface of the mold shall be verified in accordance with
6.2.2.

8. Test Specimen

8.1 The minimum specimen (test fraction) mass for Meth-
ods A and B is about 16 kg, and for Method C is about 29 kg
of dry soil. Therefore, the field sample should have a moist
mass of at least 23 kg and 45 kg, respectively. Greater masses
would be required if the oversize fraction is large (see 10.2 or
10.3) or an additional molding water content is taken during
compaction of each point (see 10.4.2.1).

8.2 If gradation data is not available, estimate the percent-
age of material (by mass) retained on the No. 4 (4.75-mm),
3⁄8-in. (9.5-mm), or 3⁄4-in. (19.0-mm) sieve as appropriate for
selecting Method A, B, or C, respectively. If it appears the
percentage retained of interest is close to the allowable value
for a given Method (A, B, or C), then either:

8.2.1 Select a Method that allows a higher percentage
retained (B or C).

8.2.2 Using the Method of interest, process the specimen in
accordance with 10.2 or 10.3, this determines the percentage
retained for that method. If acceptable, proceed, if not go to the
next Method (B or C).

8.2.3 Determine percentage retained values by using a
representative portion from the total sample, and performing a
simplified or complete gradation analysis using the sieve(s) of
interest and Test Methods D6913 or C136. It is only necessary
to calculate the retained percentage(s) for the sieve or sieves
for which information is desired.

FIG. 3 Rammer Pattern for Compaction in 4 in. (101.6 mm) Mold
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9. Preparation of Apparatus

9.1 Select the proper compaction mold(s), collar, and base
plate in accordance with the Method (A, B, or C) being used.
Check that its volume is known and determined with or without
base plate, free of nicks or dents, and will fit together properly.

NOTE 7—Mass requirements are given in 10.4.

9.2 Check that the manual or mechanical rammer assembly
is in good working condition and that parts are not loose or
worn. Make any necessary adjustments or repairs. If adjust-
ments or repairs are made, the rammer must be re-standardized.

10. Procedure

10.1 Soils:
10.1.1 Do not reuse soil that has been previously compacted

in the laboratory. The reuse of previously compacted soil yields
a significantly greater maximum dry unit weight (1, p. 31).

10.1.2 When using this test method for soils containing
hydrated halloysite, or in which past experience indicates that
results will be altered by air-drying, use the moist preparation
method (see 10.2). In referee testing, each laboratory has to use
the same method of preparation, either moist (preferred) or
air-dried.

10.1.3 Prepare the soil specimens for testing in accordance
with 10.2 (preferred) or with 10.3.

10.2 Moist Preparation Method (preferred)—Without pre-
viously drying the sample/specimen, process it over a No. 4
(4.75-mm), 3⁄8-in. (9.5-mm), or 3⁄4-in. (19.0-mm) sieve, de-
pending on the Method (A, B, or C) being used or required as
covered in 8.2. For additional processing details, see Test
Methods D6913. Determine and record the mass of both the
retained and passing portions (oversize fraction and test
fraction, respectively) to the nearest g. Oven dry the oversize
fraction and determine and record its dry mass to the nearest g.
If it appears more than 0.5 % of the total dry mass of the
specimen is adhering to the oversize fraction, wash that
fraction. Then determine and record its oven dry mass to the
nearest g. Determine and record the water content of the
processed soil (test fraction). Using that water content, deter-
mine and record the oven dry mass of the test fraction to the
nearest g. Based on these oven dry masses, the percent oversize
fraction, PC, and test fraction, PF, shall be determined and
recorded, unless a gradation analysis has already been
performed, see Section 11 on Calculations.

10.2.1 From the test fraction, select and prepare at least four
(preferably five) subspecimens having molding water contents
such that they bracket the estimated optimum water content. A
subspecimen having a molding water content close to optimum
should be prepared first by trial additions or removals of water
and mixing (see Note 8). Select molding water contents for the
rest of the subspecimens to provide at least two subspecimens
wet and two subspecimens dry of optimum, and molding water
contents varying by about 2 %. At least two molding water
contents are necessary on the wet and dry side of optimum to
define the dry-unit-weight compaction curve (see 10.5). Some
soils with very high optimum water content or a relatively flat
compaction curve may require larger molding water content

increments to obtain a well-defined maximum dry unit weight.
Molding water content increments should not exceed about
4 %.

NOTE 8—With practice it is usually possible to visually judge a point
near optimum water content. Typically, cohesive soils at the optimum
water content can be squeezed into a lump that sticks together when hand
pressure is released, but will break cleanly into two sections when “bent.”
They tend to crumble at molding water contents dry of optimum; while,
they tend to stick together in a sticky cohesive mass wet of optimum. The
optimum water content is typically slightly less than the plastic limit.
While for cohesionless soils, the optimum water content is typically close
to zero or at the point where bleeding occurs.

10.2.2 Thoroughly mix the test fraction, then using a scoop
select representative soil for each subspecimen (compaction
point). Select about 2.3 kg when using Method A or B, or about
5.9 kg for Method C. Test Methods D6913 section on Speci-
men and Annex A2 gives additional details on obtaining
representative soil using this procedure and why it is the
preferred method. To obtain the subspecimen’s molding water
contents selected in 10.2.1, add or remove the required
amounts of water as follows. To add water, spray it into the soil
during mixing; to remove water, allow the soil to dry in air at
ambient temperature or in a drying apparatus such that the
temperature of the sample does not exceed 140°F (60°C). Mix
the soil frequently during drying to facilitate an even water
content distribution. Thoroughly mix each subspecimen to
facilitate even distribution of water throughout and then place
in a separate covered container to stand (cure) in accordance
with Table 2 prior to compaction. For selecting a standing time,
the soil may be classified using Practice D2487, Practice
D2488, or data on other samples from the same material
source. For referee testing, classification shall be by Practice
D2487.

10.3 Dry Preparation Method—If the sample/specimen is
too damp to be friable, reduce the water content by air drying
until the material is friable. Drying may be in air or by the use
of drying apparatus such that the temperature of the sample
does not exceed 140°F (60°C). Thoroughly break up the
aggregations in such a manner as to avoid breaking individual
particles. Process the material over the appropriate sieve: No.
4 (4.75-mm), 3⁄8-in. (9.5-mm), or 3⁄4-in. (19.0-mm). When
preparing the material by passing over the 3⁄4-in. sieve for
compaction in the 6-in. mold, break up aggregations suffi-
ciently to at least pass the 3⁄8-in. sieve in order to facilitate the
distribution of water throughout the soil in later mixing.
Determine and record the water content of the test fraction and
all masses covered in 10.2, as applicable to determine the
percent oversize fraction, PC, and test fraction, PF.

10.3.1 From the test fraction, select and prepare at least four
(preferably five) subspecimens in accordance with 10.2.1 and
10.2.2, except for the following: Use either a mechanical
splitting or quartering process to obtain the subspecimens. As

TABLE 2 Required Standing Times of Moisturized Specimens

Classification Minimum Standing Time, h

GW, GP, SW, SP No Requirement
GM, SM 3
All other soils 16
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stated in Test Methods D6913, both of these processes will
yield non-uniform subspecimens compared to the moist pro-
cedure. Typically, only the addition of water to each subspe-
cimen will be required.

10.4 Compaction—After standing (curing), if required, each
subspecimen (compaction point) shall be compacted as fol-
lows:

10.4.1 Determine and record the mass of the mold or mold
and base plate, see 10.4.7.

10.4.2 Assemble and secure the mold and collar to the base
plate. Check the alignment of the inner wall of the mold and
mold extension collar. Adjust if necessary. The mold shall rest,
without wobbling/rocking on a uniform rigid foundation, such
as provided by a cylinder or cube of concrete with a weight or
mass of not less than 200-lbf or 91-kg, respectively. Secure the
base plate to the rigid foundation. The method of attachment to
the rigid foundation shall allow easy removal of the assembled
mold, collar and base plate after compaction is completed.

10.4.2.1 During compaction, it is advantageous but not
required to determine the water content of each subspecimen.
This provides a check on the molding water content determined
for each compaction point and the magnitude of bleeding, see
10.4.9. However, more soil will have to be selected for each
subspecimen than stated in 10.2.2.

10.4.3 Compact the soil in three layers. After compaction,
each layer should be approximately equal in thickness and
extend into the collar. Prior to compaction, place the loose soil
into the mold and spread into a layer of uniform thickness.
Lightly tamp the soil prior to compaction until it is not in a
fluffy or loose state, using either the manual rammer or a
26-in. (506-mm) diameter cylinder. Following compaction of
each of the first two layers, any soil that has not been
compacted; such as adjacent to the mold walls or extends

above the compacted surface (up the mold walls) shall be
trimmed. The trimmed soil shall be discarded. A knife or other
suitable device may be used. The total amount of soil used shall
be such that the third compacted layer slightly extends into the
collar, but does not extend more than approximately 1⁄4-in.
(6-mm) above the top of the mold. If the third layer does
extend above this limit, then the compaction point shall be
discarded. In addition, the compaction point shall be discarded
when the last blow on the rammer for the third layer results in
the bottom of the rammer extending below the top of the
compaction mold; unless the soil is pliable enough, that this
surface can easily be forced above the top of the compaction
mold during trimming (see Note 9).

10.4.4 Compact each layer with 25 blows for the 4-in.
(101.6-mm) mold or with 56 blows for the 6-in. (152.4-mm)
mold. The manual rammer shall be used for referee testing.

10.4.5 In operating the manual rammer, take care to avoid
lifting the guide sleeve during the rammer upstroke. Hold the
guide sleeve steady and within 5° of vertical. Apply the blows
at a uniform rate of about 25 blows/min and in such a manner
as to provide complete, uniform coverage of the specimen
surface. When using a 4-in. (101.6-mm) mold and manual
rammer, follow the blow pattern given in Fig. 3a and Fig. 3b;
while for a mechanical rammer, follow the pattern in Fig. 3b.
When using a 6-in. (152.4-mm) mold and manual rammer,
follow the blow pattern given in Fig. 4 up to the 9th blow, then
systematically around the mold (Fig. 3b) and in the middle.
When using a 6-in. (152.4-mm) mold and a mechanical
rammer equipped with a sector face, the mechanical rammer
shall be designed to follow the compaction pattern given in
Fig. 3b. When using a 6-in. (152.4-mm) mold and a mechanical
rammer equipped with a circular face, the mechanical rammer
shall be designed to distribute the blows uniformly over the

FIG. 4 Rammer Pattern for Compaction in 6 in. (152.4 mm) Mold
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surface of the specimen. If the surface of the compacted soil
becomes highly uneven (see Note 9), then adjust the pattern to
follow the logic given in Fig. 3a or Fig. 4. This will most likely
void the use of a mechanical rammer for such compaction
points.

NOTE 9—When compacting specimens wetter than optimum water
content, uneven compacted surfaces can occur and operator judgement is
required as to the average height of the specimen and rammer pattern
during compaction.

10.4.6 Following compaction of the last layer, remove the
collar and base plate (except as noted in 10.4.7) from the mold.
A knife may be used to trim the soil adjacent to the collar to
loosen the soil from the collar before removal to avoid
disrupting the soil below the top of the mold. In addition, to
prevent/reduce soil sticking to the collar or base plate, rotate
them before removal.

10.4.7 Carefully trim the compacted specimen even with the
top of the mold by means of the straightedge scraped across the
top of the mold to form a plane surface even with the top of the
mold. Initial trimming of the specimen above the top of the
mold with a knife may prevent the soil from tearing below the
top of the mold. Fill any holes in the top surface with unused
or trimmed soil from the specimen, press in with the fingers,
and again scrape the straightedge across the top of the mold. If
gravel size particles are encountered, trim around them or
remove them, whichever is the easiest and reduces the distur-
bance of the compacted soil. The estimated volume of particles
above the surface of the compacted soil and holes in that
surface shall be equal, fill in remaining holes as mentioned
above. Repeat the appropriate preceding operations on the
bottom of the specimen when the mold volume was determined
without the base plate. For very wet or dry soils, soil or water
may be lost if the base plate is removed. For these situations,
leave the base plate attached to the mold. When the base plate
is left attached, the volume of the mold must be calibrated with
the base plate attached to the mold rather than a plastic or glass
plate as noted in Annex A1, A1.4.

10.4.8 Determine and record the mass of the specimen and
mold to the nearest g. When the base plate is left attached,
determine and record the mass of the specimen, mold and base
plate to the nearest g.

10.4.9 Remove the material from the mold. Obtain a speci-
men for molding water content by using either the whole
specimen (preferred method) or a representative portion. When
the entire specimen is used, break it up to facilitate drying.
Otherwise, obtain a representative portion of the three layers,
removing enough material from the specimen to report the
water content to 0.1 %. The mass of the representative portion
of soil shall conform to the requirements of Table 1, Method B,
of Test Methods D2216. Determine the molding water content
in accordance with Test Methods D2216.

10.5 Following compaction of the last specimen, compare
the wet unit weights to ensure that a desired pattern of
obtaining data on each side of the optimum water content will
be attained for the dry-unit-weight compaction curve. Plotting
the wet unit weight and molding water content of each
compacted specimen can be an aid in making the above
evaluation. If the desired pattern is not obtained, additional

compacted specimens will be required. Generally, for experi-
enced plotters of compaction curves, one compaction point wet
of the optimum water content is adequate to define the
maximum wet unit weight, see 11.2.

11. Calculations and Plotting (Compaction Curve)

11.1 Fraction Percentages—If gradation data from Test
Methods D6913 is not available, calculate the dry mass of the
test fraction, percentage of oversize fraction and test fraction as
covered below and using the data from 10.2 or 10.3:

11.1.1 Test Fraction—Determine the dry mass of the test
fraction as follows:

Md ,tf 5
Mm ,tf

11
wtf

100

(1)

where:
Md,tf = dry mass of test fraction, nearest g or 0.001 kg,
Mm,tf = moist mass of test fraction, nearest g or 0.001 kg,

and
wtf = water content of test fraction, nearest 0.1 %.

11.1.2 Oversize Fraction Percentage—Determine the over-
size (coarse) fraction percentage as follows:

PC 5
Md ,of

Md ,of1Md ,tf

(2)

where:
PC = percentage of oversize (coarse) fraction, nearest %,

and
Md,of = dry mass of oversize fraction, nearest g or 0.001 kg,

11.1.3 Test Fraction Percentage—Determine the test (finer)
fraction percentage as follows:

PF 5 100 2 PC (3)

where:
PF = percentage of test (finer) fraction, nearest %.

11.2 Density and Unit Weight—Calculate the molding water
content, moist density, dry density, and dry unit weight of each
compacted specimen as explained below.

11.2.1 Molding Water Content, w—Calculate in accordance
with Test Methods D2216 to nearest 0.1 %.

11.2.2 Density and Unit Weights—Calculate the moist (to-
tal) density (Eq 4), the dry density (Eq 5), and then the dry unit
weight (Eq 6) as follows:

11.2.2.1 Moist Density:

ρm 5 K 3
~Mt 2 Mmd!

V
(4)

where:
ρm = moist density of compacted subspecimen (compac-

tion point), four significant digits, g/cm3 or kg/m3,
Mt = mass of moist soil in mold and mold, nearest g,
Mmd = mass of compaction mold, nearest g,
V = volume of compaction mold, cm3 or m3 (see Annex

A1), and
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K = conversion constant, depending on density units and
volume units.
Use 1 for g/cm3 and volume in cm3.
Use 1000 for g/cm3 and volume in m3.
Use 0.001 for kg/cm3 and volume in m3.
Use 1000 for kg/m3 and volume in cm3.

11.2.2.2 Dry Density:

ρd 5
ρm

11
w

100

(5)

where:
ρd = dry density of compaction point, four significant digits,

g/cm3 or kg/m3, and
w = molding water content of compaction point, nearest

0.1 %.

11.2.2.3 Dry Unit Weight:

γd 5 K1 3 ρd in lbf/ft3 (6)
or

γd 5 K2 3 ρd in kN/m3 (7)

where:
γd = dry unit weight of compacted specimen, four signifi-

cant digits, in lbf/ft3 or kN/m3,
K1 = conversion constant, depending on density units,

Use 62.428 for density in g/cm3, or
Use 0.062428 for density in kg/m3,

K2 = conversion constant, depending on density units,
Use 9.8066 for density in g/cm3, or
Use 0.0098066 for density in kg/m3.

11.3 Compaction Curve—Plot the dry unit weight and
molding water content values, the saturation curve (see 11.3.2),
and draw the compaction curve as a smooth curve through the
points (see example, Fig. 5). For each point on the compaction
curve, calculate, record, and plot dry unit weight to the nearest
0.1 lbf/ft3 (0.02 kN/m3) and molding water content to the
nearest 0.1 %. From the compaction curve, determine the
compaction results: optimum water content, to nearest 0.1 %
and maximum dry unit weight, to the nearest 0.1 lbf/ft3 (0.02
kN/m3). If more than 5 % by mass of oversize material was
removed from the sample/specimen, calculate the corrected
optimum water content and maximum dry unit weight of the
total material using Practice D4718. This correction may be
made to the appropriate field in-place density test specimen
rather than to the laboratory compaction results.

11.3.1 In these plots, the scale sensitivities should remain
the same, that is the change in molding water content or dry
unit weight per division is constant between plots. Typically,
the change in dry unit weight per division is twice that of
molding water content’s (2 lbf/ft3 to 1 % w per major division).
Therefore, any change in the shape of the compaction curve is
a result of testing different material, not the plotting scale.
However, a one to one ratio should be used for soils that have
a relatively flat compaction curve (see 10.2.1), such as highly
plastic soils or relatively free draining ones up to the point of
bleeding.

11.3.1.1 The shape of the compaction curve on the wet side
on optimum should typically follow that of the saturation
curve. The shape of the compaction curve on the dry side of
optimum may be relatively flat or up and down when testing
some soils, such as relatively free draining ones or plastic soils
prepared using the moist procedure and having molding water
contents close to or less than the shrinkage limit.

11.3.2 Plot the 100 % saturation curve, based on either an
estimated or a measured specific gravity. Values of water
content for the condition of 100 % saturation can be calculated
as explained in 11.4 (see example, Fig. 5).

NOTE 10—The 100 % saturation curve is an aid in drawing the
compaction curve. For soils containing more than about 10 % fines and
molding water contents well above optimum, the two curves generally
become roughly parallel with the wet side of the compaction curve
between 92 to 95 % saturation. Theoretically, the compaction curve cannot
plot to the right of the 100 % saturation curve. If it does, there is an error
in specific gravity, in measurements, in calculations, in testing, or in
plotting. The 100 % saturation curve is sometimes referred to as the zero
air voids curve or the complete saturation curve.

11.4 Saturation Points—To calculate points for plotting the
100 % saturation curve or zero air voids curve, select values of
dry unit weight, calculate corresponding values of water
content corresponding to the condition of 100 % saturation as
follows:

wsat 5
~γw!~Gs! 2 γd

~γd!~Gs!
3 100 (8)

where:
wsat = water content for complete saturation, nearest 0.1 %,
γw = unit weight of water, 62.32 lbf/ft 3 (9.789 kN/m3) at

20°C,

FIG. 5 Example Compaction Curve Plotting
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γd = dry unit weight of soil, lbf/ft3 (kN/m 3), three signifi-
cant digits, and

Gs = specific gravity of soil (estimated or measured), to
nearest 0.01 value, see 11.4.1.

11.4.1 Specific gravity may be estimated for the test fraction
based on test data from other soils having the same soil
classification and source or experience. Otherwise, a specific
gravity test (Test Methods C127 or D854, or both) is necessary.

12. Report: Data Sheet(s)/Form(s)

12.1 The methodology used to specify how data are re-
corded on the test data sheet(s)/form(s), as described below, is
covered in 1.6.

12.2 The data sheet(s)/form(s) shall contain as a minimum
the following information:

12.2.1 Method used (A, B, or C).
12.2.2 Preparation method used (moist or dry).
12.2.3 As received water content if determined, nearest 1 %.
12.2.4 Standard optimum water content, Std-wopt to nearest

0.1 %.
12.2.5 Standard maximum dry unit weight, Std-γd,max near-

est 0.1 lbf/ft3 or 0.02 kN/m3.
12.2.6 Type of rammer (manual or mechanical).
12.2.7 Soil sieve data when applicable for selection of

Method (A, B, or C) used.
12.2.8 Description of sample used in test (as a minimum,

color and group name and symbol), by Practice D2488, or
classification by Practice D2487.

12.2.9 Specific gravity and method of determination, near-
est 0.01 value.

12.2.10 Identification of sample used in test; for example,
project number/name, location, depth, and the like.

12.2.11 Compaction curve plot showing compaction points
used to establish compaction curve, and 100 % saturation
curve, value or point of maximum dry unit weight and
optimum water content.

12.2.12 Percentages for the fractions retained (PC) and
passing (PF) the sieve used in Method A, B, or C, nearest 1 %.
In addition, if compaction data (Std-wopt and Std-γd,max) are
corrected for the oversize fraction, include that data.

13. Precision and Bias

13.1 Precision—Criteria for judging the acceptability of test
results obtained by these test methods on a range of soil types
are given in Tables 3 and 4. These estimates of precision are
based on the results of the interlaboratory program conducted
by the ASTM Reference Soils and Testing Program.4 In this
program, Method A and the Dry Preparation Method were
used. In addition, some laboratories performed three replicate
tests per soil type (triplicate test laboratory), while other
laboratories performed a single test per soil type (single test
laboratory). A description of the soils tested is given in 13.1.4.
The precision estimates vary with soil type, and may vary with
methods used (Method A, B, or C, or wet/dry preparation

method). Judgement is required when applying these estimates
to another soil, method, or preparation method.

13.1.1 The data in Table 3 are based on three replicate tests
performed by each triplicate test laboratory on each soil type.
The single operator and multilaboratory standard deviation
show in Table 3, Column 4 were obtained in accordance with
Practice E691, which recommends each testing laboratory
perform a minimum of three replicate tests. Results of two
properly conducted tests performed by the same operator on
the same material, using the same equipment, and in the
shortest practical period of time should not differ by more than
the single-operator d2s shown in Table 3, Column 5. For
definition of d2s, see footnote D in Table 1. Results of two
properly conducted tests performed by different operators and
on different days should not differ by more than the multilabo-
ratory d2s limits shown in Table 3, Column 5.

13.1.2 In the ASTM Reference Soils and Testing Program,
many of the laboratories performed only a single test on each

4 Supporting data have been filed at ASTM International Headquarters and may
be obtained by requesting Research Report RR:D18-1008. Contact ASTM Customer
Service at service@astm.org.

TABLE 3 Summary of Test Results from Triplicate Test
Laboratories (Standard Effort Compaction)

(1) (2) (3) (4) (5)
Number of

Triplicate Test
Labs

Test ValueA

(Units) Average ValueB
Standard

DeviationC

Acceptable
Range of Two

ResultsD,E

Soil Type:
CH CL ML CH CL ML CH CL ML CH CL ML

Single-Operator Results (Within-Laboratory Repeatability):
11 12 11 γd,max (pcf) 97.2 109.2 106.3 0.5 0.4 0.5 1.3 1.2 1.3

11 12 11 wopt (%) 22.8 16.6 17.1 0.2 0.3 0.3 0.7 0.9 0.9
Multilaboratory Results (Between-Laboratory Reproducibility):

11 12 11 γd, max (pcf) 97.2 109.2 106.3 1.4 0.8 0.6 3.9 2.3 1.6

11 12 11 wopt (%) 22.8 16.6 17.1 0.7 0.5 0.5 1.8 1.5 1.3
A γd,max(pcf) = standard maximum dry unit weight in lbf/ft3 and wopt(%) = standard
optimum water in percent.
B The number of significant digits and decimal places presented are representative
of the input data. In accordance with Practice D6026, the standard deviation and
acceptable range of results can not have more decimal places than the input data.
C Standard deviation is calculated in accordance with Practice E691 and is
referred to as the 1 s limit.
D Acceptable range of two results is referred to as the d2s limit. It is calculated as
1.960 œ2·1s, as defined by Practice E177. The difference between two properly
conducted tests should not exceed this limit. The number of significant digits/
decimal places presented is equal to that prescribed by this standard or Practice
D6026. In addition, the value presented can have the same number of decimal
places as the standard deviation, even if that result has more significant digits than
the standard deviation.
E Both values of γd,max and wopt have to fall within values given for the selected soil
type.

TABLE 4 Summary of Single Test Results from Each
Laboratories (Standard Effort Compaction)A

(1) (2) (3) (4) (5)
Number of

Test
Laboratories

Test Value
(Units) Average Value

Standard
Deviation

Acceptable
Range of Two

Results

Soil Type:
CH CL ML CH CL ML CH CL ML CH CL ML

Multilaboratory Results (Between-Laboratory Reproducibility):
26 26 25 γd,max (pcf) 97.3 109.2 106.2 1.6 1.1 1.0 4.5 3.0 2.9

wopt (%) 22.6 16.4 16.7 0.9 0.7 1.0 2.4 1.8 2.9
A See footnotes in Table 3.
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soil type. This is common practice in the design and construc-
tion industry. The data for each soil type in Table 4 are based
upon the first test result from the triplicate test laboratories and
the single test results from the other laboratories. Results of
two properly conducted tests performed by two different
laboratories with different operators using different equipment
and on different days should not vary by more than the d2s
limits shown in Table 4, Column 5. The results in Tables 3 and
4 are dissimilar because the data sets are different.

13.1.3 Table 3 presents a rigorous interpretation of triplicate
test data in accordance with Practice E691 from pre-qualified
laboratories. Table 4 is derived from test data that represents
common practice.

13.1.4 Soil Types—Based on the multilaboratory test results
the soils used in the program are described below in accor-
dance with Practice D2487. In addition, the local names of the
soils are given.

CH Fat clay, CH, 99 % fines, LL=60, PI=39, grayish brown, soil
had been air dried and pulverized. Local name—Vicksburg
Buckshot Clay

CL Lean clay, CL, 89 % fines, LL=33, PI=13, gray, soil had been
air dried and pulverized. Local name—Annapolis Clay

ML Silt, ML, 99 % fines, LL=27, PI=4, light brown, soil had been
air dried and pulverized. Local name—Vicksburg Silt

13.2 Bias—There is no accepted reference values for this
test method, therefore, bias cannot be determined.

14. Keywords

14.1 compaction characteristics; density; impact compac-
tion; laboratory tests ; moisture-density curves; proctor test;
soil; soil compaction; standard effort

ANNEX

(Mandatory Information)

A1. VOLUME OF COMPACTION MOLD

A1.1 Scope

A1.1.1 This annex describes the procedure for determining
the volume of a compaction mold.

A1.1.2 The volume is determined by two methods, a water-
filled and linear-measurement method.

A1.1.3 The water filling method for the 4-in. (106.5-mm)
mold, when using a balance readable to nearest g, does not
yield four significant figures for its volume, just three. Based
on Practice D6026, this limits the density/unit weight determi-
nations previously presented from four to three significant
figures. To prevent this limitation, the water filling method has
been adjusted from that presented in early versions of this test
method.

A1.2 Apparatus

A1.2.1 In addition to the apparatus listed in Section 6 the
following items are required:

A1.2.1.1 Vernier or Dial Caliper, having a measuring range
of at least 0 to 6 in. (0 to 150 mm) and readable to at least 0.001
in. (0.02 mm).

A1.2.1.2 Inside Micrometer (optional), having a measuring
range of at least 2 to 12 in. (50 to 300 mm) and readable to at
least 0.001 in. (0.02 mm).

A1.2.1.3 Depth Micrometer (optional) , having a measuring
range of at least 0 to 6 in. (0 to 150 mm) and readable to at least
0.001 in. (0.02 mm).

A1.2.1.4 Plastic or Glass Plates—Two plastic or glass
plates about 8 in. square by 1⁄4 in. thick (200 by 200 by 6 mm).

A1.2.1.5 Thermometer or Other Thermometric Device, hav-
ing graduation increments of 0.1°C.

A1.2.1.6 Stopcock Grease, or similar sealant.

A1.2.1.7 Miscellaneous Equipment—Bulb syringe, towels,
etc.

A1.3 Precautions

A1.3.1 Perform this method in an area isolated from drafts
or extreme temperature fluctuations.

A1.4 Procedure

A1.4.1 Water-Filling Method:
A1.4.1.1 Lightly grease the bottom of the compaction mold

and place it on one of the plastic or glass plates. Lightly grease
the top of the mold. Be careful not to get grease on the inside
of the mold. If it is necessary to use the base plate, as noted in
10.4.7, place the greased mold onto the base plate and secure
with the locking studs.

A1.4.1.2 Determine the mass of the greased mold and both
plastic or glass plates to the nearest 1 g and record, Mmp. When
the base plate is being used in lieu of the bottom plastic or glass
plate, determine the mass of the mold, base plate and a single
plastic or glass plate to be used on top of the mold to the
nearest 1 g and record.

A1.4.1.3 Place the mold and the bottom plastic or glass
plate on a firm, level surface and fill the mold with water to
slightly above its rim.

A1.4.1.4 Slide the second plate over the top surface of the
mold so that the mold remains completely filled with water and
air bubbles are not entrapped. Add or remove water as
necessary with a bulb syringe.

A1.4.1.5 Completely dry any excess water from the outside
of the mold and plates.

A1.4.1.6 Determine the mass of the mold, plates and water
and record to the nearest 1 g, Mmp,w.
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A1.4.1.7 Determine the temperature of the water in the
mold to the nearest 0.1°C and record. Determine and record the
density of water from the table given in Test Methods D854 or
as follows:

ρw ,c 5 1.00034038 2 ~7.77 3 1026! 3 T 2 ~4.95 3 1026! 3 T2

(A1.1)

where:
ρw,c = density of water, nearest 0.00001 g/cm3, and
T = calibration test temperature, nearest 0.1°C.

A1.4.1.8 Calculate the mass of water in the mold by
subtracting the mass determined in A1.4.1.2 from the mass
determined in A1.4.1.6.

A1.4.1.9 Calculate the volume of water by dividing the
mass of water by the density of water. Record this volume to
the nearest 0.1 cm3 for the 4-in. (101.6-mm) mold or nearest 1
cm3 for the 6-in. (152.4-mm) mold. To determine the volume
of the mold in m3, multiply the volume in cm3 by 1 × 10-6.
Record this volume, as prescribed.

A1.4.1.10 If the filling method is being used to determine
the mold’s volume and checked by linear measurement
method, repeat this volume determination (A1.4.1.3 –
A1.4.1.9) and determine and record the average value, Vw as
prescribed.

A1.4.2 Linear Measurement Method:
A1.4.2.1 Using either the vernier caliper or the inside

micrometer (preferable), measure the inside diameter (ID) of
the mold 6 times at the top of the mold and 6 times at the
bottom of the mold, spacing each of the six top and bottom
measurements equally around the ID of the mold. Record the
values to the nearest 0.001-in. (0.02-mm). Determine and
record the average ID to the nearest 0.001-in. (0.02-mm), davg.
Verify that this ID is within specified tolerances, 4.000 6 0.016
in. (101.6 6 0.4 mm), if not discard the mold.

A1.4.2.2 Using the vernier caliper or depth micrometer
(preferably), measure the inside height of the mold attached to
the base plate. In these measurements, make three or more
measurements equally spaced around the ID of the mold, and
preferably one in the center of the mold, but not required (used
the straightedge to facilitate the later measurement and correct
measurement for thickness of straightedge). Record these
values to the nearest 0.001-in. (0.02-mm). Determine and

record the average of these height measurements to the nearest
0.001 in. (0.02 mm), havg. Verify that this height is within
specified tolerances, 4.584 6 0.018 in. (116.4 6 0.5 mm), if
not discard the mold.

A1.4.2.3 Calculate the volume of the mold to four signifi-
cant digits in cm3 as follows:

Vlm 5 K3

π 3 havg 3 ~davg!
2

4
(A1.2)

where:
Vlm = volume of mold by linear measurements, to four

significant digits, cm3,
K3 = constant to convert measurements made in inch (in.)

or mm,
Use 16.387 for measurements in inches.
Use 10-6 for measurements in mm.

π = 3.14159,
havg = average height, in. (mm), and
davg = average of the top and bottom diameters, in. (mm).

A1.4.2.4 If the volume in m3 is required, then multiply the
above value by 10-6.

A1.5 Comparison of Results and Standardized Volume of
Mold

A1.5.1 The volume obtained by either method should be
within the volume tolerance requirements of 6.1.1 and 6.1.2,
using either or cm3 to ft3. To convert cm3 to ft3, divide cm3 by
28 317, record to the nearest 0.0001 ft3.

A1.5.2 The difference between the two methods should not
exceed 0.5 % of the nominal volume of the mold, cm3 to ft3.

A1.5.3 Repeat the determination of volume, which is most
suspect or both if these criteria are not met.

A1.5.4 Failure to obtain satisfactory agreement, between
these methods, even after several trials is an indication the
mold is badly deformed and should be replaced.

A1.5.5 Use the volume of the mold determined using the
water-filling or linear method, or average of both methods as
the standardized volume for calculating the moist density (see
11.4). This value (V) in cm3 or m3 shall have four significant
digits. The use of a volume in ft3, along with masses in lbm
shall not be regarded as a nonconformance with this standard.
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Designation: D1140 − 00 (Reapproved 2006)

Standard Test Methods for
Amount of Material in Soils Finer than No. 200 (75-µm)
Sieve1

This standard is issued under the fixed designation D1140; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (´) indicates an editorial change since the last revision or reapproval.

This standard has been approved for use by agencies of the Department of Defense.

1. Scope

1.1 These test methods cover determination of the amount
of material finer than a 75-µm (No. 200) sieve by washing.

1.2 Two methods for determining the amount of material
finer than the No. 200 sieve are provided. The method to be
used shall be specified by the requesting authority. If no
method is specified, the choice should be based on the
guidance given in 4.2 and 7.3

1.2.1 Method A—Test specimen is not dispersed prior to
wash sieving.

1.2.2 Method B—Test specimen is dispersed by soaking in
water containing a deflocculating agent prior to wash sieving.

1.3 The values stated in SI units are to be regarded as the
standard.

1.4 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:2

C702 Practice for Reducing Samples of Aggregate to Testing
Size

D75 Practice for Sampling Aggregates
D422 Test Method for Particle-Size Analysis of Soils
D2216 Test Methods for Laboratory Determination of Water

(Moisture) Content of Soil and Rock by Mass
D2487 Practice for Classification of Soils for Engineering

Purposes (Unified Soil Classification System)

D3740 Practice for Minimum Requirements for Agencies
Engaged in Testing and/or Inspection of Soil and Rock as
Used in Engineering Design and Construction

D4753 Guide for Evaluating, Selecting, and Specifying Bal-
ances and Standard Masses for Use in Soil, Rock, and
Construction Materials Testing

D6026 Practice for Using Significant Digits in Geotechnical
Data

E11 Specification for Woven Wire Test Sieve Cloth and Test
Sieves

E145 Specification for Gravity-Convection and Forced-
Ventilation Ovens

E177 Practice for Use of the Terms Precision and Bias in
ASTM Test Methods

E691 Practice for Conducting an Interlaboratory Study to
Determine the Precision of a Test Method

3. Summary of Test Method

3.1 A specimen of the soil is washed over a 75-µm (No. 200)
sieve. Clay and other particles that are dispersed by the wash
water, as well as water-soluble materials, are removed from the
soil during the test. The loss in mass resulting from the wash
treatment is calculated as mass percent of the original sample
and is reported as the percentage of material finer than a 75-µm
(No. 200) sieve by washing.

4. Significance and Use

4.1 Material finer than the 75-µm (No. 200) sieve can be
separated from larger particles much more efficiently and
completely by wet sieving than with dry sieving. Therefore,
when accurate determinations of material finer than 75-µm
sieve in soil are desired, this test method is used on the test
specimen prior to dry sieving. Usually the additional amount of
material finer than 75-µm sieve obtained in the dry sieving
process is a small amount. If it is large, the efficiency of the
washing operation should be checked, as it could be an
indication of degradation of the soil.

4.2 With some soils, particularly clayey soils, in order to
keep the finer material from adhering to the larger particles, it
will be necessary to soak the soil prior to washing it through

1 These test methods are under the jurisdiction of ASTM Committee D18 on Soil
and Rock and is the direct responsibility of Subcommittee D18.03 on Texture,
Plasticity and Density Characteristics of Soils.

Current edition approved Nov. 15, 2006. Published January 2007. Originally
approved in 1950. Last previous edition approved in 2000 as D1140 – 00. DOI:
10.1520/D1140-00R06.

2 For referenced ASTM standards, visit the ASTM website, www.astm.org, or
contact ASTM Customer Service at service@astm.org. For Annual Book of ASTM
Standards volume information, refer to the standard’s Document Summary page on
the ASTM website.
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the sieve. A deflocculating agent (dispersing agent) should be
added to the soil when it is soaked.

NOTE 1—The quality of the result produced by this standard is
dependent on the competence of the personnel performing it, and the
suitability of the equipment and facilities used. Agencies that meet the
criteria of Practice D3740 are generally considered capable of competent
and objective testing/sampling/inspection/etc. Users of this standard are
cautioned that compliance with Practice D3740 does not in itself assure
reliable results. Reliable results depend on many factors; Practice D3740
provides a means of evaluating some of those factors.

5. Apparatus

5.1 Balance—A balance or scale conforming to the require-
ments of Specification D4753, readable (with no estimation) to
0.1 % of the test mass, or better. To determine the balance
needed, multiply your test mass by 0.001 and check Table 1 of
Specification D4753 for the class of balance readable to the
number observed.

5.2 Sieves—A minimum nest of two sieves is recommended,
the lower must be a 75-µm (No. 200) sieve and the upper may
be a 425-µm (No. 40) or larger sieve. Chose a sieve with a
diameter sufficient to handle the size of specimen required by
6.2. The 75-µm sieve should have a backing to prevent damage.
The sieves shall conform to the requirements of Specification
E11. Stainless sieve mesh is preferred, as it is less prone to
damage or wear.

5.3 Oven—An oven of sufficient size, capable of maintain-
ing a uniform temperature of 100 6 5°C (230 6 9°F) and
which meets the criteria of Specification E145.

5.4 Deflocculating Agent—A solution of Sodium Hexameta-
phosphate of any concentration sufficient to cause particle
separation can be used. A common amount is 40 g per 1000 mL
of water.

6. Sampling

6.1 Sample the soil in accordance with Practice D75.

6.2 Thoroughly mix the soil sample and reduce the quantity
to an amount suitable for testing using the applicable method
described in Practice C702. The test specimen shall be the end
result of the reduction. Reduction to an exact predetermined
mass is not permitted. The mass of the test specimen, after
drying, shall conform with the following except as noted (6.2.1
and Note 2):

Recommended
Maximum Particle Standard Minimum Mass of

Size (100 % Passing) Sieve Size Test Specimens
2 mm or less No. 10 20 g
4.75 mm No. 4 100 g
9.5 mm 3⁄8 9 500 g

19.0 mm 3⁄4 9 2.5 kg
37.5 mm 11⁄2 9 10 kg
75.0 mm 39 50 kg

6.2.1 If the same specimen is to be tested for sieve analysis
according to Test Method D422, comply with the applicable
mass requirements of that Test Method.

NOTE 2—When a minimum mass is not available (split spoon sample,
and the like), a smaller mass can be used. The report shall indicate the
mass used.

7. Procedure

7.1 Dry the test specimen to a constant mass at a tempera-
ture of 110 6 5°C (230 6 9°F) and determine its mass to the
nearest 0.1 g. To determine the balance needed, multiply the
mass by 0.001, check the resultant number with Table 1 of
Specification D4753 for the required balance.

7.1.1 For example: Minimum readability = 276 g (mass) ×
0.001 = 0.3 g. A GP-2 with a readability of 0.1 g would be
suitable. A more sensitive balance could also be used.

7.1.2 As an alternative, select an auxiliary water content
specimen and determine the water content (nearest 0.1 %) in
accordance with Test Method D2216. Calculate the oven-dry
mass of the test specimen from the moist mass (nearest 0.1 %
of its mass, or better (see 5.1)) and the water content.

7.2 Method A:
7.2.1 After preparing the specimen in accordance with 7.1,

place the specimen on on the uppermost (coarsest) sieve. Wash
the specimen (material) on the sieve(s) by means of a stream of
water from a faucet (Note 3). The material may be lightly
manipulated by hand, to facilitate the washing process, taking
care not to lose any of the retained material. No downward
pressure should be exerted on the retained material or sieve to
avoid the forcing of particles through the sieve or damage to
the sieve. Continue the washing until the water coming through
the sieve(s) is clear (Note 4).

NOTE 3—A spray nozzle or a piece of rubber tubing attached to a water
faucet may be used for the washing. The velocity of the water, which may
be increased by pinching the tubing, shall not cause any splashing of the
material over the sides of the sieve. The water temperature should not
exceed 32°C (90°F) to avoid expanding the sieve fabric.

NOTE 4—Care should be taken not to let water accumulate on the 75-µm
(No. 200) sieve due to clogging of the screen. The clogging can cause
overflow of the sieve and loss of material. Lightly hand tapping the sides
of the sieve or the bottom of the screen with a fingertip(s) should prevent
clogging. Directing a stream of water up from below the screen is another
method to unplug the sieve without physically damaging it. Be careful not
to overload the screen by sieving too large a specimen, or portion of a
specimen, at any one time.

7.3 Method B:
7.3.1 As an alternative, particularly for very cohesive soils;

after preparing the specimen in accordance with 7.1, place the
specimen in a container, cover with water containing a defloc-
culating agent, and soak for a minimum of 2 h (preferably
overnight) (Note 5). The specimen should be periodically
agitated manually or by mechanical means to facilitate the
complete separation of the particles.

NOTE 5—It will also be easier to separate the particles if the specimen
is not dried prior to soaking. The moist mass can be adjusted to a dry mass
by using the water content determination procedure from 7.1.2.

7.3.2 After the soaking period is completed, agitate the
contents of the container vigorously and immediately pour into
the nested sieves. Wash any remaining material into the
sieve(s) to make sure all of the material is transferred. Then
finish the washing procedure as specified in 7.2.

7.4 When the washing by Method A or B is completed, the
material retained on the 75-µm (No. 200) sieve can be dried
either in the sieve, or by flushing (transferring) the contents of
the sieve into another container. If the soil is transferred, excess
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water can be removed by decanting or suctioning to speed
drying time. Take care not to lose any particles by removing
only clear water.

7.4.1 Dry the residue from each sieve to a constant mass
using a temperature of 110 6 5°C (230 6 9°F) and determine
the mass using the same balance as used in 7.1.

NOTE 6—As mentioned in 4.1, if the sample is dry sieved after washing,
some material will pass the 75-µm (No. 200) sieve that did not pass during
washing operations. This can be a significant amount for samples with a
high percent of very fine sand or coarse silt.

8. Calculation

8.1 Calculate the amount of material passing the 75-µm
(No. 200) sieve by washing using the following formula:

A 5 @~B 2 C!/B# 3 100 (1)

where:
A = percentage of material finer than the 75-µm sieve by

washing, nearest 0.1 %
B = original dry mass of sample, g, and
C = dry mass of specimen retained on the 75-µm sieve

including the amount retained on an upper sieve after
washing, g.

9. Report

9.1 Report the percentage of material finer than the 75-µm
(No. 200) sieve by washing to the nearest 0.1 %.

9.2 Indicate whether the specimen was soaked and length of
time.

9.3 Indicate method used (A or B).

9.4 Sample identification.

9.5 Size of initial dry mass used.

9.6 State whether the dry mass was determined directly or
using the water content of the specimen as directed in 7.1.2. If
so, note the water content.

10. Precision and Bias

10.1 Precision—Criteria for judging the acceptability of test
results obtained by these test methods on a range of soil types
using Method B are given in Tables 1 and 2. These estimates
of precision are based on the results of the interlaboratory
program conducted by the ASTM Reference Soils and Testing
Program3. In this program, some laboratories performed three
replicate tests per soil type (triplicate test laboratory), while
other laboratories performed a single test per soil type (single
test laboratory). A description of the soils tested is given in
10.1.4. The precision estimates may vary with soil type and
method used (Method A or B). Judgment is required when
applying these estimates to another soil or method.

10.1.1 The data in Table 1 are based on three replicate tests
performed by each triplicate test laboratory on each soil type.
The single operator and multilaboratory standard deviation
shown in Table 1, Column 4 were obtained in accordance with
Practice E691, which recommends each testing laboratory

perform a minimum of three replicate tests. Results of two
properly conducted tests performed by the same operator on
the same material, using the same equipment, and in the
shortest practical period of time should not differ by more than
the single-operator d2s limits shown in Table 1, Column 5. For
definition of d2s see Footnote C in Table 2. Results of two
properly conducted tests performed by different operators and
on different days should not differ by more than the multilabo-
ratory d2s limits shown in Table 1, Column 5.

10.1.2 In the ASTM Reference Soils and Testing Program,
many of the laboratories performed only a single test on each
soil type. This is common practice in the design and construc-
tion industry. The data for each soil type in Table 2 are based
upon the first test results from the triplicate test laboratories
and the single test results from the other laboratories. Results
of two properly conducted tests performed by two different
laboratories with different operators using different equipment
and on different days should not vary by more than the d2s

3 Supporting data have been filed at ASTM International Headquarters and may
be obtained by requesting Research Report RR:D18-1010.

TABLE 1 Summary of Test Results from Triplicate Test
Laboratories (Percent of Fines)

(1) (2) (3) (4) (5)

Soil Type

Number of
Triplicate

Test
Laboratories

Average ValueA

(Percentage
Points)

Standard
DeviationB

(Percentage
Points)

Acceptable
Range of Two

ResultsC

(Percentage
Points)

Single-Operator Results (Within- Laboratory Repeatability):
CH 13 98.83 0.15 0.4
CL 13 88.55 0.14 0.4
ML 14 99.00 0.12 0.3
SP 13 2.47 0.20 0.5

Multilaboratory Results (Between- Laboratory Reproducibility): :
CH 13 98.83 0.22 0.6
CL 13 88.55 0.40 1.1
ML 14 99.00 0.13 0.4
SP 13 2.47 0.36 1.0

AThe number of significant digits and decimal places presented are represen-
tative of the input data. In accordance with Practice D6026, the standard deviation
and acceptable range of results can not have more decimal places than the input
data.

BStandard deviation is calculated in accordance with Practice E691 and is
referred to as the 1s limit.

CAcceptable range of two results is referred to as the d2s limit. It is calculated as
1.960 œ2·1s, as defined by Practice E177. The difference between two properly
conducted tests should not exceed this limit. The number of significant digits/
decimal places presented is equal to that prescribed by this test method or
Practice D6026. In addition, the value presented can have the same number of
decimal places as the standard deviation, even if that result has more significant
digits than the standard deviation.

TABLE 2 Summary of Single-Test Result from Each Laboratory
(Percent of Fines)A

(1) (2) (3) (4) (5)

Soil Type
Number of Test

Laboratories

Average Value
(Percentage

Points)

Standard
Deviation

(Percentage
Points)

Acceptable
Range of

Two Results
(Percentage

Points)
Multilaboratory Results (Single Test Performed by Each Laboratory):

CH 25 98.74 0.22 0.6
CL 24 88.41 0.52 1.4
ML 25 99.00 0.18 0.5
SP 25 2.647 0.60 1.7

ASee footnotes in the Table 1.
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limits shown in Table 2, Column 5. The results in Table 1 and
Table 2 are dissimilar because the data sets are different.

10.1.3 Table 1 presents a rigorous interpretation of triplicate
test data in accordance with Practice E691 from pre-qualified
laboratories. Table 2 is derived from test data that represents
common practice.

10.1.4 Soil Types—Based on the multilaboratory test results,
the soils used in the program are described below in accor-
dance with Practice D2487. In addition, the local names of the
soils are given.

CH—Fat clay, CH, 99 % fines, LL=60, PI=39, grayish brown, soil had been
air dried and pulverized. Local name—Vicksburg Buckshot Clay

CL—Lean clay, CL, 89 % fines, LL=33, PI=13, gray, soil had been air dried
and pulverized. Local name—Annapolis Clay

ML—Silt, ML, 99 % fines, LL=27, PI=4, light brown, soil had been air dried
and pulverized. Local name—Vicksburg Silt

SP—Poorly graded sand; SP, 20 % coarse sand, 48 % medium sand, 30 %
fine sand, 2 % fines, yellowish brown. Local name—Frederick sand

11. Keywords

11.1 fines; particle sizes; sieve analysis; washing

ASTM International takes no position respecting the validity of any patent rights asserted in connection with any item mentioned
in this standard. Users of this standard are expressly advised that determination of the validity of any such patent rights, and the risk
of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM International Headquarters. Your comments will receive careful consideration at a meeting of the
responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should
make your views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
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address or at 610-832-9585 (phone), 610-832-9555 (fax), or service@astm.org (e-mail); or through the ASTM website
(www.astm.org). Permission rights to photocopy the standard may also be secured from the ASTM website (www.astm.org/
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Designation: D2487 − 11

Standard Practice for
Classification of Soils for Engineering Purposes (Unified
Soil Classification System)1

This standard is issued under the fixed designation D2487; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (´) indicates an editorial change since the last revision or reapproval.

This standard has been approved for use by agencies of the Department of Defense.

1. Scope*

1.1 This practice describes a system for classifying mineral
and organo-mineral soils for engineering purposes based on
laboratory determination of particle-size characteristics, liquid
limit, and plasticity index and shall be used when precise
classification is required.

NOTE 1—Use of this standard will result in a single classification group
symbol and group name except when a soil contains 5 to 12 % fines or
when the plot of the liquid limit and plasticity index values falls into the
crosshatched area of the plasticity chart. In these two cases, a dual symbol
is used, for example, GP-GM, CL-ML. When the laboratory test results
indicate that the soil is close to another soil classification group, the
borderline condition can be indicated with two symbols separated by a
slash. The first symbol should be the one based on this standard, for
example, CL/CH, GM/SM, SC/CL. Borderline symbols are particularly
useful when the liquid limit value of clayey soils is close to 50. These soils
can have expansive characteristics and the use of a borderline symbol
(CL/CH, CH/CL) will alert the user of the assigned classifications of
expansive potential.

1.2 The group symbol portion of this system is based on
laboratory tests performed on the portion of a soil sample
passing the 3-in. (75-mm) sieve (see Specification E11).

1.3 As a classification system, this standard is limited to
naturally occurring soils.

NOTE 2—The group names and symbols used in this test method may
be used as a descriptive system applied to such materials as shale,
claystone, shells, crushed rock, etc. See Appendix X2.

1.4 This standard is for qualitative application only.

NOTE 3—When quantitative information is required for detailed designs
of important structures, this test method must be supplemented by
laboratory tests or other quantitative data to determine performance
characteristics under expected field conditions.

1.5 This standard is the ASTM version of the Unified Soil
Classification System. The basis for the classification scheme
is the Airfield Classification System developed by A. Casa-

grande in the early 1940s.2 It became known as the Unified
Soil Classification System when several U.S. Government
Agencies adopted a modified version of the Airfield System in
1952.

1.6 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

1.7 This practice offers a set of instructions for performing
one or more specific operations. This document cannot replace
education or experience and should be used in conjunction
with professional judgment. Not all aspects of this practice may
be applicable in all circumstances. This ASTM standard is not
intended to represent or replace the standard of care by which
the adequacy of a given professional service must be judged,
nor should this document be applied without consideration of
a project’s many unique aspects. The word “Standard” in the
title of this document means only that the document has been
approved through the ASTM consensus process.

2. Referenced Documents

2.1 ASTM Standards:3

C117 Test Method for Materials Finer than 75-µm (No. 200)
Sieve in Mineral Aggregates by Washing

C136 Test Method for Sieve Analysis of Fine and Coarse
Aggregates

C702 Practice for Reducing Samples of Aggregate to Testing
Size

D420 Guide to Site Characterization for Engineering Design
and Construction Purposes (Withdrawn 2011)4

D422 Test Method for Particle-Size Analysis of Soils
D653 Terminology Relating to Soil, Rock, and Contained

Fluids

1 This practice is under the jurisdiction of ASTM Committee D18 on Soil and
Rock and is the direct responsibility of Subcommittee D18.07 on Identification and
Classification of Soils.

Current edition approved May 1, 2011. Published June 2011. Originally
approved in 1966. Last previous edition approved in 2010 as D2487 – 10. DOI:
10.1520/D2487-11.

2 Casagrande, A., “Classification and Identification of Soils,” Transactions,
ASCE, 1948 , p. 901.

3 For referenced ASTM standards, visit the ASTM website, www.astm.org, or
contact ASTM Customer Service at service@astm.org. For Annual Book of ASTM
Standards volume information, refer to the standard’s Document Summary page on
the ASTM website.

4 The last approved version of this historical standard is referenced on
www.astm.org.

*A Summary of Changes section appears at the end of this standard
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D1140 Test Methods for Amount of Material in Soils Finer
than No. 200 (75-µm) Sieve

D2216 Test Methods for Laboratory Determination of Water
(Moisture) Content of Soil and Rock by Mass

D2488 Practice for Description and Identification of Soils
(Visual-Manual Procedure)

D3740 Practice for Minimum Requirements for Agencies
Engaged in Testing and/or Inspection of Soil and Rock as
Used in Engineering Design and Construction

D4083 Practice for Description of Frozen Soils (Visual-
Manual Procedure)

D4318 Test Methods for Liquid Limit, Plastic Limit, and
Plasticity Index of Soils

D4427 Classification of Peat Samples by Laboratory Testing
D6913 Test Methods for Particle-Size Distribution (Grada-

tion) of Soils Using Sieve Analysis
E11 Specification for Woven Wire Test Sieve Cloth and Test

Sieves

3. Terminology

3.1 Definitions:
3.1.1 Except as listed below, all definitions are in accor-

dance with Terminology D653.

NOTE 4—For particles retained on a 3-in. (75-mm) U.S. standard sieve,
the following definitions are suggested:

Cobbles—particles of rock that will pass a 12-in. (300-mm) square
opening and be retained on a 3-in. (75-mm) U.S. standard sieve, and

Boulders—particles of rock that will not pass a 12-in. (300-mm) square
opening.

3.1.2 clay—soil passing a No. 200 (75-µm) U.S. standard
sieve that can be made to exhibit plasticity (putty-like proper-
ties) within a range of water contents and that exhibits
considerable strength when air dry. For classification, a clay is
a fine-grained soil, or the fine-grained portion of a soil, with a
plasticity index equal to or greater than 4, and the plot of
plasticity index versus liquid limit falls on or above the “A”
line.

3.1.3 gravel—particles of rock that will pass a 3-in. (75-
mm) sieve and be retained on a No. 4 (4.75-mm) U.S. standard
sieve with the following subdivisions:

Coarse—passes 3-in. (75-mm) sieve and retained on 3⁄4-in.
(19-mm) sieve, and

Fine—passes 3⁄4-in. (19-mm) sieve and retained on No. 4
(4.75-mm) sieve.

3.1.4 organic clay—a clay with sufficient organic content to
influence the soil properties. For classification, an organic clay
is a soil that would be classified as a clay except that its liquid
limit value after oven drying is less than 75 % of its liquid limit
value before oven drying.

3.1.5 organic silt—a silt with sufficient organic content to
influence the soil properties. For classification, an organic silt
is a soil that would be classified as a silt except that its liquid
limit value after oven drying is less than 75 % of its liquid limit
value before oven drying.

3.1.6 peat—a soil composed of vegetable tissue in various
stages of decomposition usually with an organic odor, a
dark-brown to black color, a spongy consistency, and a texture
ranging from fibrous to amorphous.

3.1.7 sand—particles of rock that will pass a No. 4 (4.75-
mm) sieve and be retained on a No. 200 (75-µm) U.S. standard
sieve with the following subdivisions:

Coarse—passes No. 4 (4.75-mm) sieve and retained on No.
10 (2.00-mm) sieve,

Medium—passes No. 10 (2.00-mm) sieve and retained on
No. 40 (425-µm) sieve, and

Fine—passes No. 40 (425-µm) sieve and retained on No.
200 (75-µm) sieve.

3.1.8 silt—soil passing a No. 200 (75-µm) U.S. standard
sieve that is nonplastic or very slightly plastic and that exhibits
little or no strength when air dry. For classification, a silt is a
fine-grained soil, or the fine-grained portion of a soil, with a
plasticity index less than 4 or if the plot of plasticity index
versus liquid limit falls below the “A” line.

3.2 Definitions of Terms Specific to This Standard:
3.2.1 coeffıcient of curvature, Cc—the ratio (D30)2/

(D10 × D60), where D60, D30, and D10 are the particle sizes
corresponding to 60, 30, and 10 % finer on the cumulative
particle-size distribution curve, respectively.

3.2.2 coeffıcient of uniformity, Cu—the ratio D60/D10, where
D60 and D10 are the particle diameters corresponding to 60 and
10 % finer on the cumulative particle-size distribution curve,
respectively.

4. Summary

4.1 As illustrated in Table 1, this classification system
identifies three major soil divisions: coarse-grained soils,
fine-grained soils, and highly organic soils. These three divi-
sions are further subdivided into a total of 15 basic soil groups.

4.2 Based on the results of visual observations and pre-
scribed laboratory tests, a soil is catalogued according to the
basic soil groups, assigned a group symbol(s) and name, and
thereby classified. The flow charts, Fig. 1 for fine-grained soils,
and Fig. 3 for coarse-grained soils, can be used to assign the
appropriate group symbol(s) and name.

5. Significance and Use

5.1 This standard classifies soils from any geographic loca-
tion into categories representing the results of prescribed
laboratory tests to determine the particle-size characteristics,
the liquid limit, and the plasticity index.

5.2 The assigning of a group name and symbol(s) along
with the descriptive information required in Practice D2488
can be used to describe a soil to aid in the evaluation of its
significant properties for engineering use.

5.3 The various groupings of this classification system have
been devised to correlate in a general way with the engineering
behavior of soils. This standard provides a useful first step in
any field or laboratory investigation for geotechnical engineer-
ing purposes.

5.4 This standard may also be used as an aid in training
personnel in the use of Practice D2488.

5.5 This standard may be used in combination with Practice
D4083 when working with frozen soils.
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NOTE 5—Notwithstanding the statements on precision and bias con-
tained in this standard: The precision of this test method is dependent on
the competence of the personnel performing it and the suitability of the
equipment and facilities used. Agencies that meet the criteria of Practice
D3740 are generally considered capable of competent and objective
testing. Users of this test method are cautioned that compliance with
Practice D3740 does not in itself assure reliable testing. Reliable testing
depends on several factors; Practice D3740 provides a means for
evaluating some of those factors.

6. Apparatus

6.1 In addition to the apparatus that may be required for
obtaining and preparing the samples and conducting the

prescribed laboratory tests, a plasticity chart, similar to Fig. 4,
and a cumulative particle-size distribution curve, similar to Fig.
5, are required.

NOTE 6—The “U” line shown on Fig. 4 has been empirically deter-
mined to be the approximate “upper limit” for natural soils. It is a good
check against erroneous data, and any test results that plot above or to the
left of it should be verified.

7. Sampling

7.1 Samples shall be obtained and identified in accordance
with a method or methods, recommended in Guide D420 or by
other accepted procedures.

TABLE 1 Soil Classification Chart

Soil Classification

Criteria for Assigning Group Symbols and Group Names Using Laboratory TestsA Group
Symbol

Group NameB

COARSE-GRAINED
SOILS

Gravels
(More than 50 %
of coarse fraction retained
on
No. 4 sieve)

Clean Gravels
(Less than 5 % finesC )

Cu $ 4 and 1 # Cc # 3D GW Well-graded gravelE

More than 50 %
retained on No. 200 sieve

Cu < 4 and/or
[Cc < 1 or Cc > 3]D

GP Poorly graded gravelE

Gravels with Fines
(More than 12 % finesC )

Fines classify as ML or
MH

GM Silty gravelE,F,G

Fines classify as CL or
CH

GC Clayey gravelE,F,G

Sands
(50 % or more of coarse
fraction passes
No. 4 sieve)

Clean Sands
(Less than 5 % finesH )

Cu $ 6 and 1 # Cc # 3D SW Well-graded sandI

Cu < 6 and/or
[Cc < 1 or Cc > 3]D

SP Poorly graded sandI

Sands with Fines
(More than 12 % finesH )

Fines classify as ML or
MH

SM Silty sandF,G,I

Fines classify as CL or
CH

SC Clayey sandF,G,I

FINE-GRAINED SOILS Silts and Clays inorganic PI > 7 and plots on or
above “A” lineJ

CL Lean clayK,L,M

50 % or more
passes the No. 200 sieve

Liquid limit
less than 50

PI < 4 or plots below “A”
lineJ

ML SiltK ,L,M

organic Liquid limit − oven dried⁄Liquid&#10

< 0.75
OL Organic clayK,L,M,N

Organic siltK,L,M,O

Silts and Clays inorganic PI plots on or above “A”
line

CH Fat clayK ,L,M

Liquid limit
50 or more

PI plots below “A” line MH Elastic siltK,L,M

organic Liquid limit − oven dried⁄Liquid&#10

< 0.75
OH Organic clayK,L,M,P

Organic siltK,L,M,Q

HIGHLY ORGANIC SOILS Primarily organic matter, dark in color, and organic odor PT Peat
A Based on the material passing the 3-in. (75-mm) sieve.
B If field sample contained cobbles or boulders, or both, add “with cobbles or boulders, or both” to group name.
C Gravels with 5 to 12 % fines require dual symbols:

GW-GM well-graded gravel with silt
GW-GC well-graded gravel with clay
GP-GM poorly graded gravel with silt
GP-GC poorly graded gravel with clay

D Cu5D 60/D10 Cc5
sD 30d2

D103D 60

E If soil contains $15 % sand, add “with sand” to group name.
F If fines classify as CL-ML, use dual symbol GC-GM, or SC-SM.
G If fines are organic, add “with organic fines” to group name.
H Sands with 5 to 12 % fines require dual symbols:

SW-SM well-graded sand with silt
SW-SC well-graded sand with clay
SP-SM poorly graded sand with silt
SP-SC poorly graded sand with clay

I If soil contains $15 % gravel, add “with gravel” to group name.
J If Atterberg limits plot in hatched area, soil is a CL-ML, silty clay.
K If soil contains 15 to <30 % plus No. 200, add “with sand” or “with gravel,” whichever is predominant.
L If soil contains $30 % plus No. 200, predominantly sand, add “sand ” to group name.
M If soil contains $30 % plus No. 200, predominantly gravel, add “gravelly” to group name.
N PI $ 4 and plots on or above “A” line.
O PI < 4 or plots below “A” line.
P PI plots on or above “A” line.
Q PI plots below “A” line.
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7.2 Test Methods D6913 provides guidance on selecting
size of specimen. Two test methods are provided in this
standard. The methods differ in the significant digits recorded
and the size of the specimen (mass) required. The method to be
used may be specified by the requesting authority; otherwise
Method A shall be performed. Whenever possible, the field
samples should have weights two to four times larger than
shown.

7.3 If the field sample or test specimen is smaller than the
minimum recommended amount, the report shall include an
appropriate remark.

8. Classification of Peat

8.1 A sample composed primarily of vegetable tissue in
various stages of decomposition and has a fibrous to amor-
phous texture, a dark-brown to black color, and an organic odor
should be designated as a highly organic soil and shall be
classified as peat, PT, and not subjected to the classification
procedures described hereafter.

8.2 If desired, classification of type of peat can be per-
formed in accordance with Classification D4427.

9. Preparation for Classification

9.1 Before a soil can be classified according to this standard,
generally the particle-size distribution of the minus 3-in.
(75-mm) material and the plasticity characteristics of the minus

No. 40 (425-µm) sieve material must be determined. See 9.8
for the specific required tests.

9.2 The preparation of the soil specimen(s) and the testing
for particle-size distribution and liquid limit and plasticity
index shall be in accordance with accepted standard proce-
dures. Two procedures for preparation of the soil specimens for
testing for soil classification purposes are given in Appendixes
X3 and X4. Appendix X3 describes the wet preparation method
and is the preferred method for cohesive soils that have never
dried out and for organic soils.

9.3 When reporting soil classifications determined by this
standard, the preparation and test procedures used shall be
reported or referenced.

9.4 Although the test procedure used in determining the
particle-size distribution or other considerations may require a
hydrometer analysis of the material, a hydrometer analysis is
not necessary for soil classification.

9.5 The percentage (by dry weight) of any plus 3-in.
(75-mm) material must be determined and reported as auxiliary
information.

9.6 The maximum particle size shall be determined (mea-
sured or estimated) and reported as auxiliary information.

9.7 When the cumulative particle-size distribution is
required, a set of sieves shall be used which include the

FIG. 1 Flow Chart for Classifying Fine-Grained Soil (50 % or More Passes No. 200 Sieve)
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following sizes (with the largest size commensurate with the
maximum particle size) with other sieve sizes as needed or
required to define the particle-size distribution:

3-in. (75-mm)
3⁄4-in. (19.0-mm)
No. 4 (4.75-mm)
No. 10 (2.00-mm)
No. 40 (425-µm)
No. 200 (75-µm)

9.8 The tests required to be performed in preparation for
classification are as follows:

9.8.1 For soils estimated to contain less than 5 % fines, a
plot of the cumulative particle-size distribution curve of the
fraction coarser than the No. 200 (75-µm) sieve is required. A
semi-log plot of percent passing versus partical-size or sieve
size/sieve number is plotted as shown in Fig. 5.

9.8.2 For soils estimated to contain 5 to 15 % fines, a
cumulative particle-size distribution curve, as described in
9.8.1, is required, and the liquid limit and plasticity index are
required.

9.8.2.1 If sufficient material is not available to determine the
liquid limit and plasticity index, the fines should be estimated
to be either silty or clayey using the procedures described in
Practice D2488 and so noted in the report.

9.8.3 For soils estimated to contain 15 % or more fines, a
determination of the percent fines, percent sand, and percent
gravel is required, and the liquid limit and plasticity index are
required. For soils estimated to contain 90 % fines or more, the
percent fines, percent sand, and percent gravel may be esti-
mated using the procedures described in Practice D2488 and so
noted in the report.

10. Preliminary Classification Procedure

10.1 Class the soil as fine-grained if 50 % or more by dry
weight of the test specimen passes the No. 200 (75-µm) sieve
and follow Section 3.1.3.

10.2 Class the soil as coarse-grained if more than 50 % by
dry weight of the test specimen is retained on the No. 200
(75-µm) sieve and follow Section 12.

11. Procedure for Classification of Fine-Grained Soils
(50 % or more by dry weight passing the No. 200 (75-
µm) sieve)

11.1 The soil is an inorganic clay if the position of the
plasticity index versus liquid limit plot, Fig. 4, falls on or above
the “A” line, the plasticity index is greater than 4, and the
presence of organic matter does not influence the liquid limit as
determined in 11.3.2.

NOTE 7—The plasticity index and liquid limit are determined on the
minus No. 40 (425 µm) sieve material.

11.1.1 Classify the soil as a lean clay, CL, if the liquid limit
is less than 50. See area identified as CL on Fig. 4.

11.1.2 Classify the soil as a fat clay, CH, if the liquid limit
is 50 or greater. See area identified as CH on Fig. 4.

NOTE 8—In cases where the liquid limit exceeds 110 or the plasticity
index exceeds 60, the plasticity chart may be expanded by maintaining the
same scale on both axes and extending the “A” line at the indicated slope.

11.1.3 Classify the soil as a silty clay, CL-ML, if the
position of the plasticity index versus liquid limit plot falls on
or above the “A” line and the plasticity index is in the range of
4 to 7. See area identified as CL-ML on Fig. 4.

11.2 The soil is an inorganic silt if the position of the
plasticity index versus liquid limit plot, Fig. 4, falls below the
“A” line or the plasticity index is less than 4, and presence of
organic matter does not influence the liquid limit as determined
in 11.3.2.

11.2.1 Classify the soil as a silt, ML, if the liquid limit is
less than 50. See area identified as ML on Fig. 4.

11.2.2 Classify the soil as an elastic silt, MH, if the liquid
limit is 50 or greater. See area identified as MH on Fig. 4.

11.3 The soil is an organic silt or clay if organic matter is
present in sufficient amounts to influence the liquid limit as
determined in 11.3.2.

11.3.1 If the soil has a dark color and an organic odor when
moist and warm, a second liquid limit test shall be performed
on a test specimen which has been oven dried at 110 6 5°C to
a constant weight, typically over night.

11.3.2 The soil is an organic silt or organic clay if the liquid
limit after oven drying is less than 75 % of the liquid limit of
the original specimen determined before oven drying.

11.3.3 Classify the soil as an organic silt or organic clay,
OL, if the liquid limit (not oven dried) is less than 50 %.
Classify the soil as an organic silt, OL, if the plasticity index
is less than 4, or the position of the plasticity index versus
liquid limit plot falls below the “A” line. Classify the soil as an
organic clay, OL, if the plasticity index is 4 or greater and the
position of the plasticity index versus liquid limit plot falls on
or above the “A” line. See area identified as OL (or CL-ML) on
Fig. 4.

11.3.4 Classify the soil as an organic clay or organic silt,
OH, if the liquid limit (not oven dried) is 50 or greater. Classify
the soil as an organic silt, OH, if the position of the plasticity
index versus liquid limit plot falls below the “A” line. Classify
the soil as an organic clay, OH, if the position of the plasticity
index versus liquid-limit plot falls on or above the “A” line.
See area identified as OH on Fig. 4.

11.4 If less than 30 % but 15 % or more of the test specimen
is retained on the No. 200 (75-µm) sieve, the words“ with
sand” or “with gravel” (whichever is predominant) shall be
added to the group name. For example, lean clay with sand,
CL; silt with gravel, ML. If the percent of sand is equal to the
percent of gravel, use “with sand.”

11.5 If 30 % or more of the test specimen is retained on the
No. 200 (75-µm) sieve, the words “sandy” or“ gravelly” shall
be added to the group name. Add the word “sandy” if 30 % or
more of the test specimen is retained on the No. 200 (75-µm)
sieve and the coarse-grained portion is predominantly sand.
Add the word “gravelly” if 30 % or more of the test specimen
is retained on the No. 200 (75-µm) sieve and the coarse-grained
portion is predominantly gravel. For example, sandy lean clay,
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CL; gravelly fat clay, CH; sandy silt, ML. If the percent of sand
is equal to the percent of gravel, use “sandy.”

12. Procedure for Classification of Coarse-Grained Soils
(more than 50 % retained on the No. 200 (75-µm) sieve)

12.1 Class the soil as gravel if more than 50 % of the coarse
fraction [plus No. 200 (75-µm) sieve] is retained on the No. 4
(4.75-mm) sieve.

12.2 Class the soil as sand if 50 % or more of the coarse
fraction [plus No. 200 (75-µm) sieve] passes the No. 4
(4.75-mm) sieve.

12.3 If 12 % or less of the test specimen passes the No. 200
(75-µm) sieve, plot the cumulative particle-size distribution,
Fig. 5, and compute the coefficient of uniformity, Cu, and
coefficient of curvature, Cc, as given in Eqs 1 and 2.

Cu 5 D60/D10 (1)

Cc 5 ~D30!
2/~D10 3 D60! (2)

where:

D10, D30, and D60 = the particle-size diameters correspond-
ing to 10, 30, and 60 %, respectively, passing on the cumula-
tive particle-size distribution curve, Fig. 5.

NOTE 9—It may be necessary to extrapolate the curve to obtain the D10
diameter.

12.3.1 If less than 5 % of the test specimen passes the No.
200 (75-µm) sieve, classify the soil as a well-graded gravel,
GW, or well-graded sand, SW, if Cu is greater than or equal to
4.0 for gravel or greater than 6.0 for sand, and Cc is at least 1.0
but not more than 3.0.

12.3.2 If less than 5 % of the test specimen passes the No.
200 (75-µm) sieve, classify the soil as poorly graded gravel,

GP, or poorly graded sand, SP, if either the Cu or the Cc
criteria for well-graded soils are not satisfied.

12.4 If more than 12 % of the test specimen passes the No.
200 (75-µm) sieve, the soil shall be considered a coarse-
grained soil with fines. The fines are determined to be either
clayey or silty based on the plasticity index versus liquid limit
plot on Fig. 4. (See 9.8.2.1 if insufficient material available for
testing) (see Note 7).

12.4.1 Classify the soil as a clayey gravel, GC, or clayey
sand, SC, if the fines are clayey, that is, the position of the
plasticity index versus liquid limit plot, Fig. 4, falls on or above
the “A” line and the plasticity index is greater than 7.

12.4.2 Classify the soil as a silty gravel, GM, or silty sand,
SM, if the fines are silty, that is, the position of the plasticity
index versus liquid limit plot, Fig. 4, falls below the “A” line
or the plasticity index is less than 4.

12.4.3 If the fines plot as a silty clay, CL-ML, classify the
soil as a silty, clayey gravel, GC-GM, if it is a gravel or a silty
, clayey sand, SC-SM, if it is a sand.

12.5 If 5 to 12 % of the test specimen passes the No. 200
(75-µm) sieve, give the soil a dual classification using two
group symbols.

12.5.1 The first group symbol shall correspond to that for a
gravel or sand having less than 5 % fines (GW, GP, SW, SP),
and the second symbol shall correspond to a gravel or sand
having more than 12 % fines (GC, GM, SC, SM).

12.5.2 The group name shall correspond to the first group
symbol plus “with clay” or “with silt” to indicate the plasticity
characteristics of the fines. For example, well-graded gravel
with clay, GW-GC; poorly graded sand with silt, SP-SM (See
9.8.2.1 if insufficient material available for testing).

FIG. 2 Flow Chart for Classifying Organic Fine-Grained Soil (50 % or More Passes No. 200 Sieve)
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FIG. 3 Flow Chart for Classifying Coarse-Grained Soils (More Than 50 % Retained on No. 200 Sieve)

FIG. 4 Plasticity Chart

D2487 − 11

7Copyright by ASTM Int'l (all rights reserved);
                  
                                                               

Case 2:13-cv-03016-TOR    Document 396-1    Filed 05/19/15



NOTE 10—If the fines plot as a silty clay, CL-ML, the second group
symbol should be either GC or SC. For example, a poorly graded sand
with 10 % fines, a liquid limit of 20, and a plasticity index of 6 would be
classified as a poorly graded sand with silty clay, SP-SC.

12.6 If the specimen is predominantly sand or gravel but
contains 15 % or more of the other coarse-grained constituent,
the words “with gravel” or “with sand” shall be added to the
group name. For example, poorly graded gravel with sand,
clayey sand with gravel.

12.7 If the field sample contained any cobbles or boulders or
both, the words “with cobbles,” or “with cobbles and boulders”
shall be added to the group name. For example, silty gravel
with cobbles, GM.

13. Report

13.1 The report should include the group name, group
symbol, and the results of the laboratory tests. The particle-size
distribution shall be given in terms of percent of gravel, sand,
and fines. The plot of the cumulative particle-size distribution
curve shall be reported if used in classifying the soil. Report
appropriate descriptive information according to the proce-
dures in Practice D2488. A local or commercial name or

geologic interpretation for the material may be added at the end
of the descriptive information if identified as such. The test
procedures used shall be referenced.

NOTE 11—Example: Clayey Gravel with Sand and Cobbles (GC)—
46 % fine to coarse, hard, subrounded gravel; 30 % fine to coarse, hard,
subrounded sand; 24 % clayey fines, LL = 38, PI = 19; weak reaction with
HCl; original field sample had 4 % hard, subrounded cobbles; maximum
dimension 150 mm.

In-Place Conditions—firm, homogeneous, dry, brown,
Geologic Interpretation—alluvial fan.

NOTE 12—Other examples of soil descriptions are given in Appendix
X1.

14. Precision and Bias

14.1 Criteria for acceptability depends on the precision and
bias of Test Methods D422, D1140 and D4318.

15. Keywords

15.1 Atterberg limits; classification; clay; gradation; gravel;
laboratory classification; organic soils; sand; silt; soil classifi-
cation; soil tests

FIG. 5 Cumulative Particle-Size Plot
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APPENDIXES

(Nonmandatory Information)

X1. EXAMPLES OF DESCRIPTIONS USING SOIL CLASSIFICATION

X1.1 The following examples show how the information
required in 13.1 can be reported. The appropriate descriptive
information from Practice D2488 is included for illustrative
purposes. The additional descriptive terms that would accom-
pany the soil classification should be based on the intended use
of the classification and the individual circumstances.

X1.1.1 Well-Graded Gravel with Sand (GW)—73 % fine to
coarse, hard, subangular gravel; 23 % fine to coarse, hard,
subangular sand; 4 % fines; Cc = 2.7, Cu = 12.4.

X1.1.2 Silty Sand with Gravel (SM)—61 % predominantly
fine sand; 23 % silty fines, LL = 33, PI = 6; 16 % fine, hard,
subrounded gravel; no reaction with HCl; (field sample smaller
than recommended). In-Place Conditions—Firm, stratified and
contains lenses of silt 1 to 2 in. thick, moist, brown to gray;
in-place density = 106 lb/ft3 and in-place moisture = 9 %.

X1.1.3 Organic Clay (OL)—100 % fines, LL (not
dried) = 32, LL (oven dried) = 21, PI (not dried) = 10; wet,
dark brown, organic odor, weak reaction with HCl.

X1.1.4 Silty Sand with Organic Fines (SM)—74 % fine to
coarse, hard, subangular reddish sand; 26 % organic and silty
dark-brown fines, LL (not dried) = 37, LL (oven dried) = 26, PI
(not dried) = 6, wet, weak reaction with HCl.

X1.1.5 Poorly Graded Gravel with Silt, Sand, Cobbles and
Boulders (GP-GM)—78 % fine to coarse, hard, subrounded to
subangular gravel; 16 % fine to coarse, hard, subrounded to
subangular sand; 6 % silty (estimated) fines; moist, brown; no
reaction with HCl; original field sample had 7 % hard, sub-
rounded cobbles and 2 % hard, subrounded boulders with a
maximum dimension of 18 in.

X2. USING SOIL CLASSIFICATION AS A DESCRIPTIVE SYSTEM FOR SHALE, CLAYSTONE, SHELLS, SLAG, CRUSHED
ROCK, ETC.

X2.1 The group names and symbols used in this standard
may be used as a descriptive system applied to materials that
exist in situ as shale, claystone, sandstone, siltstone, mudstone,
etc., but convert to soils after field or laboratory processing
(crushing, slaking, etc.).

X2.2 Materials such as shells, crushed rock, slag, etc.,
should be identified as such. However, the procedures used in
this standard for describing the particle size and plasticity
characteristics may be used in the description of the material.
If desired, a classification in accordance with this standard may
be assigned to aid in describing the material.

X2.3 If a classification is used, the group symbol(s) and
group names should be placed in quotation marks or noted with
some type of distinguishing symbol. See examples.

X2.4 Examples of how soil classifications could be incor-
porated into a description system for materials that
are not naturally occurring soils are as follows:

X2.4.1 Shale Chunks—Retrieved as 2- to 4-in. pieces of
shale from power auger hole, dry, brown, no reaction with HCl.

After laboratory processing by slaking in water for 24 h,
material classified as “Sandy Lean Clay (CL)”—61 % clayey
fines, LL = 37, PI = 16; 33 % fine to medium sand; 6 %
gravel-size pieces of shale.

X2.4.2 Crushed Sandstone—Product of commercial crush-
ing operation; “Poorly Graded Sand with Silt (SP-SM)”—91 %
fine to medium sand; 9 % silty (estimated) fines; dry, reddish-
brown, strong reaction with HCl.

X2.4.3 Broken Shells—65 % gravel-size broken shells;
31 % sand and sand-size shell pieces; 4 % fines; Cc = 2.4,
Cu = 1.9; would be classified as “Poorly Graded Gravel with

Sand (GP)”.

X2.4.4 Crushed Rock—Processed gravel and cobbles from
Pit No. 7; “Poorly Graded Gravel (GP)”—89 % fine, hard,
angular gravel-size particles; 11 % coarse, hard, angular sand-
size particles, dry, tan; no reaction with HCl; Cc = 2.4,
Cu = 0.9.
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X3. PREPARATION AND TESTING FOR CLASSIFICATION PURPOSES BY THE WET METHOD

X3.1 This appendix describes the steps in preparing a soil
sample for testing for purposes of soil classification using a
wet-preparation procedure.

X3.2 Samples prepared in accordance with this procedure
should contain as much of their natural water content as
possible and every effort should be made during obtaining,
preparing, and transportating the samples to maintain the
natural moisture.

X3.3 The procedures to be followed in this standard assume
that the field sample contains fines, sand, gravel, and plus 3-in.
(75-mm) particles and the cumulative particle-size distribution
plus the liquid limit and plasticity index values are required
(see 9.8). Some of the following steps may be omitted when
they are not applicable to the soil being tested.

X3.4 If the soil contains plus No. 200 (75-µm) particles that
would degrade during dry sieving, use a test procedure for
determining the particle-size characteristics that prevents this
degradation.

X3.5 Since this classification system is limited to the
portion of a sample passing the 3-in. (75-mm) sieve, the plus
3-in. (75-mm) material shall be removed prior to the determi-
nation of the particle-size characteristics and the liquid limit
and plasticity index.

X3.6 The portion of the field sample finer than the 3-in.
(75-mm) sieve shall be obtained as follows:

X3.6.1 Separate the field sample into two fractions on a
3-in. (75-mm) sieve, being careful to maintain the natural water
content in the minus 3-in. (75-mm) fraction. Any particles
adhering to the plus 3-in. (75-mm) particles shall be brushed or
wiped off and placed in the fraction passing the 3-in. (75-mm)
sieve.

X3.6.2 Determine the air-dry or oven-dry weight of the
fraction retained on the 3-in. (75-mm) sieve. Determine the
total (wet) weight of the fraction passing the 3-in. (75-mm)
sieve.

X3.6.3 Thoroughly mix the fraction passing the 3-in. (75-
mm) sieve. Determine the water content, in accordance with
Test Method D2216, of a representative specimen with a
minimum dry weight as required in 7.2. Save the water-content
specimen for determination of the particle-size analysis in
accordance with X3.8.

X3.6.4 Compute the dry weight of the fraction passing the
3-in. (75-mm) sieve based on the water content and total (wet)
weight. Compute the total dry weight of the sample and
calculate the percentage of material retained on the 3-in.
(75-mm) sieve.

X3.7 Determine the liquid limit and plasticity index as
follows:

X3.7.1 If the soil disaggregates readily, mix on a clean, hard
surface and select a representative sample by quartering in
accordance with Practice C702.

X3.7.1.1 If the soil contains coarse-grained particles coated
with and bound together by tough clayey material, take
extreme care in obtaining a representative portion of the No. 40
(425-µm) fraction. Typically, a larger portion than normal has
to be selected, such as the minimum weights required in 7.2.

X3.7.1.2 To obtain a representative specimen of a basically
cohesive soil, it may be advantageous to pass the soil through
a 3⁄4-in. (19-mm) sieve or other convenient size so the material
can be more easily mixed and then quartered or split to obtain
the representative specimen.

X3.7.2 Process the representative specimen in accordance
with the Wet Preparation Method in Test Method D4318.

X3.7.3 Perform the liquid-limit test in accordance with Test
Method D4318, except the soil shall not be air dried prior to the
test.

X3.7.4 Perform the plastic-limit test in accordance with Test
Method D4318, except the soil shall not be air dried prior to the
test, and calculate the plasticity index.

X3.8 Determine the particle-size distribution as follows:

X3.8.1 If the water content of the fraction passing the 3-in.
(75-mm) sieve was required (X3.6.3), use the water-content
specimen for determining the particle-size distribution.
Otherwise, select a representative specimen in accordance with
Practice C702 with a minimum dry weight as required in 7.2.

X3.8.2 If the cumulative particle-size distribution including
a hydrometer analysis is required, determine the particle-size
distribution in accordance with Test Method D422. See 9.7 for
the set of required sieves.

X3.8.3 If the cumulative particle-size distribution without a
hydrometer analysis is required, determine the particle-size
distribution in accordance with Test Method C136. See 9.7 for
the set of required sieves. The specimen should be soaked until
all clayey aggregations have softened and then washed in
accordance with Test Method C117 prior to performing the
particle-size distribution.

X3.8.4 If the cumulative particle-size distribution is not
required, determine the percent fines, percent sand, and percent
gravel in the specimen in accordance with Test Method C117,
being sure to soak the specimen long enough to soften all
clayey aggregations, followed by Test Method C136 using a
nest of sieves which shall include a No. 4 (4.75-mm) sieve and
a No. 200 (75-µm) sieve.

X3.8.5 Calculate the percent fines, percent sand, and per-
cent gravel in the minus 3-in. (75-mm) fraction for classifica-
tion purposes.
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X4. AIR-DRIED METHOD OF PREPARATION OF SOILS FOR TESTING FOR CLASSIFICATION PURPOSES

X4.1 This appendix describes the steps in preparing a soil
sample for testing for purposes of soil classification when
air-drying the soil before testing is specified or desired or when
the natural moisture content is near that of an air-dried state.

X4.2 If the soil contains organic matter or mineral colloids
that are irreversibly affected by air drying, the wet-preparation
method as described in Appendix X3 should be used.

X4.3 Since this classification system is limited to the
portion of a sample passing the 3-in. (75-mm) sieve, the plus
3-in. (75-mm) material shall be removed prior to the determi-
nation of the particle-size characteristics and the liquid limit
and plasticity index.

X4.4 The portion of the field sample finer than the 3-in.
(75-mm) sieve shall be obtained as follows:

X4.4.1 Air dry and weigh the field sample.

X4.4.2 Separate the field sample into two fractions on a
3-in. (75-mm) sieve.

X4.4.3 Weigh the two fractions and compute the percentage
of the plus 3-in. (75-mm) material in the field sample.

X4.5 Determine the particle-size distribution and liquid
limit and plasticity index as follows (see 9.8 for when these
tests are required):

X4.5.1 Thoroughly mix the fraction passing the 3-in. (75-
mm) sieve.

X4.5.2 If the cumulative particle-size distribution including
a hydrometer analysis is required, determine the particle-size
distribution in accordance with Test Method D422. See 9.7 for
the set of sieves that is required.

X4.5.3 If the cumulative particle-size distribution without a
hydrometer analysis is required, determine the particle-size
distribution in accordance with Test Method D1140 followed
by Test Method C136. See 9.7 for the set of sieves that is
required.

X4.5.4 If the cumulative particle-size distribution is not
required, determine the percent fines, percent sand, and percent
gravel in the specimen in accordance with Test Method D1140
followed by Test Method C136 using a nest of sieves which
shall include a No. 4 (4.75-mm) sieve and a No. 200 (75-µm)
sieve.

X4.5.5 If required, determine the liquid limit and the plas-
ticity index of the test specimen in accordance with Test
Method D4318.

X5. ABBREVIATED SOIL CLASSIFICATION SYMBOLS

X5.1 In some cases, because of lack of space, an abbrevi-
ated system may be useful to indicate the soil classification
symbol and name. Examples of such cases would be graphical
logs, databases, tables, etc.

X5.2 This abbreviated system is not a substitute for the full
name and descriptive information but can be used in supple-
mentary presentations when the complete description is refer-
enced.

X5.3 The abbreviated system should consist of the soil
classification symbol based on this standard with appropri-
ate lower case letter prefixes and suffixes as:

Prefix Suffix
s = sandy s = with sand
g = gravelly g = with gravel

c = cobbles
b = boulders

X5.4 The soil classification symbol is to be enclosed in
parentheses. Some examples would be:

Group Symbol and Full Name Abbreviated
CL, Sandy lean clay s(CL)
SP-Sm, Poorly graded sand with silt and
gravel

(SP-SM)g

GP, poorly graded gravel with sand,
cobbles, and
boulders

(GP)scb

ML, gravelly silt with sand and cobbles g(ML)sc
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SUMMARY OF CHANGES

Committee D18 has identified the location of selected changes to this practice since the last issue, D2487–10,
that may impact the use of this practice. (Approved May 1, 2011.)

(1) Deleted reference to Practice D2217 in 11.3.2 and X3.7.2.

ASTM International takes no position respecting the validity of any patent rights asserted in connection with any item mentioned
in this standard. Users of this standard are expressly advised that determination of the validity of any such patent rights, and the risk
of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM International Headquarters. Your comments will receive careful consideration at a meeting of the
responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should
make your views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
United States. Individual reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above
address or at 610-832-9585 (phone), 610-832-9555 (fax), or service@astm.org (e-mail); or through the ASTM website
(www.astm.org). Permission rights to photocopy the standard may also be secured from the ASTM website (www.astm.org/
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Designation: D4318 − 10´1

Standard Test Methods for
Liquid Limit, Plastic Limit, and Plasticity Index of Soils1

This standard is issued under the fixed designation D4318; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (´) indicates an editorial change since the last revision or reapproval.

This standard has been approved for use by agencies of the U.S. Department of Defense.

ε1 NOTE—Editorial corrections made throughout in January 2014.

1. Scope*

1.1 These test methods cover the determination of the liquid
limit, plastic limit, and the plasticity index of soils as defined
in Section 3 on Terminology.

1.2 Two methods for preparing test specimens are provided
as follows: Wet preparation method, as described in 10.1. Dry
preparation method, as described in 10.2. The method to be
used shall be specified by the requesting authority. If no
method is specified, use the wet preparation method.

1.2.1 The liquid and plastic limits of many soils that have
been allowed to dry before testing may be considerably
different from values obtained on non-dried samples. If the
liquid and plastic limits of soils are used to correlate or
estimate the engineering behavior of soils in their natural moist
state, samples should not be permitted to dry before testing
unless data on dried samples are specifically desired.

1.3 Two methods for determining the liquid limit are pro-
vided as follows: Method A, Multipoint test as described in
Sections 11 and 12. Method B, One-point test as described in
Sections 13 and 14. The method to be used shall be specified
by the requesting authority. If no method is specified, use
Method A.

1.3.1 The multipoint liquid limit method is generally more
precise than the one-point method. It is recommended that the
multipoint method be used in cases where test results may be
subject to dispute, or where greater precision is required.

1.3.2 Because the one-point method requires the operator to
judge when the test specimen is approximately at its liquid
limit, it is particularly not recommended for use by inexperi-
enced operators.

1.3.3 The correlation on which the calculations of the
one-point method are based may not be valid for certain soils,
such as organic soils or soils from a marine environment. It is

strongly recommended that the liquid limit of these soils be
determined by the multipoint method.

1.4 The plastic limit test is performed on material prepared
for the liquid limit test.

1.5 The liquid limit and plastic limit of soils (along with the
shrinkage limit) are often collectively referred to as the
Atterberg limits. These limits distinguished the boundaries of
the several consistency states of plastic soils.

1.6 The composition and concentration of soluble salts in a
soil affect the values of the liquid and plastic limits as well as
the water content values of soils (see Test Method D4542).
Special consideration should therefore be given to soils from a
marine environment or other sources where high soluble salt
concentrations may be present. The degree to which the salts
present in these soils are diluted or concentrated must be given
careful consideration.

1.7 The methods described herein are performed only on
that portion of a soil that passes the 425-µm (No. 40) sieve.
Therefore, the relative contribution of this portion of the soil to
the properties of the sample as a whole must be considered
when using these tests to evaluate properties of a soil.

1.8 The values stated in SI units are to be regarded as the
standard, except as noted below. The values given in parenthe-
ses are for information only.

1.8.1 The standard units for the resilience tester covered in
Annex A1 are inch-pound, not SI. The SI values given are for
information only.

1.9 All observed and calculated values shall conform to the
guidelines for significant digits and rounding established in
Practice D6026.

1.9.1 For purposes of comparing a measured or calculated
value(s) with specified limits, the measured or calculated
value(s) shall be rounded to the nearest decimal or significant
digits in the specified limits

1.9.2 The procedures used to specify how data are collected/
recorded or calculated, in this standard are regarded as the
industry standard. In addition, they are representative of the
significant digits that generally should be retained. The proce-
dures do not consider material variation, purpose for obtaining

1 These test methods are under the jurisdiction of ASTM Committee D18 on Soil
and Rock and are the direct responsibility of Subcommittee D18.03 on Texture,
Plasticity and Density Characteristics of Soils.

Current edition approved Jan. 15, 2010. Published March 2010. Originally
approved in 1983. Last previous edition approved in 2005 as D4318 – 05. DOI:
10.1520/D4318-10E01.

*A Summary of Changes section appears at the end of this standard
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the data, special purpose studies, or any considerations for the
user’s objectives; and it is common practice to increase or
reduce significant digits of reported data to be commensurate
with these considerations. It is beyond the scope of this
standard to consider significant digits used in analysis methods
for engineering design.

1.10 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:2

C702 Practice for Reducing Samples of Aggregate to Testing
Size

D75 Practice for Sampling Aggregates
D420 Guide to Site Characterization for Engineering Design

and Construction Purposes (Withdrawn 2011)3

D653 Terminology Relating to Soil, Rock, and Contained
Fluids

D1241 Specification for Materials for Soil-Aggregate
Subbase, Base, and Surface Courses

D2216 Test Methods for Laboratory Determination of Water
(Moisture) Content of Soil and Rock by Mass

D2487 Practice for Classification of Soils for Engineering
Purposes (Unified Soil Classification System)

D3282 Practice for Classification of Soils and Soil-
Aggregate Mixtures for Highway Construction Purposes

D3740 Practice for Minimum Requirements for Agencies
Engaged in Testing and/or Inspection of Soil and Rock as
Used in Engineering Design and Construction

D4542 Test Method for Pore Water Extraction and Determi-
nation of the Soluble Salt Content of Soils by Refracto-
meter

D4753 Guide for Evaluating, Selecting, and Specifying Bal-
ances and Standard Masses for Use in Soil, Rock, and
Construction Materials Testing

D6026 Practice for Using Significant Digits in Geotechnical
Data

E11 Specification for Woven Wire Test Sieve Cloth and Test
Sieves

E177 Practice for Use of the Terms Precision and Bias in
ASTM Test Methods

E691 Practice for Conducting an Interlaboratory Study to
Determine the Precision of a Test Method

3. Terminology

3.1 Definitions:
3.1.1 For common definitions of terms in this standard, refer

to Terminology D653.

3.1.2 Atterberg Limits—Originally, six “limits of consis-
tency” of fine-grained soils were defined by Albert Atterberg:
the upper limit of viscous flow, the liquid limit, the sticky limit,
the cohesion limit, the plastic limit, and the shrinkage limit. In
current engineering usage, the term usually refers only to the
liquid limit, plastic limit, and in some references, the shrinkage
limit.

3.1.3 consistency—the relative ease with which a soil can be
deformed.

3.1.4 liquid limit (LL, wL)—the water content, in percent, of
a soil at the arbitrarily defined boundary between the semi-
liquid and plastic states.

3.1.4.1 Discussion—The undrained shear strength of soil at
the liquid limit is considered to be approximately 2 kPa (0.28
psi).

3.1.5 plastic limit (PL, wp)—the water content, in percent, of
a soil at the boundary between the plastic and semi-solid states.

3.1.6 plastic soil—a soil which has a range of water content
over which it exhibits plasticity and which will retain its shape
on drying.

3.1.7 plasticity index (PI)—the range of water content over
which a soil behaves plastically. Numerically, it is the differ-
ence between the liquid limit and the plastic limit.

3.1.8 liquidity index—the ratio, expressed as a percentage of
(1) the water content of a soil minus its plastic limit, to (2) its
plasticity index.

3.1.9 activity number (A)—the ratio of (1) the plasticity
index of a soil to (2) the percent by mass of particles having an
equivalent diameter smaller than 2 µm.

4. Summary of Test Method

4.1 The specimen is processed to remove any material
retained on a 425-µm (No. 40) sieve. The liquid limit is
determined by performing trials in which a portion of the
specimen is spread in a brass cup, divided in two by a grooving
tool, and then allowed to flow together from the shocks caused
by repeatedly dropping the cup in a standard mechanical
device. The multipoint liquid limit, Method A, requires three or
more trials over a range of water contents to be performed and
the data from the trials plotted or calculated to make a
relationship from which the liquid limit is determined. The
one-point liquid limit, Method B, uses the data from two trials
at one water content multiplied by a correction factor to
determine the liquid limit.

4.2 The plastic limit is determined by alternately pressing
together and rolling into a 3.2-mm (1⁄8-in.) diameter thread a
small portion of plastic soil until its water content is reduced to
a point at which the thread crumbles and can no longer be
pressed together and re-rolled. The water content of the soil at
this point is reported as the plastic limit.

4.3 The plasticity index is calculated as the difference
between the liquid limit and the plastic limit.

5. Significance and Use

5.1 These test methods are used as an integral part of several
engineering classification systems to characterize the fine-
grained fractions of soils (see Practices D2487 and D3282) and

2 For referenced ASTM standards, visit the ASTM website, www.astm.org, or
contact ASTM Customer Service at service@astm.org. For Annual Book of ASTM
Standards volume information, refer to the standard’s Document Summary page on
the ASTM website.

3 The last approved version of this historical standard is referenced on
www.astm.org.
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to specify the fine-grained fraction of construction materials
(see Specification D1241). The liquid limit, plastic limit, and
plasticity index of soils are also used extensively, either
individually or together, with other soil properties to correlate
with engineering behavior such as compressibility, hydraulic
conductivity (permeability), compactibility, shrink-swell, and
shear strength.

5.2 The liquid and plastic limits of a soil and its water
content can be used to express its relative consistency or
liquidity index. In addition, the plasticity index and the
percentage finer than 2-µm particle size can be used to
determine its activity number.

5.3 These methods are sometimes used to evaluate the
weathering characteristics of clay-shale materials. When sub-
jected to repeated wetting and drying cycles, the liquid limits
of these materials tend to increase. The amount of increase is
considered to be a measure of a shale’s susceptibility to
weathering.

5.4 The liquid limit of a soil containing substantial amounts
of organic matter decreases dramatically when the soil is
oven-dried before testing. Comparison of the liquid limit of a
sample before and after oven-drying can therefore be used as a
qualitative measure of organic matter content of a soil (see
Practice D2487.

NOTE 1—The quality of the result produced by this standard is
dependent on the competence of the personnel performing it and the
suitability of the equipment and facilities used. Agencies that meet the
criteria of Practice D3740, generally, are considered capable of competent
and objective testing/sampling/inspection/etc. Users of this standard are
cautioned that compliance with Practice D3740 does not in itself assure
reliable results. Reliable results depend on many factors; Practice D3740

provides a means of evaluating some of those factors.

6. Apparatus

6.1 Liquid Limit Device—A mechanical device consisting of
a brass cup suspended from a carriage designed to control its
drop onto the surface of a block of resilient material that serves
as the base of the device. Fig. 1 shows the essential features
and critical dimensions of the device. The device may be
operated by either a hand crank or electric motor.

6.1.1 Base—A block of material having a resilience rebound
of at least 77 % but no more than 90 %. Conduct resilience
tests on the finished base with the feet attached. Details for
measuring the resilience of the base are given in Annex A1.

6.1.2 Rubber Feet, supporting the base, designed to provide
dynamic isolation of the base from the work surface.

6.1.3 Cup, brass, with a mass, including cup hanger, of 185
to 215 g.

6.1.4 Cam—Designed to raise the cup smoothly and con-
tinuously to its maximum height, over a distance of at least
180° of cam rotation, without developing an upward or
downward velocity of the cup when the cam follower leaves
the cam. (The preferred cam motion is a uniformly accelerated
lift curve.)

NOTE 2—The cam and follower design in Fig. 1 is for uniformly
accelerated (parabolic) motion after contact and assures that the cup has
no velocity at drop off. Other cam designs also provide this feature and
may be used. However, if the cam-follower lift pattern is not known, zero
velocity at drop off can be assured by carefully filing or machining the
cam and follower so that the cup height remains constant over the last 20
to 45° of cam rotation.

6.1.5 Carriage, constructed in a way that allows convenient
but secure adjustment of the height-of-drop of the cup to 10

FIG. 1 Hand-Operated Liquid Limit Device
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mm (0.394 in.), and designed such that the cup and cup hanger
assembly is only attached to the carriage by means of a
removable pin. See Fig. 2 for definition and determination of
the height-of-drop of the cup.

6.1.6 Motor Drive (Optional)—As an alternative to the hand
crank shown in Fig. 1, the device may be equipped with a
motor to turn the cam. Such a motor must turn the cam at
2 6 0.1 revolutions per second and must be isolated from the
rest of the device by rubber mounts or in some other way that
prevents vibration from the motor being transmitted to the rest
of the apparatus. It must be equipped with an ON-OFF switch
and a means of conveniently positioning the cam for height-
of-drop adjustments. The results obtained using a motor-driven
device must not differ from those obtained using a manually
operated device.

6.2 Flat Grooving Tool—A tool made of plastic or
noncorroding-metal having the dimensions shown in Fig. 3.
The design of the tool may vary as long as the essential
dimensions are maintained. The tool may, but need not,
incorporate the gauge for adjusting the height-of-drop of the
liquid limit device.

NOTE 3—Prior to the adoption of this test method, a curved grooving
tool was specified as part of the apparatus for performing the liquid limit
test. The curved tool is not considered to be as accurate as the flat tool
described in 6.2 since it does not control the depth of the soil in the liquid
limit cup. However, there are some data which indicate that typically the
liquid limit is slightly increased when the flat tool is used instead of the
curved tool.

6.3 Gauge—A metal gauge block for adjusting the height-
of-drop of the cup, having the dimensions shown in Fig. 4. The
design of the tool may vary provided the gauge will rest
securely on the base without being susceptible to rocking, and
the edge which contacts the cup during adjustment is straight,
at least 10 mm (3⁄8 in.) wide, and without bevel or radius.

6.4 Water Content Containers—Small corrosion-resistant
containers with snug-fitting lids for water content specimens.
Aluminum or stainless steel cans 2.5 cm (1 in.) high by 5 cm
(2 in.) in diameter are appropriate.

6.5 Balance, conforming to Guide D4753, Class GP1 (read-
ability of 0.01 g).

6.6 Mixing and Storage Container—A container to mix the
soil specimen (material) and store the prepared material.

During mixing and storage, the container shall not contaminate
the material in any way, and prevent moisture loss during
storage. A porcelain, glass, or plastic dish about 11.4 cm (41⁄2
in.) in diameter and a plastic bag large enough to enclose the
dish and be folded over is adequate.

6.7 Plastic Limit:
6.7.1 Ground Glass Plate—A ground glass plate of suffi-

cient size for rolling plastic limit threads.
6.7.2 Plastic Limit-Rolling Device (optional)—A device

made of acrylic conforming to the dimensions shown in Fig.
5.4,5 The type of unglazed paper attached to the top and bottom
plate (see 16.2.2) shall be such that it does not add foreign
matter (fibers, paper fragments, etc.) to the soil during the
rolling process.

6.8 Spatula—A spatula or pill knife having a blade about 2
cm (3⁄4 in.) wide, and about 10 to 13 cm (3 to 4 in.) long.

6.9 Sieve(s)—A 200-mm (8-in.) diameter, 425-µm (No. 40)
sieve conforming to the requirements of Specification E11 and
having a rim at least 5 cm (2 in.) above the mesh. A 2.00-mm
(No. 10) sieve meeting the same requirements may also be
needed.

6.10 Wash Bottle, or similar container for adding controlled
amounts of water to soil and washing fines from coarse
particles.

6.11 Drying Oven, thermostatically controlled, preferably of
the forced-draft type, capable of continuously maintaining a
temperature of 110 6 5°C (230 6 9°F) throughout the drying
chamber.

6.12 Washing Pan, round, flat-bottomed, at least 7.6 cm (3
in.) deep, and slightly larger at the bottom than a 20.3-cm
(8-in.) diameter sieve.

7. Reagents and Materials

7.1 Purity of Water—Where distilled water is referred to in
this test method, either distilled or demineralized water may be
used. See Note 7 covering the use of tap water.

4 The plastic limit-rolling device is covered by a patent (U.S. Patent No.
5,027,660).5 Interested parties are invited to submit information regarding the
identification of an alternative(s) to this patented item to ASTM Headquarters. Your
comments will receive careful consideration at a meeting of the responsible
subcommittee, which you may attend.

FIG. 2 Calibration for Height-of-Drop
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8. Sampling and Specimen

8.1 Samples may be taken from any location that satisfies
testing needs. However, Practices C702 and D75 and Guide
D420 should be used as guides for selecting and preserving
samples from various types of sampling operations. Samples in
which specimens will be prepared using the wet-preparation
method (10.1) must be kept at their as–sampled water content
prior to preparation.

8.1.1 Where sampling operations have preserved the natural
stratification of a sample, the various strata must be kept
separated and tests performed on the particular stratum of
interest with as little contamination as possible from other
strata. Where a mixture of materials will be used in

construction, combine the various components in such propor-
tions that the resultant sample represents the actual construc-
tion case.

8.1.2 Where data from these test methods are to be used for
correlation with other laboratory or field test data, use the same
material as used for those tests where possible.

8.2 Specimen—Obtain a representative portion from the
total sample sufficient to provide 150 to 200 g of material
passing the 425-µm (No. 40) sieve. Free flowing samples
(materials) may be reduced by the methods of quartering or
splitting. Non-free flowing or cohesive materials shall be
mixed thoroughly in a pan with a spatula or scoop and a
representative portion scooped from the total mass by making
one or more sweeps with a scoop through the mixed mass.

9. Calibration of Apparatus

9.1 Inspection of Wear:
9.1.1 Liquid Limit Device—Determine that the liquid limit

device is clean and in good working order. Check the following
specific points.

9.1.1.1 Wear of Base—The spot on the base where the cup
makes contact should be worn no greater than 10 mm (3⁄8 in.)
in diameter. If the wear spot is greater than this, the base can
be machined to remove the worn spot provided the resurfacing
does not make the base thinner than specified in 6.1 and the
other dimensional relationships are maintained.

FIG. 3 Grooving Tool (Optional Height-of-Drop Gauge Attached)

FIG. 4 Height-of-Drop Gauge
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9.1.1.2 Wear of Cup—Replace the cup when the grooving
tool has worn a depression in the cup 0.1 mm (0.004 in.) deep
or when the rim of the cup has been reduced to half its original
thickness. Verify that the cup is firmly attached to the cup
hanger.

9.1.1.3 Wear of Cup Hanger—Verify that the cup hanger
pivot does not bind and is not worn to an extent that allows
more than 3 mm (1⁄8 in.) side-to-side movement of the lowest
point on the rim.

9.1.1.4 Wear of Cam—The cam shall not be worn to an
extent that the cup drops before the cup hanger (cam follower)
loses contact with the cam.

9.1.1.5 Rubber Feet—The feet should prevent the base from
bouncing or sliding on the work surface. Replace rubber feet
that become hard, cracked, or brittle from age.

9.1.2 Grooving Tools—Inspect grooving tools for wear on a
frequent and regular basis. The rapidity of wear depends on the
material from which the tool is made, and the types of soils
being tested. Soils containing a large proportion of fine sand
particles may cause rapid wear of grooving tools; therefore,
when testing these materials, tools should be inspected more
frequently than for other soils.

NOTE 4—The width of the tip of grooving tools is conveniently checked
using a pocket-sized measuring magnifier equipped with a millimeter
scale. Magnifiers of this type are available from most laboratory supply
companies. The depth of the tip of grooving tools can be checked using the
depth-measuring feature of vernier calipers.

9.2 Adjustment of Height-of-Drop—Adjust the height-of-
drop of the cup so that the point on the cup that comes in
contact with the base rises to a height of 10 6 0.2 mm. See Fig.
2 for proper location of the gauge relative to the cup during
adjustment.

NOTE 5—A convenient procedure for adjusting the height-of-drop is as
follows: place a piece of masking tape across the outside bottom of the cup

parallel with the axis of the cup hanger pivot. The edge of the tape away
from the cup hanger should bisect the spot on the cup that contacts the
base. For new cups, placing a piece of carbon paper on the base and
allowing the cup to drop several times will mark the contact spot. Attach
the cup to the device and turn the crank until the cup is raised to its
maximum height. Slide the height gauge under the cup from the front, and
observe whether the gauge contacts the cup or the tape. (See Fig. 2.) If the
tape and cup are both simultaneously contacted, the height-of-drop is
ready to be checked. If not, adjust the cup until simultaneous contact is
made. Check adjustment by turning the crank at 2 revolutions per second
while holding the gauge in position against the tape and cup. If a faint
ringing or clicking sound is heard without the cup rising from the gauge,
the adjustment is correct. If no ringing is heard or if the cup rises from the
gauge, readjust the height-of-drop. If the cup rocks on the gauge during
this checking operation, the cam follower pivot is excessively worn and
the worn parts should be replaced. Always remove tape after completion
of adjustment operation.

10. Preparation of Test Specimen

10.1 Wet Preparation Method—Except where the dry
method of specimen preparation is specified (10.2), prepare the
specimen for testing as described in the following sections.

10.1.1 Material Passes the 425-µm (No. 40) Sieve:
10.1.1.1 Determine by visual and manual methods that the

specimen from 8.2 has little or no material retained on a
425-µm (No. 40) sieve. If this is the case, prepare 150 to 200
g of material by mixing thoroughly with distilled or deminer-
alized water on the glass plate or mixing dish using the spatula.
If desired, soak the material in a mixing/storage dish with a
small amount of water to soften the material before the start of
mixing. If using Method A, adjust the water content of the
material to bring it to a consistency that would require about 25
to 35 blows of the liquid limit device to close the groove (Note
6). For Method B, the number of blows should be between
about 20 and 30 blows.

10.1.1.2 If, during mixing, a small percentage of material is
encountered that would be retained on a 425-µm (No. 40)

FIG. 5 Plastic Limit-Rolling Device
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sieve, remove these particles by hand (if possible). If it is
impractical to remove the coarser material by hand, remove
small percentages (less than about 15 %) of coarser material by
working the material (having the above consistency) through a
425-µm sieve. During this procedure, use a piece of rubber
sheeting, rubber stopper, or other convenient device provided
the procedure does not distort the sieve or degrade material that
would be retained if the washing method described in 10.1.2
were used. If larger percentages of coarse material are encoun-
tered during mixing, or it is considered impractical to remove
the coarser material by the procedures just described, wash the
sample as described in 10.1.2. When the coarse particles found
during mixing are concretions, shells, or other fragile particles,
do not crush these particles to make them pass a 425-µm sieve,
but remove by hand or by washing.

10.1.1.3 Place the prepared material in the mixing/storage
dish, check its consistency (adjust if required), cover to prevent
loss of moisture, and allow to stand (cure) for at least 16 h
(overnight). After the standing period and immediately before
starting the test, thoroughly remix the soil.

NOTE 6—The time taken to adequately mix a soil will vary greatly,
depending on the plasticity and initial water content. Initial mixing times
of more than 30 min may be needed for stiff, fat clays.

10.1.2 Material Containing Particles Retained on a 425-µm
(No. 40) Sieve:

10.1.2.1 Place the specimen (see 8.2) in a pan or dish and
add sufficient water to cover the material. Allow the material to
soak until all lumps have softened and the fines no longer
adhere to the surfaces of the coarse particles (Note 7).

NOTE 7—In some cases, the cations of salts present in tap water will
exchange with the natural cations in the soil and significantly alter the test
results if tap water is used in the soaking and washing operations. Unless
it is known that such cations are not present in the tap water, distilled or
demineralized water should be used. As a general rule, water containing
more than 100 mg/L of dissolved solids should not be used for either the
soaking or washing operations.

10.1.2.2 When the material contains a large percentage of
particles retained on the 425-µm (No. 40) sieve, perform the
following washing operation in increments, washing no more
than 0.5 kg (1 lb) of material at one time. Place the 425-µm
sieve in the bottom of the clean pan. Transfer, without any loss
of material, the soil-water mixture onto the sieve. If gravel or
coarse sand particles are present, rinse as many of these as
possible with small quantities of water from a wash bottle, and
discard. Alternatively, transfer the soil-water mixture over a
2.00-mm (No. 10) sieve nested atop the 425-µm sieve, rinse the
fine material through and remove the 2.00-mm sieve. After
washing and removing as much of the coarser material as
possible, add sufficient water to the pan to bring the level to
about 13 mm (1⁄2 in.) above the surface of the 425-µm sieve.
Agitate the slurry by stirring with the fingers while raising and
lowering the sieve in the pan and swirling the suspension so
that fine material is washed from the coarser particles. Disag-
gregate fine soil lumps that have not slaked by gently rubbing
them over the sieve with the fingertips. Complete the washing
operation by raising the sieve above the water surface and
rinsing the material retained with a small amount of clean
water. Discard material retained on the 425-µm sieve.

10.1.2.3 Reduce the water content of the material passing
the 425–µm (No. 40) sieve until it approaches the liquid limit.
Reduction of water content may be accomplished by one or a
combination of the following methods: (a) exposing to air
currents at room temperature, (b) exposing to warm air currents
from a source such as an electric hair dryer, (c) decanting clear
water from surface of the suspension, (d) filtering in a Büchner
funnel or using filter candles, or (e) draining in a colander or
plaster of Paris dish lined with high retentivity,6 high wet-
strength filter paper. If a plaster of Paris dish is used, take care
that the dish never becomes sufficiently saturated that it fails to
absorb water into its surface. Thoroughly dry dish between
uses. During evaporation and cooling, stir the material often
enough to prevent over-drying of the fringes and soil pinnacles
on the surface of the mixture. For materials containing soluble
salts, use a method of water reduction (a or b) that will not
eliminate the soluble salts from the test specimen.

10.1.2.4 If applicable, remove the material retained on the
filter paper. Thoroughly mix this material or the above material
on the glass plate or in the mixing dish using the spatula.
Adjust the water content of the mixture, if necessary, by adding
small increments of distilled or demineralized water or by
allowing the mixture to dry at room temperature while mixing
on the glass plate. If using Method A, the material should be at
a water content that would require about 25 to 35 blows of the
liquid limit device to close the groove. For Method B, the
number of blows should be between about 20 and 30. Put, if
necessary, the mixed material in the storage dish, cover to
prevent loss of moisture, and allow to stand (cure) for at least
16 h. After the standing period and immediately before starting
the test, thoroughly remix the specimen.

10.2 Dry Preparation Method:
10.2.1 Dry the specimen from 8.2 at room temperature or in

an oven at a temperature not exceeding 60°C until the soil
clods will pulverize readily. Disaggregation is expedited if the
material is not allowed to completely dry. However, the
material should have a dry appearance when pulverized.

10.2.2 Pulverize the material in a mortar with a rubber-
tipped pestle or in some other way that does not cause
breakdown of individual particles. When the coarse particles
found during pulverization are concretions, shells, or other
fragile particles, do not crush these particles to make them pass
a 425-µm (No. 40) sieve, but remove by hand or other suitable
means, such as washing. If a washing procedure is used, follow
10.1.2.1 – 10.1.2.4.

10.2.3 Separate the material on a 425-µm (No. 40) sieve,
shaking the sieve by hand to assure thorough separation of the
finer fraction. Return the material retained on the 425-µm sieve
to the pulverizing apparatus and repeat the pulverizing and
sieving operations. Stop this procedure when most of the fine
material has been disaggregated and material retained on the
425-µm sieve consists of individual particles.

10.2.4 Place material retained on the 425-µm (No. 40) sieve
after the final pulverizing operations in a dish and soak in a

6 S and S 595 filter paper available in 320-mm circles has proven satisfactory. If
you are aware of alternative suppliers, please provide this information to ASTM
International Headquarters. Your comments will receive careful consideration at a
meeting of the responsible technical committee,1 which you may attend.
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small amount of water. Stir this mixture and transfer it to a
425-µm sieve, catching the water and any suspended fines in
the washing pan. Pour this suspension into a dish containing
the dry soil previously sieved through the 425-µm sieve.
Discard material retained on the 425-µm sieve.

10.2.5 Proceed as described in 10.1.2.3 and 10.1.2.4.

MULTIPOINT LIQUID LIMIT—METHOD A

11. Procedure

11.1 Thoroughly remix the specimen (soil) in its mixing
dish, and, if necessary, adjust its water content until the
consistency requires about 25 to 35 blows of the liquid limit
device to close the groove. Using a spatula, place a portion(s)
of the prepared soil in the cup of the liquid limit device at the
point where the cup rests on the base, squeeze it down, and
spread it into the cup to a depth of about 10 mm at its deepest
point, tapering to form an approximately horizontal surface.
Take care to eliminate air bubbles from the soil pat, but form
the pat with as few strokes as possible. Keep the unused soil in
the mixing/storage dish. Cover the dish with a wet towel (or
use other means) to retain the moisture in the soil.

11.2 Form a groove in the soil pat by drawing the tool,
beveled edge forward, through the soil on a line joining the
highest point to the lowest point on the rim of the cup. When
cutting the groove, hold the grooving tool against the surface of
the cup and draw in an arc, maintaining the tool perpendicular
to the surface of the cup throughout its movement. See Fig. 6.
In soils where a groove cannot be made in one stroke without
tearing the soil, cut the groove with several strokes of the
grooving tool. Alternatively, cut the groove to slightly less than

required dimensions with a spatula and use the grooving tool to
bring the groove to final dimensions. Exercise extreme care to
prevent sliding the soil pat relative to the surface of the cup.

11.3 Verify that no crumbs of soil are present on the base or
the underside of the cup. Lift and drop the cup by turning the
crank at a rate of 1.9 to 2.1 drops per second until the two
halves of the soil pat come in contact at the bottom of the
groove along a distance of 13 mm (1⁄2 in.). See Fig. 7 and Fig.
8. The base of the machine shall not be held with the hand, or
hands, while the crank is turned.

NOTE 8—Use of a scale is recommended to verify that the groove has
closed 13 mm (1⁄2 in.).

11.4 Verify that an air bubble has not caused premature
closing of the groove by observing that both sides of the groove
have flowed together with approximately the same shape. If a
bubble has caused premature closing of the groove, reform the
soil in the cup, adding a small amount of soil to make up for
that lost in the grooving operation and repeat 11.1 – 11.3. If the
soil slides on the surface of the cup, repeat 11.1 – 11.3 at a
higher water content. If, after several trials at successively
higher water contents, the soil pat continues to slide in the cup
or if the number of blows required to close the groove is always
less than 25, record that the liquid limit could not be
determined, and report the soil as nonplastic without perform-
ing the plastic limit test.

11.5 Record the number of drops, N, required to close the
groove. Remove a slice of soil approximately the width of the
spatula, extending from edge to edge of the soil cake at right

FIG. 6 Example of Grooving Tool Placed in a Properly Grooved Soil Pat
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angles to the groove and including that portion of the groove in
which the soil flowed together, place in a container of known
mass, and cover.

11.6 Return the soil remaining in the cup to the dish. Wash
and dry the cup and grooving tool and reattach the cup to the
carriage in preparation for the next trial.

11.7 Remix the entire soil specimen in the dish adding
distilled water to increase the water content of the soil and

decrease the number of blows required to close the groove.
Repeat 11.1 – 11.6 for at least two additional trials producing
successively lower numbers of blows to close the groove. One
of the trials shall be for a closure requiring 25 to 35 blows, one
for closure between 20 and 30 blows, and one trial for a closure
requiring 15 to 25 blows.

11.8 Determine the water content, Wn, of the soil specimen
from each trial in accordance with Test Methods D2216.

FIG. 7 Grooved Soil Pat in Liquid Limit Device

FIG. 8 Soil Pat After Groove Has Closed
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11.8.1 Determination of initial masses (container plus moist
soil) should be performed immediately after completion of the
test. If the test is to be interrupted for more than about 15
minutes, determine the mass of the water content specimens
already obtained at the time of the interruption.

12. Calculation

12.1 Plot the relationship between the water content, Wn,
and the corresponding number of drops, N, of the cup on a
semilogarithmic graph with the water content as ordinates on
the arithmetical scale, and the number of drops as abscissas on
a logarithmic scale. Draw the best straight line through the
three or more plotted points.

12.2 Take the water content corresponding to the intersec-
tion of the line with the 25-drop abscissa as the liquid limit of
the soil and round to the nearest whole number. Computational
methods may be substituted for the graphical method for fitting
a straight line to the data and determining the liquid limit.

ONE-POINT LIQUID LIMIT—METHOD B

13. Procedure

13.1 Proceed as described in 11.1 – 11.5 except that the
number of blows required to close the groove shall be 20 to 30.
If less than 20 or more than 30 blows are required, adjust the
water content of the soil and repeat the procedure.

13.2 Immediately after removing a water content specimen
as described in 11.5, reform the soil in the cup, adding a small
amount of soil to make up for that lost in the grooving and
water content sampling processes.

13.2.1 As an alternative to reforming the soil in the brass
cup after removing the water content specimen, the soil
remaining in the cup can be removed from the cup, remixed
with the soil in the mixing container and a new specimen
placed in the cup as described in 11.1.

13.3 Repeat 11.2 – 11.5.

13.4 If the second closing of the groove requires the same
number of drops or no more than two drops difference, secure
another water content specimen. If the difference of the number
of drops between the first and second closings of the groove is
greater than two, remix the entire specimen and repeat the
procedure, beginning at 13.1, until two successive closures
having the same number of drops or no more than two drops
difference are obtained.

NOTE 9—Excessive drying or inadequate mixing will cause the number
of blows to vary.

13.5 Determine water contents of the two specimens in
accordance with 11.8.

14. Calculation

14.1 Determine the liquid limit for each water content
specimen using one of the following equations:

LLn 5 Wn·S N
25D

0.121

or

LLn 5 k ·Wn

where:
LLn = one point liquid limit for given trial, %,
N = number of blows causing closure of the groove for

given trial,
Wn = water content for given trial, %, and
k = factor given in Table 1.

14.1.1 The liquid limit, LL, is the average of the two trial
liquid-limit values, to the nearest whole number (without the
percent designation).

14.2 If the difference between the two trial liquid-limit
values is greater than one percentage point, repeat the test as
described in 13.1 through 14.1.1.

PLASTIC LIMIT

15. Preparation of Test Specimen

15.1 Select a 20-g or more portion of soil from the material
prepared for the liquid limit test; either, after the second mixing
before the test, or from the soil remaining after completion of
the liquid limit test. Reduce the water content of the soil to a
consistency at which it can be rolled without sticking to the
hands by spreading or mixing continuously on the glass plate
or in the mixing/storage dish. The drying process may be
accelerated by exposing the soil to the air current from an
electric fan, or by blotting with paper, that does not add any
fiber to the soil. Paper such as hard surface paper toweling or
high wet-strength filter paper is adequate.

16. Procedure

16.1 From this plastic-limit specimen, select a 1.5 to 2.0 g
portion. Form the selected portion into an ellipsoidal mass.

16.2 Roll the soil mass by one of the following methods
(hand or rolling device):

16.2.1 Hand Method—Roll the mass between the palm or
fingers and the ground-glass plate with just sufficient pressure
to roll the mass into a thread of uniform diameter throughout its
length (see Note 10). The thread shall be further deformed on
each stroke so that its diameter reaches 3.2 mm (1⁄8 in.), taking
no more than 2 min (see Note 11). The amount of hand or
finger pressure required will vary greatly according to the soil
being tested, that is, the required pressure typically increases
with increasing plasticity. Fragile soils of low plasticity are
best rolled under the outer edge of the palm or at the base of the
thumb.

TABLE 1 Factors for Obtaining Liquid Limit from Water Content
and Number of Drops Causing Closure of Groove

N
(Number of Drops)

k
(Factor for Liquid Limit)

20 0.973
21 0.979
22 0.985
23 0.990
24 0.995
25 1.000
26 1.005
27 1.009
28 1.014
29 1.018
30 1.022
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NOTE 10—A normal rate of rolling for most soils should be 80 to 90
strokes per minute, counting a stroke as one complete motion of the hand
forward and back to the starting position. This rate of rolling may have to
be decreased for very fragile soils.

NOTE 11—A 3.2-mm (1⁄8-in.) diameter rod or tube is useful for frequent
comparison with the soil thread to ascertain when the thread has reached
the proper diameter.

16.2.2 Rolling Device Method—Attach smooth unglazed
paper to both the top and bottom plates of the plastic
limit-rolling device. Place the soil mass on the bottom plate at
the midpoint between the slide rails. Place the top plate in
contact with the soil mass(es). Simultaneously apply a slight
downward force and back and forth motion to the top plate so
that the top plate comes into contact with the side rails within
2 min (see Notes 10 and 12). During this rolling process, the
end(s) the soil thread(s) shall not contact the side rail(s). If this
occurs, roll a smaller mass of soil (even if it is less than that
mentioned in Section 16.1).

NOTE 12—In most cases, two soil masses (threads) can be rolled
simultaneously in the plastic limit-rolling device.

16.3 When the diameter of the thread becomes 3.2 mm,
break the thread into several pieces. Squeeze the pieces
together, knead between the thumb and first finger of each
hand, reform into an ellipsoidal mass, and re-roll. Continue this
alternate rolling to a thread 3.2 mm in diameter, gathering
together, kneading and re-rolling, until the thread crumbles
under the pressure required for rolling and the soil can no
longer be rolled into a 3.2-mm diameter thread (see Fig. 9). It
has no significance if the thread breaks into threads of shorter
length. Roll each of these shorter threads to 3.2 mm in
diameter. The only requirement for continuing the test is that
these threads can be reformed into an ellipsoidal mass and
rolled out again. The operator shall at no time attempt to
produce failure at exactly 3.2-mm diameter by allowing the

thread to reach 3.2 mm, then reducing the rate of rolling or the
hand pressure, or both, while continuing the rolling without
further deformation until the thread falls apart. It is
permissible, however, to reduce the total amount of deforma-
tion for feebly plastic soils by making the initial diameter of the
ellipsoidal mass nearer to the required 3.2-mm final diameter.
If crumbling occurs when the thread has a diameter greater
than 3.2 mm, this shall be considered a satisfactory end point,
provided the soil has been previously rolled into a thread 3.2
mm in diameter. Crumbling of the thread will manifest itself
differently with the various types of soil. Some soils fall apart
in numerous small aggregations of particles, others may form
an outside tubular layer that starts splitting at both ends. The
splitting progresses toward the middle, and finally, the thread
falls apart in many small platy particles. Fat clay soils require
much pressure to deform the thread, particularly as they
approach the plastic limit. With these soils, the thread breaks
into a series of barrel-shaped segments about 3.2 to 9.5 mm (1⁄8
to 3⁄8 in.) in length.

16.4 Gather the portions of the crumbled thread together
and place in a container of known mass. Immediately cover the
container.

16.5 Select another 1.5 to 2.0-g portion of soil from the
plastic–limit specimen and repeat the operations described in
16.1 and 16.2 until the container has at least 6 g of soil.

16.6 Repeat 16.1 – 16.5 to make another container holding
at least 6 g of soil. Determine the water content of the soil
contained in the containers in accordance with Test Methods
D2216. See 11.8.1.

17. Calculation

17.1 Compute the average of the two water contents (trial
plastic limits) and round to the nearest whole number. This

FIG. 9 Lean Clay Soil at the Plastic Limit
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value is the plastic limit, PL. Repeat the test if the difference
between the two trial plastic limits is greater than the accept-
able range for two results listed in Table 2 for single-operator
precision, that is, 1.4 percentage points; that is, (2.8 × 0.5).

PLASTICITY INDEX

18. Calculation

18.1 Calculate the plasticity index as follows:

PI 5 LL 2 PL

where:
LL = liquid limit (whole number), and
PL = plastic limit (whole number).

18.1.1 Both LL and PL are whole numbers. If either the
liquid limit or plastic limit could not be determined, or if the
plastic limit is equal to or greater than the liquid limit, report
the soil as nonplastic, NP.

19. Report: Test Data Sheet(s)/Form(s)

19.1 The terminology used to specify how data are recorded
on the test data sheet(s)/form(s), as given below, is covered in
1.9.

19.2 Record as a minimum the following information:
19.2.1 Sample/specimen identifying information, such as

project name , project number, boring number, depth (m or ft).
19.2.2 Description of sample, such as approximate maxi-

mum grain size, estimate of the percentage of sample retained
on the 425-µm (No. 40) sieve, as-received water content.

19.2.3 Details of specimen preparation, such as wet or dry
(air-dried or oven-dried), method of removing particles larger
than the 425-µm (No. 40) sieve.

19.2.4 Any special specimen selection process used, such as
removal of sand lenses from an intact (undisturbed) sample.

19.2.5 Equipment used, such as hand rolled or mechanical
rolling device for plastic limit, manual or mechanical liquid
limit device, metal or plastic grooving tool.

19.2.6 Liquid limit, plastic limit, and plasticity index to the
nearest whole number, omitting the percent designation. If the
liquid limit or plastic limit tests could not be performed, or if
the plastic limit is equal to or greater than the liquid limit,
report the soil as nonplastic, NP.

19.2.7 Procedure by which liquid limit was performed, if it
differs from the multipoint method.

20. Precision and Bias

20.1 Precision—Criteria for judging the acceptability of test
results obtained by these test methods on a range of soil types
are given in Tables 2 and 3. In performing these test methods,
Method A and the Wet Preparation Method (except soil was
air-dried) were used.

20.1.1 These estimates of precision are based on the results
of the interlaboratory program conducted by the ASTM Ref-
erence Soils and Testing Program.7 In this program, some
laboratories performed three replicate tests per soil type
(triplicate test laboratory), while other laboratories performed a
single test per soil type (single-test laboratory). A description
of the soils tested is given in 20.1.5. The precision estimates
vary with soil type and method(s) used. Judgment is required
when applying these estimates to another soil and method used
(Method A or B, or Wet or Dry Preparation Method).

20.1.2 The data in Table 2 are based on three replicate tests
performed by each triplicate test laboratory on each soil type.
The single operator and multilaboratory standard deviation
shown in Table 2, Column 4, were obtained in accordance with
Practice E691, which recommends each testing laboratory
perform a minimum of three replicate tests. Results of two
properly conducted tests performed by the same operator on
the same material, using the same equipment, and in the
shortest practical period of time should not differ by more than

7 Supporting data have been filed at ASTM International Headquarters and may
be obtained by requesting Research Report RR:D18-1013. Contact ASTM Customer
Service at service@astm.org.

TABLE 2 Summary of Test Results from Triplicate Test Laboratories (Atterberg Limits)

(1) (2) (3) (4) (5)

Soil Type
Number of Triplicate Test

Laboratories
Average ValueA (Percentage

Points)
Standard DeviationB

(Percentage Points)
Acceptable Range of Two

ResultsC (Percentage Points)

Type Test
LL PL PI LL PL PI LL PL PI LL PL PI

Single-Operator Results (Within-Laboratory Repeatability)
CH 13 13 13 59.8 20.6 39.2 0.7 0.5 0.8 2 1 2
CL 14 13 13 33.4 19.9 13.6 0.3 0.4 0.5 1 1 1
ML 12 11 11 27.4 23.4D 4.1D 0.5 0.3 0.6 2 1 2

Multilaboratory Results (Between-Laboratory Reproducibility)
CH 13 13 13 59.8 20.6 39.2 1.3 2.0 2.5 4 6 7
CL 14 13 13 33.4 19.9 13.6 1.0 1.2 1.7 3 3 5
ML 12 11 11 27.4 23.4D 4.1D 1.3 0.9 1.9 4 3 5

A The number of significant digits and decimal places presented are representative of the input data. In accordance with Practice D6026, the standard deviation and
acceptable range of results can not have more decimal places than the input data.
B Standard deviation is calculated in accordance with Practice E691 and is referred to as the 1s limit.
C Acceptable range of two results is referred to as the d2s limit. It is calculated as 21.960·œ2·1s, as defined by Practice E177. The difference between two properly
conducted tests should not exceed this limit. The number of significant digits/decimal places presented is equal to that prescribed by this test method or Practice D6026.
In addition, the value presented can have the same number of decimal places as the standard deviation, even if that result has more significant digits than the standard
deviation.
D For the ML soil, 2 out of 14 triplicate test laboratories reported the soil as nonplastic.
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the single-operator d2s limits shown in Table 2, Column 5. For
definition of d2s see Footnote C in Table 2. Results of two
properly conducted tests performed by different operators and
on different days should not differ by more than the multilabo-
ratory d2s limits shown in Table 2, Column 5.

20.1.3 In the ASTM Reference Soils and Testing Program,
many of the laboratories performed only a single test on each
soil type. This is common practice in the design and construc-
tion industry. The data for each soil type in Table 3 are based
upon the first test results from the triplicate test laboratories
and the single test results from the other laboratories. Results

of two properly conducted tests performed by two different
laboratories with different operators using different equipment
and on different days should not vary by more than the d2s
limits shown in Table 3, Column 5. The results in Table 2 and
Table 3 are dissimilar because the data sets are different.

20.1.4 Table 2 presents a rigorous interpretation of triplicate
test data in accordance with Practice E691 from pre-qualified
laboratories. Table 3 is derived from test data that represents
common practice.

20.1.5 Soil Types—Based on the multilaboratory test results,
the soils used in the program are described below in accor-
dance with Practice D2487. In addition, the local names of the
soils are given.

CH—Fat clay, CH, 99 % fines, LL=60, PI=39, grayish brown, soil had been
air dried and pulverized. Local name—Vicksburg Buckshot Clay

CL—Lean clay, CL, 89 % fines, LL=33, PI=13, gray, soil had been air dried
and pulverized. Local name—Annapolis Clay

ML—Silt, ML, 99 % fines, LL=27, PI=4, light brown, soil had been air dried
and pulverized. Local name—Vicksburg Silt

20.2 Bias—There is no acceptable reference value for these
test methods; therefore, bias cannot be determined.

21. Keywords

21.1 activity; Atterberg limits; liquid limit; plasticity index;
plastic limit

ANNEX

(Mandatory Information)

A1. RESILIENCE TESTER

A1.1 A device for measuring the resilience of liquid limit
device bases is shown in Fig. A1.1. The device consists of a
clear acrylic plastic tube and cap, a 5⁄16-in. diameter steel ball,
and a small bar magnet. The cylinder may be cemented to the
cap or threaded as shown. The small bar magnet is held in the
recess of the cap and the steel ball is fixed into the recess in the
underside of the cap with the bar magnet. The cylinder is then
turned upright and placed on the top surface of the base to be

tested. Holding the tube lightly against the liquid limit device
base with one hand, release the ball by pulling the magnet out
of the cap. Use the scale markings on the outside of the
cylinder to determine the highest point reached by the bottom
of the ball. Repeat the drop at least three times, placing the
tester in a different location for each drop. Tests should be
conducted at room temperature.

TABLE 3 Summary of Single-Test Result from Each Laboratory
(Atterberg Limits)A

(1) (2) (3) (4) (5)

Soil Type
Number of Test

Laboratories

Average Value
(Percentage

Points)

Standard
Deviation

(Percentage
Points)

Acceptable
Range of Two

Results
(Percentage

Points)
Type Test

LL PL PI LL PL PI LL PL PI
CH 24 59.9 20.4 39.5 2.1 2.7 3.1 6 7 9
CL 24 33.3 19.9 13.4 0.8 1.3 1.6 2 4 4
ML 18 27.1 23.2B 3.9B 1.3 1.2 1.8 4 3 5

A For column footnotes, see Table 3.
B For the ML soil, 6 out of 24 laboratories reported the soil as nonplastic.
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APPENDIX

(Nonmandatory Information)

X1. SAMPLE DATA SHEET

X1.1 See Fig. X1.1.

FIG. A1.1 Resilience Tester
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SUMMARY OF CHANGES

Committee D18 has identified the location of selected changes to this standard since the last issue
(D4318 – 05) that may impact the use of this standard. (Approved January 15, 2010.)

(1) Corrected 1.6 to reference D4542 and added D4542 to
Referenced Documents in Section 2.
(2) In 1.8 and 1.8.1, clarified use of SI units.
(3) Added 1.9 referencing D6026 and the use of significant
digits and renumbered 1.9 as 1.10.
(4) In 6.1 and 6.1.1 reworded the requirements for the compo-
sition of the base and removed the word “rubber.” “Rubber”
was also removed from the label in Fig. 1.
(5) In 6.1.2 removed the Durometer hardness requirement for
the rubber feet.

(6) In 6.7.1 removed the dimensional requirements for the
Ground Glass Plate.
(7) In 9.1.1.5 added guidance for replacement of rubber feet.
(8) In 11.1 changed “cup” to “dish” for consistency.
(9) In 11.3 added instruction that the base shall not be held
during testing.
(10) In 13.2 to 13.5 clarified the instructions to allow two
alternative test procedures.
(11) Section 19 was updated to comply with the D18.91
Special Memorandum on Report Section.

FIG. X1.1 Sample Data Sheet
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ASTM International takes no position respecting the validity of any patent rights asserted in connection with any item mentioned
in this standard. Users of this standard are expressly advised that determination of the validity of any such patent rights, and the risk
of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM International Headquarters. Your comments will receive careful consideration at a meeting of the
responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should
make your views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
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NATURAL RESOURCES CONSERVATION SERVICE 
CONSERVATION PRACTICE STANDARD 

WASTE STORAGE FACILITY 
(No.) 

CODE 313 

DEFINITION  

A waste storage impoundment made by 
constructing an embankment and/or 
excavating a pit or dugout, or by fabricating a 
structure.  

PURPOSE 

To temporarily store wastes such as manure, 
wastewater, and contaminated runoff as a 
storage function component of an agricultural 
waste management system.  

CONDITIONS WHERE PRACTICE APPLIES  

• Where the storage facility is a component of 
a planned agricultural waste management 
system 

• Where temporary storage is needed for 
organic wastes generated by agricultural 
production or processing 

• Where the storage facility can be 
constructed, operated and maintained 
without polluting air or water resources 

• Where site conditions are suitable for 
construction of the facility 

• To facilities utilizing embankments with an 
effective height of 35 feet or less where 
damage resulting from failure would be 
limited to damage of farm buildings, 
agricultural land, or township and country 
roads.  

• To fabricated structures including tanks, 
stacking facilities, and pond appurtenances. 

CRITERIA  

General Criteria Applicable to All Waste 
Storage Facilities. 

Laws and Regulations.  Waste storage 
facilities must be planned, designed, and 
constructed to meet all federal, state, and local 
laws and regulations.  All state and local 
permits that are applicable for the specific site 
must be met. 

Location.  To minimize the potential for 
contamination of streams, waste storage 
facilities should be located outside of 
floodplains.  However, if site restrictions 
require location within a floodplain, they shall 
be protected from inundation or damage from 
a 25-year flood event, or larger if required by 
laws, rules, and regulations. Waste storage 
facilities shall be located so the potential 
impacts from breach of embankment, 
accidental release, and liner failure are 
minimized; and separation distances are such 
that prevailing winds and landscape elements 
such as building arrangement, landforms, and 
vegetation minimize odors and protect 
aesthetic values. 

Storage Period.  The storage period is the 
maximum length of time anticipated between 
emptying events.  The minimum storage period 
shall be based on the timing required for 
environmentally safe waste utilization 
considering the climate, crops, soil, equipment, 
and local, state, and federal regulations.  

Design Storage Volume.  The design storage 
volume equal to the required storage volume 
shall consist of the total of the following as 
appropriate:  
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(a)  Manure, wastewater, and other wastes 
accumulated during the storage period 

(b)  Normal precipitation less evaporation on 
the surface area (at the design storage 
volume level) of the facility during the 
storage period 

(c)  Normal runoff from the facility's drainage 
area during the storage period 

(d)  25-year, 24-hour precipitation on the 
surface (at the required design storage 
volume level) of the facility 

(e)  25-year, 24-hour runoff from the facility's 
drainage area 

(f) Residual solids after liquids have been 
removed.  A minimum of 6 inches shall be 
provided for tanks 

(g)  Additional storage as may be required to 
meet management goals or regulatory 
requirements 

Inlet.  Inlets shall be of any permanent type 
designed to resist corrosion, plugging, freeze 
damage and ultraviolet ray deterioration while 
incorporating erosion protection as necessary. 

Emptying Component.  Some type of 
component shall be provided for emptying 
storage facilities.  It may be a facility such as a 
gate, pipe, dock, wet well, pumping platform, 
retaining wall, or ramp.  Features to protect 
against erosion, tampering, and accidental 
release shall be incorporated as necessary. 

Accumulated Solids Removal.  Provision 
shall be made for periodic removal of 
accumulated solids to preserve storage 
capacity.  The anticipated method for doing 
this must be considered in planning, 
particularly in determining the configuration of 
ponds and type of seal, if any. 

Safety.  Design shall include appropriate 
safety features to minimize the hazards of the 
facility.  Ramps used to empty liquids shall 
have a slope of 4 horizontal to 1 vertical or 
flatter.  Those used to empty slurry, semi-solid, 
or solid waste shall have a slope of 10 
horizontal to 1 vertical or flatter unless special 
traction surfaces are provided.  Warning signs, 
fences, ladders, ropes, bars, rails, and other 
devices shall be provided, as appropriate, to 
ensure the safety of humans and livestock.  
Ventilation and warning signs must be 

provided for covered waste holding structures, 
as necessary, to prevent explosion, poisoning, 
or asphyxiation.  Pipelines shall be provided 
with a water-sealed trap and vent, or similar 
device, if there is a potential, based on design 
configuration, for gases to enter buildings or 
other confined spaces.  Ponds and uncovered 
fabricated structures for liquid or slurry waste 
with walls less than 5 feet above ground 
surface shall be fenced and warning signs 
posted to prevent children and others from 
using them for other than their intended 
purpose.  

Erosion Protection.  Embankments and 
disturbed areas surrounding the facility shall 
be treated to control erosion.  

Liners.  Liners shall meet or exceed the 
criteria in Pond Sealing or Lining (PS 521). 

Additional Criteria for Waste Storage Ponds 

Location.  A separation distance of 100 feet 
for storage ponds and waste confinement 
areas from existing water wells shall be 
maintained.  A different separation distance 
will require a site specific evaluation of the 
aquifer.  In no case shall a pond be closer to a 
well than allowed by state and local 
regulations. 

Permits and Regulations.  For all waste 
storage ponds that impound 10 acre-feet or 
more of wastewater, WAC Chapter 173-175 
Dam Safety Regulation, require review and 
approval of the construction plans and 
specifications by the Washington Dam Safety 
Office (Department of Ecology).  The plans 
and specifications are reviewed for 
conformance with requirements for 
downstream hazard and dam height 
classifications; outlet, spillway and energy 
dissipater configurations; and application of 
site specific slope stability and design 
precipitation criteria.  These criteria and 
configurations are listed in “Dam Safety 
Guidelines: Part IV: Dam Design and 
Construction, Washington State Department of 
Ecology, 1993, Document #92-55D. 

The impoundment volume is used to determine 
if a structure exceeds the 10 acre-feet storage 
threshold.  The impoundment volume is the 
volume of wastewater stored behind the dam 
from the elevation measured from the lowest 

NRCS WA  
December 2004 

Case 2:13-cv-03016-TOR    Document 396-1    Filed 05/19/15



313 - 3 

point of the outside limit of the impoundment 
barrier to the maximum attainable water 
surface elevation of the reservoir pool that 
could occur during extreme operating 
conditions. 

For multiple cell waste storage ponds the 
following shall be considered in the 
determination of the impoundment volume: 

1.  Include the volume that would be released 
from one cell if an embankment were to fail, 
plus the volume that would drain from 
adjacent cells through connecting pipe 
conduits or any other type of spillways that 
would connect adjacent cells. 

2.  If the top of the embankments for adjacent 
cells are not at the same elevation, the 
breach volume shall include the total 
volume that would be released from the 
higher cell plus the total volume that would 
be released from the lower cell if the 
common embankment between the cells 
and the exterior embankment of the lower 
cell were to both fail. 

 
Soil and foundation.   

The pond shall be located in soils with an 
acceptable permeability that meets all 
applicable regulation, or the pond shall be 
lined.  Information and guidance on controlling 
seepage from waste impoundments can be 
found in the Agricultural Waste Management 
Field Handbook (AWMFH), Appendix 10D.   

Soil permeability rate of the ponds wetted 
surface shall not exceed 1x10-6 cm/s.  The 
effects of manure sealing will provide 
approximately one order of magnitude of 
additional protection resulting in a liner 
permeability of 1x 10-7 cm/s.  If the foundation 
permeability rate exceeds 1x10-6 cm/s, a 
compacted clay, amended soil liner or 
synthetic liner is required. Refer to NRCS 
Conservation Practice Standard 521A-D.  

Criteria for Evaluating the Potential of 
Waste Storage Pond Earthfill Liner Material.   

The following appropriate tests must be 
conducted for compacted earthfill liners, by 
qualified soils testing laboratory or NRCS soil 
mechanics laboratory. A number of soil 
samples may need to be tested if one sample 

is not representative of the material that is to 
be used for a Compacted Earthfill liner. 

 

1.  ASTM D 420, “Standard Guide to Site 
Characterization for Engineering, Design, 
and Construction Purposes Section 8 
“Sampling”. 

2.  ASTM D 2487, “Classification of Soils for 
Engineering Purposes” shall be followed 
to classify all samples provided for 
testing. 

3.  ASTM D 5084, “Measurement of Hydraulic 
Conductivity of Saturated Porous Material 
Using a Flexible Wall Permeameter” shall 
be conducted on soils or soil admixtures 
documenting the permeability rate of each 
sample tested with respect to the 
moisture/density of the sample. 

4.  ASTM D 698, “Test Methods for Moisture-
Density Relations of Soils and Soil-
Aggregate Mixtures using 5.5-lb Rammer 
and 12-in Drop” shall be followed. 

The data results from the tests listed above 
shall be used to establish the compaction 
parameters for construction.  NRCS-WA 
Construction Specification CS-18, Compacted 
Earthfill Liner, can be used where the specified 
degree of compaction is to be checked and 
controlled by standard compaction tests. 

Additional Soil and Foundation Criteria 
Groundwater and/or seasonal high ground 
water table.  The depth to the seasonal high 
water table shall be determined.  Washington 
Engineering Technical Note #7 provides 
guidance on identifying soil features for 
establishing the seasonal high ground water 
table depth. 

The pond shall have a bottom elevation that is 
a minimum of 2 feet above the seasonal high 
water table unless features of special design 
are incorporated that address buoyant forces, 
pond seepage rate and non-encroachment of 
the water table by contaminants.  The water 
table may be lowered by use of passive 
perimeter drains, if feasible, to meet this 
requirement.   

Foundation and Subsurface Investigations.  
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See reference section for guidance criteria for 
the subsurface investigations of waste storage 
ponds.  

Maximum Operating Level.  The maximum 
operating level for waste storage ponds shall 
be the pond level that provides for the required 
volume less the volume contribution of 
precipitation and runoff from the 25-year, 24-
hour storm event plus the volume allowance 
for residual solids after liquids have been 
removed.  A permanent marker or recorder 
shall be installed at this maximum operating 
level to indicate when drawdown should begin.  
The marker or recorder shall be referenced 
and explained in the O&M plan. 

Outlet.  No outlet shall automatically release 
storage from the required design volume.  
Manually operated outlets shall be of 
permanent type designed to resist corrosion 
and plugging.  

Spillway.  Waste storage ponds with an 
impoundment volume requiring a Dam Safety 
permit shall have spillway facilities.  The 
spillway may be open channel or pipe conduit 
that meets the following requirements: 
1.  For waste storage ponds with a gravity 

inlet, the spillway shall accommodate 
design storm events on the area that will 
contribute runoff to the pond in combination 
with the design storm even on the pond 
surface.  The design storm even shall be 
determined according to the Washington 
State Department of Ecology (DOE) Dam 
Safety Guidelines.  Potential roof runoff 
shall not be excluded.   Roof runoff 
management facilities are not considered to 
be effective for the design storm event. 

2.  For ponds with a pumped inlet, the spillway 
shall accommodate the pumped inflow in 
combination with the design storm event on 
the pond surface.  The design storm event 
shall be determined according to the DOE 
Dam Safety Guidelines. 

3.  Multiple cell waste storage ponds shall 
have a spillway for each cell.  These 
spillways may be through common interior 
embankments, but at least one cell must 
have a spillway through an exterior 
embankment.  All spillways shall be 
designed for erosion control. 

Embankments. The minimum elevation of the 
top of the settled embankment shall be 1 foot 
above the waste storage pond’s required 
volume.  This height shall be increased by the 
amount needed to ensure that the top 
elevation will be maintained after settlement.  
This increase shall be not less than 5 percent.  
The minimum top widths are shown in Table 1.  
The combined side slopes of the settled 
embankment shall not be less than 5 
horizontal to 1 vertical, and neither slope shall 
be steeper than 2 horizontal to 1 vertical 
unless provisions are made to provide stability. 

Table 1 – Minimum Top Widths 
Total embankment Top Width, 
 Height, ft. ft. 
 15 or less 8 
 15 – 20 10 
 20 – 25 12 
 25 – 30 14 
 30 – 35 15 

 

Waste storage ponds with an impoundment 
volume requiring a Dam Safety permit shall 
meet the following additional requirements: 

1.  Normal and minimum freeboard shall be 
provided according to the DOE Dam Safety 
Guidelines. 

2.  For multiple cell ponds, the common 
embankments between cells shall not have 
a top elevation lower than the external 
embankments and the combined side 
slopes of the common embankment shall 
meet the 5 horizontal to 1 vertical 
requirement. 

3.  Compaction of GW, GP, GM, GC, SW, SP, 
SM, SC, CL, ML, CH, and MH soil material 
shall be in accordance with Washington 
NRCS Construction Specifications CS-15, 
Earth Fill Class S or Washington NRCS 
Construction Specification CS-14, Earth Fill 
Class A. 

Excavations.  Unless supported by a soil 
investigation, excavated side slopes shall be 
no steeper than 2 horizontal to 1 vertical. 

Additional Criteria for Fabricated 
Structures 

Foundation.  The foundations of fabricated 
waste storage structures shall be proportioned 
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to safely support all superimposed loads 
without excessive movement or settlement.  

Where a non-uniform foundation cannot be 
avoided or applied loads may create highly 
variable foundation loads, settlement should 
be calculated from site-specific soil test data.  
Index tests of site soil may allow correlation 
with similar soils for which test data is 
available.  If no test data is available, 
presumptive bearing strength values for 
assessing actual bearing pressures may be 
obtained from Table 2 or another nationally 
recognized building code.  In using 
presumptive bearing values, adequate 
detailing and articulation shall be provided to 
avoid distressing movements in the structure.  

Foundations consisting of bedrock with joints, 
fractures, or solution channels shall be treated 
or a separation distance provided consisting of 
a minimum of 1 foot of impermeable soil 
between the floor slab and the bedrock or an 
alternative that will achieve equal protection. 

Table 2 - Presumptive Allowable Bearing 
Stress Values1  

Foundation Description Allowable 
Stress 

Crystalline Bedrock 

Sedimentary Rock 

Sandy Gravel or Gravel 

Sand, Silty Sand, Clayey 
Sand, Silty Gravel, Clayey 
Gravel 

Clay, Sandy Clay, Silty Clay, 
Clayey Silt 

12000 psf 

6000 psf 

5000 psf 

 

3000 psf 

 

2000 psf 
1 Basic Building Code, 12th Edition, 1993, 
Building Officials and Code Administrators, 
Inc. (BOCA) 

Foundation and Subsurface Investigations.  

See reference section for guidance criteria for 
the subsurface investigations of fabricated 
structures 

Liquid Tightness.  Applications such as 
tanks, that require liquid tightness shall be 
designed and constructed in accordance with 
standard engineering and industry practice 

appropriate for the construction materials used 
to achieve this objective. 

 Structural Loadings.  Waste storage 
structures shall be designed to withstand all 
anticipated loads including internal and 
external loads, hydrostatic uplift pressure, 
concentrated surface and impact loads, water 
pressure due to seasonal high water table, 
and frost or ice pressure and load 
combinations in compliance with this standard 
and applicable local building codes.  

The lateral earth pressures should be 
calculated from soil strength values 
determined from the results of appropriate soil 
tests.  Lateral earth pressures can be 
calculated using the procedures in TR-74.  If 
soil strength tests are not available, the 
presumptive lateral earth pressure values 
indicated in Table 3 shall be used.  

Lateral earth pressures based upon equivalent 
fluid assumptions shall be assigned according 
to the following conditions:  

• Rigid frame or restrained wall.  Use the 
values shown in Table 3 under the column 
“Frame tanks,” which gives pressures 
comparable to the at-rest condition.  

• Flexible or yielding wall.  Use the values 
shown in Table 3 under the column “Free-
standing walls,” which gives pressures 
comparable to the active condition.  Walls 
in this category are designed on the basis 
of gravity for stability or are designed as a 
cantilever having a base wall thickness to 
height of backfill ratio not more than 0.085. 

Internal lateral pressure used for design shall 
be 65 lb/ft2 where the stored waste is not 
protected from precipitation.  A value of 60 
lb/ft2 may be used where the stored waste is 
protected from precipitation and will not 
become saturated.  Lesser values may be 
used if supported by measurement of actual 
pressures of the waste to be stored.  If heavy 
equipment will be operated near the wall, an 
additional two feet of soil surcharge shall be 
considered in the wall analysis.  

Tank covers shall be designed to withstand 
both dead and live loads.  The live load values 
for covers contained in ASAE EP378.3, Floor 
and Suspended Loads on Agricultural 
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Structures Due to Use, and in ASAE EP 393.2, 
Manure Storages, shall be the minimum used.  
The actual axle load for tank wagons having 

more than a 2,000 gallon capacity shall be 
used.   

TABLE 3 - LATERAL EARTH PRESSURE VALUES1

 Equivalent fluid pressure   (lb/ft2/ft of depth) 
Soil Above seasonal high 

water table2
Below seasonal high water table3

 
Description4

Unified 
Classification4

Free-
standing 

walls 

Frame 
tanks 

Free-
standing 

walls 

Frame 
tanks 

Clean gravel, sand or 
sand-gravel mixtures 
(maximum 5% fines)5

 
GP, GW, SP, SW  

 
30 

 
50 

 
80 

 
90 

Gravel, sand, silt  and 
clay mixtures  (less than 
50%  fines) 
Coarse sands with silt 
and and/or clay (less 
than  50% fines) 

All gravel sand dual 
symbol classifications 
and GM, GC, SC, SM, 
SC-SM 

 
 
 

35 

 
 
 

60 

 
 
 

80 

 
 
 

100 

Low-plasticity  silts and 
clays with some sand 
and/or gravel (50% or 
more fines) 
Fine sands with silt 
and/or clay (less than 
 50% fines) 

 
 
CL, ML, CL-ML 
SC, SM, SC-SM 
 

 
 
 
 

45 

 
 
 
 

75 

 
 
 
 

90 

 
 
 
 

105 

Low to medium plasticity 
silts and clays with little 
sand and/or gravel (50% 
or more  fines) 

 
 
 
CL, ML, CL-ML 

 
 
 

65 

 
 
 

85 

 
 
 

95 

 
 
 

110 
High plasticity silts and  
clays (liquid limit more 
than 50)6

 
CH, MH 
 

 
- 

 
- 

 
- 

 
- 

1 For lightly-compacted soils (85% to 90% maximum standard density.)  Includes compaction by use of typical 
farm equipment.  

2 Also below seasonal high water table if adequate drainage is provided.  
3 Includes hydrostatic pressure.  
4 All definitions and procedures in accordance with ASTM D 2488 and D 653.  
5 Generally, only washed materials are in this category  
6 Not recommended.  Requires special design if used. 

If the facility is to have a roof, snow and wind 
loads shall be as specified in ASCE 7-02, 
Minimum Design Loads for Buildings and 
Other Structures.  If the facility is to serve as 
part of a foundation or support for a building, 
the total load shall be considered in the 
structural design.  

Tanks may be designed with or without covers.  
Covers, beams, or braces that are integral to 

structural performance must be indicated on 
the construction drawings.  The openings in 
covered tanks shall be designed to 
accommodate equipment for loading, agitating, 
and emptying.  These openings shall be 
equipped with grills or secure covers for 
safety, and for odor and vector control. 

All structures shall be underlain by free 
draining material or shall have a footing 
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located below the anticipated frost depth. 
Fabricated structures shall be designed 
according to the criteria in the following 
references as appropriate: 

• Steel:  “Manual of Steel Construction”, 
American Institute of Steel Construction.  

• Timber:  “National Design Specifications 
for Wood Construction”, American Forest 
and Paper Association.  

• Concrete:  “Building Code Requirements 
for Reinforced Concrete, ACI 318”, 
American Concrete Institute.  

• Masonry:  “Building Code Requirements 
for Masonry Structures, ACI 530”, 
American Concrete Institute.  

Slabs on Grade.  Slab design shall consider 
the required performance and the critical 
applied loads along with both the subgrade 
material and material resistance of the 
concrete slab.  Where applied point loads are 
minimal and liquid-tightness is not required, 
such as barnyard and feedlot slabs subject 
only to precipitation, and the subgrade is 
uniform and dense, the minimum slab 
thickness shall be 4 inches with a maximum 
joint spacing of 10 feet.  Joint spacing can be 
increased if steel reinforcing is added based 
on subgrade drag theory.  

For applications where liquid-tightness is 
required such as floor slabs of storage tanks, 
the minimum thickness for uniform foundations 
shall be 5 inches and shall contain distributed 
reinforcing steel.  The required area of such 
reinforcing steel shall be based on subgrade 
drag theory as discussed in industry guidelines 
such as American Concrete Institute, ACI 360, 
“Design of Slabs-on-Grade”.  

When heavy equipment loads are to be 
resisted and/or where a non-uniform 
foundation cannot be avoided, an appropriate 
design procedure incorporating a subgrade 
resistance parameter(s) such as ACI 360 shall 
be used.  

CONSIDERATIONS  

Waste storage facilities should be located as 
close to the source of waste and polluted 
runoff as practicable.  Other considerations for 
locating the waste storage facility include 

vehicle access, wind direction, neighboring 
dwellings, proximity of streams and 
floodplains, and visibility.   

An increased separation distance from ground 
water wells will provide additional wellhead 
protection. 

Non-polluted runoff should be excluded from 
the structure to the fullest extent possible 
except where its storage is advantageous to 
the operation of the agricultural waste 
management system.  

Freeboard for waste storage tanks should be 
considered.  

Solid/liquid separation of runoff or wastewater 
entering pond facilities should be considered 
to minimize the frequency of accumulated 
solids removal and to facilitate pumping and 
application of the stored waste.  

Due consideration should be given to 
environmental concerns, economics, the 
overall waste management system plan, and 
safety and health factors.  

Considerations for Minimizing the Potential 
for and Impacts of Sudden Breach of 
Embankment or Accidental Release from 
the Required Volume. 

Features, safeguards, and/or management 
measures to minimize the risk of failure or 
accidental release, or to minimize or mitigate 
impact of this type of failure should be 
considered when any of the categories listed in 
Table 4 might be significantly affected. 

The following should be considered either 
singly or in combination to minimize the 
potential of or the consequences of sudden 
breach of embankments when one or more of 
the potential impact categories listed in Table 4 
may be significantly affected: 

1.   An auxiliary (emergency) spillway 

2.   Additional freeboard 

3.   Storage for wet year rather than normal 
year precipitation 

4.   Reinforced embankment -- such as, 
additional top width, flattened and/or 
armored downstream side slopes 

5.   Secondary containment 
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Table 4 - Potential Impact Categories from 
Breach of Embankment or Accidental 

Release 
1. Surface water bodies -- perennial streams, 

lakes, wetlands, and estuaries 

2. Critical habitat for threatened and 
endangered species. 

3. Riparian areas 

4. Farmstead, or other areas of habitation 

5. Off-farm property 

6. Historical and/or archaeological sites or 
structures that meet the eligibility criteria 
for listing in the National Register of 
Historical Places. 

Table 5 - Potential Impact Categories for 
Liner Failure 

1.   Any underlying aquifer is at a shallow 
depth and not confined 

2.   The vadose zone is rock 

3.   The aquifer is a domestic water supply 
or ecologically vital water supply 

4.   The site is located in an area of 
solutionized bedrock such as 
limestone or gypsum. 

 

The following options should be considered to 
minimize the potential for accidental release 
from the required volume through gravity 
outlets when one or more of the potential 
impact categories listed in Table 4 may be 
significantly affected: 

1.   Outlet gate locks or locked gate housing 

2.   Secondary containment 

3.   Alarm system 

4.   Another means of emptying the required 
volume 

Considerations for Minimizing the Potential 
of Waste Storage Pond Liner Failure. 

Sites with categories listed in Table 5 should 
be avoided unless no reasonable alternative 
exists.  Under those circumstances, 
consideration should be given to providing an 
additional measure of safety from pond 
seepage when any of the potential impact 
categories listed in Table 5 may be 
significantly affected. 

 

Should any of the potential impact categories 
listed in Table 5 be affected, consideration 
should be given to the following: 

1.   A clay liner designed in accordance with 
procedures of AWMFH Appendix 10D with 
a thickness and  coefficient of permeability 
so that specific discharge is less than 1 x 
10 −6 cm/sec 

2.   A flexible membrane liner over a clay liner 

3.   A geosynthetic clay liner (GCL) flexible 
membrane liner 

4.   A concrete liner designed in accordance 
with slabs on grade criteria for fabricated 
structures requiring water tightness 

Considerations for Improving Air Quality 

To reduce emissions of greenhouse gases, 
ammonia, volatile organic compounds, and 
odor, other practices such as Anaerobic 
Digester – Ambient Temperature (365), 
Anaerobic Digester – Controlled Temperature 
(366), Waste Facility Cover (367), and 
Composting Facility (317) can be added to the 
waste management system. 

Adjusting pH below 7 may reduce ammonia 
emissions from the waste storage facility but 
may increase odor when waste is surface 
applied (see Waste Utilization, 633). 

Some fabric and organic covers have been 
shown to be effective in reducing odors. 

PLANS AND SPECIFICATIONS  

Plans and specifications shall be prepared in 
accordance with the criteria of this standard 
and shall describe the requirements for 
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applying the practice to achieve its intended 
use.  

OPERATION AND MAINTENANCE  

An operation and maintenance plan shall be 
developed that is consistent with the purposes 
of the practice, its intended life, safety 
requirements, and the criteria for its design. 

The plan shall contain the operational 
requirements for emptying the storage facility.  
This shall include the requirement that waste 
shall be removed from storage and utilized at 
locations, times, rates, and volume in 
accordance with the overall waste 
management system plan. 

In addition, for ponds, the plan shall include an 
explanation of the permanent marker or 
recorder installed to indicate the maximum 
operating level. 

The plan shall include a strategy for removal 
and disposition of waste with the least 
environmental damage during the normal 
storage period to the extent necessary to 
insure the pond’s safe operation.  This strategy 
is for the removal of the contribution of unusual 
storm events that may cause the pond to fill to 
capacity prematurely with subsequent design 
inflow and usual precipitation prior to the end 
of the normal storage period.   

Development of an emergency action plan 
should be considered for waste storage 
facilities where there is a potential for 
significant impact from breach or accidental 
release.  The plan shall include site-specific 
provisions for emergency actions that will 
minimize these impacts. 

REFERENCES 

Subsurface investigations guidance for waste 
storage ponds: 

 “Guidance for Geological Site Explorations of 
Waste Storage Ponds” in Washington 
Engineering Technical Note #5.  

This reference is available for Washington 
State in Section 1 of the NRCS electronic Field 
Office Technical Guide available on the web at 
the following site: 

http://www.nrcs.usda.gov/technical/efotg/

Subsurface investigations for waste storage 
ponds and fabricated structures: 

Agricultural Waste Management Field 
Handbook, Chapter 7, Geological and Ground 
Water Considerations, section 651.0704 Site 
investigations for planning and design. 

This reference is available on-line from the 
NRCS Conservation Engineering Division and 
listed under the Environmental Engineering 
section available on the web at the following 
site: 

http://www.info.usda.gov/CED/

NRCS WA  
December 2004 
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Conservation practice standards are reviewed periodically and updated if needed.  To obtain 
the current version of this standard, contact your Natural Resources Conservation Service 
State Office or visit the Field Office Technical Guide. 

NATURAL RESOURCES CONSERVATION SERVICE 
CONSERVATION PRACTICE STANDARD 

WASTE FACILITY CLOSURE 
(No.) 

CODE 360 

DEFINITION 

The decommissioning of facilities, and/or the 
rehabilitation of contaminated soil, in an 
environmentally safe manner, where agricultural 
waste has been handled, treated, and/or stored 
and is no longer used for the intended purpose. 

PURPOSE 

• Protect the quality of surface water and 
groundwater resources. 

• Mitigate air emissions. 

• Eliminate a safety hazard for humans and 
livestock. 

• Safeguard the public health. 

CONDITIONS WHERE PRACTICE APPLIES 

This practice applies to agricultural waste 
facilities or livestock production sites that are no 
longer needed as a part of a waste management 
system and are to be permanently closed or 
converted for another use.  These facilities 
include liquid/dry waste storage facilities, 
confined animal housing, feedlots, livestock 
yards, or composting facilities. 

This practice applies where impoundments that 
are to be converted to fresh water storage meet 
current NRCS standards.  

Where structures that include agricultural waste 
storage, such as confined animal housing, are to 
be decommissioned, this practice will apply to 
the removal of the waste and rehabilitation of 
soil within the facility.   

This practice applies to remediation of soil 
contaminated by agricultural wastes that have 
been stored on-site.   

It does not apply to sites contaminated by 
materials that require the issuance of a 
hazardous waste permit, such as fuel or 
pesticides. 

CRITERIA 

General Criteria Applicable to All Purposes   
The closure shall comply with all Federal, State, 
and local laws, rules, and regulations including 
national pollutant discharge elimination system 
(NPDES) requirements. 

Existing waste transfer components that convey 
to waste facilities or provide drainage from the 
facility area shall be removed and replaced with 
compacted earth material or otherwise rendered 
unable to convey waste. 

Remove manure, agricultural waste, and 
contaminated soil to the maximum extent 
practicable.  All manure and agricultural waste 
that could negatively impact water and/or air 
quality or pose a safety hazard shall be removed 
as deemed practicable.  All liquid, slurry, sludge, 
and solid waste, and soil removed from the 
facility shall be utilized in accordance with NRCS 
Conservation Practice Standards, Nutrient 
Management, Code 590 and/or Waste 
Utilization, Code 633.   

Precautions (fencing and warning signs) shall be 
used where necessary to ensure that the facility 
is not used for purposes incompatible with the 
facility modification.  

Erosion and Pollution Control.  All disturbed 
areas shall be re-vegetated or treated with other 
suitable measures used to control erosion and 
restore the aesthetic value of the site.  Sites, not 
suitable for re-vegetation through normal 
cropping practices, shall be vegetated in 
accordance with NRCS Conservation Practice 
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Standard, Critical Area Planting, Code 342. 

Liquid and Slurry Waste Removal.  Liquid and 
slurry wastes shall be agitated and pumped to 
the maximum extent practicable. Water shall be 
added as necessary to facilitate the agitation 
and pumping.  The wastewater shall be utilized 
in accordance with NRCS Conservation Practice 
Standard, Nutrient Management, Code 590 
and/or Waste Utilization, Code 633.   

Sludge Removal.  During sludge removal 
operations, the integrity of the liner, if one is 
present, shall be maintained.  Sludge shall be 
removed to the maximum extent practicable and 
utilized in accordance with NRCS Conservation 
Practice Standard, Nutrient Management, Code 
590 and/or Waste Utilization, Code 633.   

Impoundment Closure.  Three options are 
associated with the decommissioning of liquid 
waste impoundments.  One of the following will 
be used.   

1. Embankment Impoundments (those with a 
depth of water at the design water level of 
three feet or more above natural ground) 
may be breached so that they no longer 
impound water.  The embankment material 
can then be graded into the impoundment 
area, and the area vegetated for another 
use.  Or the embankment may remain if the 
impoundment area surface has been 
sufficiently cleaned so that runoff leaving the 
site would not be considered as 
contaminated by the wastes. 

2. Excavated Impoundments may be backfilled 
so that these areas may be reclaimed for 
other uses.   

3. Impoundments may be converted to fresh 
water storage.   

Embankment Impoundments.  Waste and 
sludge shall be removed from the impoundment 
before the embankment is breached.  Concrete 
and flexible membrane liners shall be removed 
or rendered unable to impound water and 
properly disposed of.  The slopes and bottom of 
the breach shall be stable for the soil material 
involved, however the side slopes shall be no 
steeper than three horizontal to one vertical 
(3:1).   

Excavated Impoundments.  Concrete and 
flexible membrane liners shall be removed or 
rendered unable to impound water and properly 
disposed of.  The backfill height shall exceed the 

height to the design finished grade by a 
minimum of 5 percent to allow for settlement.  
The top one foot of the backfill shall be 
constructed of the most impervious soil material 
readily available and mounded to shed rainfall 
runoff.  Incorporate available topsoil where 
feasible to aid establishment of vegetation.   

Conversion to Fresh Water Storage.  The 
converted impoundment shall meet the 
requirements as set forth in the appropriate 
NRCS practice standard for the intended 
purpose.  Where the original impoundment was 
not constructed to meet NRCS standards, the 
investigation for structural integrity shall be in 
accordance with National Engineering Manual 
(NEM) 501.23.  When it is not practical to 
remove the sludge from a waste impoundment 
that is being converted to fresh water storage, 
the impoundment shall not be used for fish 
production, swimming, or livestock watering until 
the water quality is adequate for these purposes.   

Fabricated Liquid Waste Facilities.  If 
fabricated structures are to be demolished, 
disassembled or otherwise altered, it shall be 
done to such an extent that no water can be 
impounded.  Disassembled materials such as 
pieces of metal shall be temporarily stored in 
such a manner that they do not pose a hazard to 
animals or humans until their final disposition.  

Demolished materials shall be buried on-site or 
moved off-site to locations designated by state 
or local officials.  If buried on-site, the materials 
are to be covered with soil to a settled depth of 
at least one foot. The backfill height shall exceed 
the height to the design finished grade by a 
minimum of 5 percent to allow for settlement, 
and the backfill be sufficiently mounded such 
that runoff will be diverted from the site after the 
backfill settles.   

Dry Waste Storage or Treatment Facilities.  
The soil at dry waste facilities such as confined 
animal housing, feedlots, livestock yards, or 
composting facilities with earthen floors must be 
evaluated.   

The evaluation shall include laboratory analyses 
of the soil profile for any nutrients for which 
specific information is needed to determine the 
required depth of rehabilitation.  Soil samples 
shall be taken at multiple locations and depths 
within the facility.  One sample per depth interval 
per acre of the area being decommissioned with 
a minimum of 3 samples per depth interval shall 
be taken.  Samples taken for each specified 
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sampling depth interval may be consolidated 
into a single set (e.g., 3 samples taken at the 0 
to 6 inch depth interval may be consolidated into 
a single sample for testing).  The samples shall 
be collected, prepared and tested in accordance 
with NRCS Conservation Practice Standard, 
Nutrient Management, Code 590.   

The results of the soil analysis will be used to 
prepare a plan to recover the site for its intended 
use.  The following site appropriate options shall 
be utilized, if needed: 

• Adjust pH to restore desired crop growing 
conditions 

• Plant salt tolerant plants to restore the site to 
desired crop conditions.  The harvested 
vegetation quality should be monitored for 
N, P, and K removal. 

• Select plants and erosion control practices 
to minimize phosphorus transport from the 
site and facilitate remediation of excessively 
high phosphorus levels.   

Although in-situ processes are the preferred 
method for adjusting the soil conditions, removal 
of a portion of the soil may be necessary.  The 
removed soil shall be land applied in accordance 
with NRCS Conservation Practice Standard, 
Nutrient Management, Code 590 and/or Waste 
Utilization, Code 633.  Excavated areas shall be 
graded and or backfilled to shed rainfall and 
prevent ponding of runoff.  Where feasible, 
available topsoil should be used to aid the 
establishment of permanent vegetation. 

CONSIDERATIONS 

Conduct pre-closure soil and water (surface and 
subsurface) testing to establish base line data 
surrounding the site at the time of closure.  
Establishing baseline data can be used in the 
future to address soil and water issues. 

Where the surface is covered by a dense mat of 
floating vegetation, pumping effort to empty 
waste impoundments may be reduced by first 
applying herbicide to the vegetation and then 
burning the residue.  Appropriate permits must 
be obtained before burning.  When burning is 
conducted, take necessary actions to ensure 
that smoke is managed to minimize impacts to 
downwind populations. 

Alternative methods of sludge removal may be 
required where the impoundments contain large 

amounts of bedding, oyster shells, soil, or other 
debris. 

Minimize the impact of odors associated with 
land applying dry wastes and with agitation, 
emptying, and land applying wastewater and 
sludge from a waste impoundment by 
conducting these operations at a time when the 
humidity is low, when winds are calm, and when 
wind direction is away from populated areas.  
Adding chemical and biological additives to the 
waste prior to agitation and emptying can reduce 
odors.  Odor impacts from land application can 
also be mitigated by using an incorporation 
application method.  

Minimize agitation of the wastes to only the 
amount needed for pumping to reduce the 
potential for release of air emissions.   

Soil to fill excavated areas should not come from 
important farmlands (prime, statewide, local, 
and/or unique).   

Waste facility closure may improve utilization 
and aesthetics of the farmstead. 

Breached embankments may detract from the 
overall aesthetics of the operation.  
Embankments should be removed and the site 
returned to its original grade. 

Disassembled fabricated structures may be 
suitable for assembly at another site.  Care 
should be taken during closure to minimize 
damage to the pieces of the facility, particularly 
coatings that prevent corrosion of metal pieces. 

Measures should be taken during contractor’s 
activities to minimize site erosion and pollution 
of downstream water resources.  This may 
include such items as silt fences, hay bale 
barriers, temporary vegetation, and mulching. 

To minimize potential impacts to livestock, such 
as nitrate poisoning, initiate a testing and 
monitoring program of nutrient levels in crop 
products, particularly livestock feeds, harvested 
from sites of closed animal confinement 
facilities.  

PLANS AND SPECIFICATIONS 

Plans and specifications for the 
decommissioning of abandoned waste facilities 
and the rehabilitation of contaminated soil shall 
be in keeping with this standard and shall 
describe the requirements for applying the 
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practice to achieve its intended purpose.  At a 
minimum, include the following: 

1. A plan view showing the location and extent 
of the practice. 

2. Pertinent elevations of the closed facility and 
excavation limits. 

3. Number, capacity, and quality of facility(ies) 
and estimate of soil volume to be moved. 

4. Location of known utilities. 

5. Requirements for salvage and disposal of 
structural materials. 

6. Vegetative requirements. 

7. Utilization Plan for animal wastes and soil. 

8. Odor management or mitigation 
requirement. 

9. Safety plan requirements.  Note:  Per 
Occupational Safety and Health 
Administration (OSHA) confined space entry 
protocol, personnel shall not enter confined 
space of an enclosed waste facility without 

breathing apparatus or taking other 
appropriate measures. 

OPERATION AND MAINTENANCE 

The proper decommissioning and rehabilitation 
of a waste facility should require little or no 
operation and maintenance.  However, if it is 
converted to another use, such as a fresh water 
facility, operation and maintenance shall be in 
accordance with the needs as set forth in the 
appropriate NRCS conservation practice 
standard for the intended purpose. 

REFERENCES 

Rice, J.M., D.F. Caldwell, and F.J. Humenik.  
Ed.  2006.  Closure of Earthen Manure 
Structures in Animal Agriculture and the 
Environment: National Center for Manure and 
Animal Waste Management White Papers, pp. 
263-282.  ASABE.  Pub. Number 913C0306.
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Conservation practice standards are reviewed periodically and updated if needed.  To obtain 
the current version of this standard, contact your Natural Resources Conservation Service 
State Office or visit the Field Office Technical Guide. 

NATURAL RESOURCES CONSERVATION SERVICE 
CONSERVATION PRACTICE STANDARD 

POND SEALING OR LINING - FLEXIBLE MEMBRANE 
(No.) 

CODE 521A 

DEFINITION 

A manufactured hydraulic barrier consisting of a 
functionally continuous layer of synthetic or par-
tially synthetic, flexible material.   

PURPOSE 

To restrict, impede, and control seepage of wa-
ter and contaminants from water and waste im-
poundment structures for water conservation 
and environmental protection. 

CONDITIONS WHERE PRACTICE APPLIES 

On ponds and water storage structures that re-
quire treatment to control seepage rates within 
acceptable limits. 

On earthen waste storage ponds or lagoons and 
other waste impoundment structures that require 
treatment to control seepage of contaminants 
from the storage structure.   

CRITERIA 

Design.  Structures to be lined shall be con-
structed to meet all applicable NRCS standards.  
All inlets, outlets, ramps, and other appurte-
nances may be installed before, during, or after 
the liner placement, but shall be done in a man-
ner that does not damage or impair the proper 
operation of the liner.   

Design and installation of the flexible membrane 
shall be in accordance with manufacturer rec-
ommendations.  All flexible membrane installa-
tions shall be certified by the installer or manu-
facturer as meeting the material and installation 
requirements of the plans and specifications. 

Manufacturer recommendations shall be fol-
lowed with regard to protection from weather 
and exposure.   
 
 

Liner Materials.  Flexible membrane liner mate-
rials shall meet the requirements of the specifi-
cations indicated in the following tables: 

 

 
Minimum Bentonite Content for  

Geosynthetic Clay Liners 
Type Minimum Bentonite Content 

 Wastewater Clear Water 
GCL 0.75 lb/sq. ft. 

 

Reference Specifications for  
Geomembranes 

Type Applicable Specification 
HDPE 

NRCS Mtl. Spec. 594, 
Geomembrane Liner 

LLDPE 
LLDPE-R 

PVC 
EPDM 
FPP 

FPP-R 
PE-R 

Minimum Geomembrane Thickness Criteria   
Type Minimum Thickness 

 Wastewater Clear Water 
HDPE 40 mil  30 mil 
LLDPE 40 mil  30 mil 

LLDPE-R 36 mil 24 mil 
PVC 40 mil  30 mil 

EPDM 45 mil  
FPP 40 mil 30 mil 

FPP-R 36 mil 24 mil 
PE-R NR 24 mil 
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Reference Specifications for  
Geosynthetic Clay Liners 

Type Applicable Specification 

GCL NRCS Material Specifica-
tion 595, Geosynthetic Clay 

Liner 
 
1 mil = 1/1000 of an inch 
 
HDPE – High Density Polyethylene Geomembrane 
LLDPE – Linear Low Density Polyethylene Geomembrane 
LLDPE-R – Reinforced Linear Low Density Polyethylene 
Geomembrane,  
PVC – Polyvinyl Chloride Geomembrane 
EPDM – Ethylene Propylene Diene Terpolymer 
Geomembrane 
FPP – Flexible Polypropylene Geomembrane 
FPP-R – Reinforced Flexible Polypropylene Geomembrane 
PE-R – Reinforced, Slit –Film, Woven Polyethylene 
Geomembrane 
NR – Not Recommended 
GCL – Geosynthetic Clay Liner 
 

NRCS – Natural Resources Conservation Service 

Cover Soil.  PVC and GCL liners shall be cov-
ered with a minimum of 12 inches of soil meas-
ured perpendicular to the finished surface.  Cov-
er soil may be used on other liners but is not 
required unless essential for the proper perfor-
mance, protection and durability of the installa-
tion.  Cover soils shall not contain sharp, angular 
stones or any objects that could damage the 
liner.  Maximum allowable particle size of soil 
cover material shall be 3/8-in for geomembrane 
liners and ½-inch for geosynthetic clay liners, 
unless the liner is protected by a 10-oz/sq yd or 
heavier non-woven geotextile cushion material.  
Cover materials shall be stable against slippage 
down the slope under all operational and expo-
sure conditions, such as rapid drawdown or sat-
uration by precipitation or snowmelt. 

Cover soil shall be placed within 24 hours after 
placement of the liner to minimize the potential 
for damage from various sources, including pre-
cipitation, wind, and ultra-violet exposure. 

GCL liners shall have a uniform confinement 
pressure as recommended by the manufacturer, 
which shall not be compromised by the pres-
ence of a drainage layer or venting system un-
der the liner. 

Subgrade Preparation.  Subgrade preparation 
shall conform to manufacturer recommendations 

and applicable state regulations.  Subgrade ma-
terials shall not contain sharp, angular stones or 
any objects that could damage the liner or ad-
versely affect its function unless a cushion layer 
is used. 

Cushion.  A cushion layer shall be placed be-
neath the liner if the subgrade particles contain 
sharp angular stones that could damage the lin-
er or particles greater than 3/8-inch for 
geomembrane liners and ½-inch for GCL’s.  The 
cushion may be a 10-oz/sq yd or heavier non-
woven geotextile or a layer at least 6 inches 
thick of soil meeting the particle size and shape 
requirements of the subgrade.  Geotextile cush-
ion material shall meet the requirements of GRI 
Test Method GT12(a). Follow the manufacturer’s 
recommendations for any additional protective 
measures. 

Anchorage.  Liners shall be anchored to pre-
vent uplift due to wind or slippage down the side 
slope. 

Safety.  Design shall include appropriate safety 
features to minimize the hazards of the struc-
ture.  Warning signs, fences, ladders, ropes, 
bars, rails, and other devices shall be provided, 
as appropriate, to ensure the safety of humans 
and livestock. 

Underliner Drainage and Venting. 

Subsurface conditions such as soil type and 
groundwater levels will dictate the direction and 
scope of the design of the drainage and venting 
system beneath the geomembrane liner.  An 
inadequate drainage and venting system may 
result in floating of the geomembrane liner.  Hy-
drostatic pressures from fluctuating groundwater 
levels or leakage through the liner may cause 
the liner to float.  Gas production and buildup 
beneath the liner due to the presence of organic 
material in the soil or leachate leakage through 
the liner may cause “whales” or bubbling of the 
liner. 

Groundwater and Leakage Drainage.  If the 
groundwater level may be near the invert eleva-
tion of the pond, groundwater monitoring should 
be conducted during the site investigation to ver-
ify the expected water table location.  In some 
situations, it may be necessary to install 
groundwater monitoring wells for a year or more 
to determine the ground water levels and gather 
enough information to properly determine the 
required flow capacity of the drainage system.  If 
high water tables could adversely affect the 
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proper functioning of the structure, interceptor or 
relief-type drainage systems should be included 
to control uplift pressures.  Leakage through the 
liner due to liner damage should also be consid-
ered.  Giroud and Bonaparte (1989) recommend 
designing the drainage system based on a fre-
quency of one hole (0.16 in2) per acre of surface 
area.  

Gas Venting.  The need for venting for 
wastewater pond liners shall be investigated as 
part of the design.  Site conditions which may be 
conducive to gas production include sites which 
have been subject to long-term seepage of ani-
mal waste into the foundation soil, sites with 
naturally occurring organics in the soil, or fine 
grained foundation soils where fluctuating 
groundwater levels may trap gases present in 
the soil.  Venting of wastewater pond liners may 
not be required if other site conditions exist to 
allow dissipation of gas pressure from beneath 
the liner.  One such condition is the presence of 
clean granular foundation soils (SW, SP, GW or 
GP).   

Drainage and Venting System Design.  The 
use of a geosynthetic such as a geonet or 
geocomposite under the liner to facilitate collec-
tion, drainage of liquids and venting of gas 
should be considered.  If drainage and/or vent-
ing is needed, the geocomposite manufacturer’s 
recommendations shall be followed in the sys-
tem design.  The allowable flow rate of the 
geocomposite shall be determined in accord-
ance with GRI Standard GC8.  The pond bottom 
should be sloped, typically a minimum of 1 per-
cent, to permit positive flow of the liquids or gas-
es.  In most cases, the geocomposite will serve 
both purposes of drainage and venting.  In large 
impoundments, the bottom may need to be 
sloped in multiple directions in order to decrease 
the required drainage and venting flow travel 
distances. 

CONSIDERATIONS 

The number of penetrations through the liner 
should be minimized.  Trenching and backfilling 
of fill pipes should be detailed such that charging 
of the underside of the liner with subsurface wa-
ter is prevented. 

For GCL liners, wastewater and subgrade and 
cover soils should be analyzed to ensure that 
undesirable cation exchange (calcium and/or 
magnesium for sodium) will not occur in the 
GCL. 

A leak detection system is recommended be-
neath all liners, especially geomembranes.   

If agitation operations may result in abrasion or 
other mechanical damage to the liner, then pro-
tective measures should be provided as needed 
to ensure the integrity of the liner, such as in-
creasing the liner thickness above the minimum 
values indicated above or providing protective 
ramps and aprons at agitation locations. 

PLANS AND SPECIFICATIONS 

Plans and specifications shall be prepared for 
specific field sites in accordance with this stand-
ard and shall describe the requirements for ap-
plying the practice to achieve its intended uses. 

As a minimum, the plans and specifications shall 
provide the following: 

1. Layout of the containment structure, collec-
tion points, waste transfer locations or pipe-
lines, and topography of the site 

2. Required liner properties, cushion materials, 
and pipeline materials 

3. Subgrade details, including tolerances on 
smoothness of the finished grade 

4. Details of liner installation, seaming re-
quirements, and requirements for attach-
ments and appurtenances 

5. Minimum qualifications of installers 

6. Warranty requirements, if desired 

7. Quality control testing requirements 

8. Fence and signage requirements, if re-
quired. 

OPERATION AND MAINTENANCE 

A plan for operation and maintenance (O&M) of 
the liner and structure shall be prepared.  The 
plan shall be consistent with the purposes of the 
type of liner chosen, intended life, safety re-
quirements and design criteria.  The plan shall 
contain requirements including but not limited to: 

1. Design capacity and liquid level of the struc-
ture. 

2. A description of the normal operation, safety 
concerns and maintenance requirements. 

3. Monitoring procedures for leak detection 
systems, including alarm level leakage rates 
and actions to be taken if these rates are 
exceeded. 
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4. Repair procedures. 

5. Periodic inspection of the following: 

• Visible portions of the liner for tears 
punctures, or other damage; 

• Liner interface with inlets, outlets, 
ramps, or other appurtenances for dam-
age; 

• Liquid level in the structure; 

• Ballooning of the liner indicating pres-
ence of gas beneath the liner. 

REFERENCES 

ASTM D 5887-09, Test Method for Measure-
ment of Index Flux Through Saturated 
Geosynthetic Clay Liner Specimens Using a 
Flexible Wall Permeameter 

ASTM D 5890-06, Test Method for Swell Index 
of Clay Mineral Component of Geosynthetic 
Clay Liners 

ASTM D 5891-02(2009), Test Method for Fluid 
Loss of Clay Component of Geosynthetic Clay 
Liners 

ASTM D 5993-99(2009), Test Method for Meas-
uring of Mass Per Unit of Geosynthetic Clay Lin-
ers. 

ASTM D 6102-06, Guide for Installation of 
Geosynthetic Clay Liners. 

ASTM D 6214-98(2008), Test Method for De-
termining the Integrity of Field Seams Used in 
Joining Geomembranes by Chemical Fusion 
Methods. 

ASTM D 6392-08, Test Method for Determining 
the Integrity of Nonreinforced Geomembrane 
Seams Produced Using Thermo-Fusion Meth-
ods. 

ASTM D 6497-02(2010), Guide for Mechanical 
Attachment of Geomembrane to Penetrations or 
Structures. 

ASTM D 7176-06, Specification for Non-
Reinforced Polyvinyl Chloride (PVC) 
Geomembranes Used in Buried Applications. 

ASTM D 7272-06, Test Method for Determining 
the Integrity of Seams Used in Joining 
Geomembranes by Pre-manufactured Taped 
Methods. 

ASTM D 7408-08, Specification for Non Rein-
forced PVC (Polyvinyl Chloride) Geomembrane 
Seams. 

ASTM D 7465-08, Specification for Ethylene 
Propylene Diene Terpolymer (EPDM) Sheet 
Used in Geomembrane Applications. 

Koerner, R.M. 2005. Designing with 
Geosynthetics, 5th ed. Pearson Prentice Hall, 
Upper Saddle River, NJ. 

Geosynthetic Research Institute, GRI Standard 
GC8, Standard Specification for Determination 
of the Allowable Flow Rate of a Drainage 
Geocomposite. 

Geosynthetic Research Institute, GRI Test 
Method GT12(a) – ASTM Version, Test Methods 
and Properties for Nonwoven Geotextiles Used 
as Protection (or Cushioning) Materials. 

Geosynthetic Research Institute, GRI Test 
Method GM13, Standard Specification for Test 
Methods, Test Properties and Testing Frequen-
cy for High Density Polyethylene (HDPE) 
Smooth and Textured Geomembranes. 

Geosynthetic Research Institute, GRI Test 
Method GM17, Standard Specification for Test 
Methods, Test Properties and Testing Frequen-
cy for Linear Low Density Polyethylene (LLDPE) 
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WA NRCS Material Specification MS-222 
HDPE and LLDPE Flexible Membrane Liner 
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UNITED STATES DEPARTMENT OF AGRICULTURE
NATURAL RESOURCES CONSERVATION SERVICE

MATERIAL SPECIFICATION
MS-222:  “HDPE and LLDPE FLEXIBLE MEMBRANE LINER”

222.1 SCOPE

This specification covers the quality of High Density Polyethylene (HDPE) and Low Linear Density
Polyethylene (LLDPE) flexible liner, seams, gaskets, metal battens, embed channels, clamps, and
sealant.

222.2 MATERIAL

Liner—The HDPE or LLDPE liner shall have a nominal thickness of 30 mils, 40 mils, or 60 mils as specified.
The liner shall be manufactured to be suitable for use in either exposed or buried conditions. It shall conform
to the requirements of this specification as shown in tables 222–1 through 222–4. It shall also meet the
requirements shown on the drawings.

Gaskets, metal battens, clamps, embed channels, and sealant—Gasket material shall be neoprene, closed cell
medium, 0.25 inch thick, with adhesive on one side, or other gasket material as approved by the liner
manufacturer. Metal battens shall be 0.25 inch thick by 2 inches wide stainless steel. Clamps shall be 0.5-inch-
wide stainless steel. Embed channel shall have the same properties as the liner. Sealant shall be General
Electric Silicone, RTV 103, or equivalent.

222.3 HDPE and LLDPE liner properties

The HDPE or LLDPE liner shall be manufactured from virgin polymer material and shall meet the property
values specified under tables 222–1 through 222–4 as applicable.
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Table 222–1 Requirements for smooth HPDE liner
Property Test methods                            Requirements*

- - - - - - - - - - - - - nominal thickness - - - - - - - - - - - - -
30 mil 40 mil 60 mil

Density, g/cc ASTM D 1505 0.940 0.940 0.940

Tensile properties ASTM D 638 (type IV at 2 in/min)
yield stress, lb/in 63 84 126
break stress, lb/in 114 152 228
yield elongation, % 12 12 12
break elongation, % 560 560 560

Tear resistance, lb ASTM D 1004 21 28 42

Puncture resistance, lb ASTM D 4833 54 72 108

Carbon black content, % ASTM D 1603 2-3 2-3 2–3

Carbon black dispersion ASTM D 5596 Cat 1–2 Cat 1–2 Cat 1–2

Seam properties ASTM D 4437 (1 in wide at 2 in/min)
   shear strength, lb/in 60 80 120
   peel strength, lb/in** 39/FTB 52/FTB 78/FTB
* All values, unless specified otherwise, are minimum average roll values as reported for the test method.
** Film tear bond: A failure of one of the bonded sheets by tearing prior to complete separation in the bonded area.

Table 222–2 Requirements for textured HPDE liner
Property Test methods                                     Requirements*

- - - - - - - - - - - - - nominal thickness - - - - - - - - - - - - -
30 mil 40 mil 60 mil

Density, g/cc ASTM D 1505 0.940 0.940 0.940

Tensile Properties ASTM D 638
(type IV at 2 in/min)

yield stress, lb/in 63 84 126
break stress, lb/in 45 60 90
yield elongation, % 12 12 12
break elongation, % 100 100 100

Tear resistance, lb ASTM D 1004 21 28 42

Puncture resistance, lb ASTM D 4833 45 60 90

Carbon black content, % ASTM D 1603 2 - 3 2 - 3 2 – 3

Carbon black dispersion ASTM D 5596 Cat 1–2 Cat 1–2 Cat 1–2

Seam properties ASTM D 4437
(1 in wide at 2 in/min)

   shear strength, lb/in 60 80 120
   peel strength, lb/in** 39/FTB 52/FTB 78/FTB
* All values, unless specified otherwise, are minimum average roll values as reported by the specified test methods.
** Film tear bond: A failure of one of the bonded sheets by tearing prior to complete separation in the bonded area.
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Table 222–3 Requirements for smooth LLDPE liner
Property Test methods                                   Requirements*

- - - - - - - - - - - - - nominal thickness - - - - - - - - - - - - -
30 mil 40 mil 60 mil

Density, g/cc ASTM D 1505 0.915 0.915 0.915

Tensile properties ASTM D 638
(type IV at 2 in/min)

yield stress, lb/in 45 60 94
break stress, lb/in 128 170  255
yield elongation, % 13 13 13
break elongation, % 800 800 800

Tear resistance, lb ASTM D 1004 17 22 33

Puncture resistance, lb ASTM D 4833 51 68 102

Carbon black content, % ASTM D 1603 2–3  2–3 2–3

Carbon black dispersion, % ASTM D 5596 Cat 1–2 Cat 1–2 Cat 1–2

Seam properties ASTM D 4437
(1 in wide at 2 in/min)

   shear strength, lb/in 44 58 90
   peel strength, lb/in 37/FTB** 50/FTB 90/FTB
* All values, unless otherwise specified, are minimum average roll values as reported for each test method
** Film tear bond: A failure of one of the bonded sheets by tearing prior to complete separation in the bonded area.

Table 222–4 Requirements for textured LLDPE liner
Property Test methods                            Requirements*

- - - - - - - - - - - - - nominal thickness - - - - - - - - - - - - -
30 mil 40 mil 60 mil

Density, g/cc ASTM D 1505 0.915 0.915 0.915

Tensile properties ASTM D 638
     yield stress, lb/in (type IV at 2 in/min) 44 58 87

break stress, lb/in 60 80 120
yield elongation, % 13 13 13
break elongation, % 350 350 350

Tear resistance, lb ASTM D 1004 17 23 35

Puncture resistance, lb ASTM D 4833 51 68 102

Carbon black content, % ASTM D 1603 2–3 2–3 2–3

Carbon black dispersion, % ASTM D 5596 Cat 1–2 Cat 1–2 Cat 1–2

Seam properties ASTM D 4437
   shear strength, lb/in (1 in wide at 2 in/min) 40 53 79
   peel strength, lb/in 33/FTB** 44/FTB 66/FTB
* All values, unless otherwise specified, are minimum average roll values as reported for each test method
** Film tear bond: A failure of one of the bonded sheets by tearing prior to complete separation in the bonded area.
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Geosynthetic Clay Liner 
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UNITED STATES DEPARTMENT OF AGRICULTURE
NATURAL RESOURCES CONSERVATION SERVICE

MATERIAL SPECIFICATION
MS-223:  “GEOSYNTHTIC CLAY LINER”

223.1 SCOPE

This specification covers the quality of geosynthetic clay liner (GCL) material and workmanship.

223.2 MATERIAL

The GCL is composed of a layer of high shrink-swell sodium bentonite sandwiched between a layer of
6 ounces per square yard nonwoven polypropylene geotextile and a layer of 3.2 ounces per square yard
woven geotextile. The GCL material shall be manufactured by one of the following processes:

• Needle punched process by which the bentonite is encapsulated between the geotextile layers by a
mechanical bonding process without the use of any chemical binders or adhesive, or

• Lock stitched to provide internal shear strength and the integrity and consistency
to the thickness and unit weight of the
material.

The bentonite shall have the following base properties:

• A minimum of 0.75 pound per square foot of high shrink/swell sodium bentonite at 12 percent
moisture. If the liner material is manufactured at higher moisture content, it shall still meet the
above requirements when adjusted to the 12 percent moisture level.

• Swell index—minimum 24 ml per 2 grams.
• Fluid loss—maximum 18 ml

The GCL shall have an index flux value no larger than 1 x 10-8 m/s

223.3 PACKAGING AND LABELING

All material shall be packaged in individual rolls of a minimum of 3.65 meters wide and with at least
30.5 meters in length on the roll. All rolls shall be labeled and in a wrapping that is resistant to UV
light deterioration. The labels on each roll shall identify the length and width of the roll, the
manufacturer, the product, lot number, and the roll number.
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223.4 TESTING AND QUALITY CONTROL

The following tests shall be performed and the results certified by the manufacturer:

Swell index ASTM D 5890
Fluid loss ASTM D 5891
Bentonite mass/unit area ASTM D 5993
Index flux ASTM D 5887
Mass/unit area, geotextile ASTM D 3776

223.5 INSPECTION AND ACCEPTANCE

No liner material shall be accepted for placement in the permanent works that has not been certified by
the manufacturer as meeting all specified requirements. No liner material shall be accepted that
exhibits any visible defects. The liner material shall be subject to quality assurance testing at any time
before and during installation.
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RESPONSE REQUESTED: 

 

Current Operations 
Currently the Cow Palace Dairy composts approximately 110,000 – 120,000 tons per 
year of straw manure in turned windrows on approximately 50 acres in the three ares 
shown outlined in red in the figure below.  The majority of this material is generated 
during the four wet months of November through February when the cows shelter in the 
Loafing Sheds on straw bedding.  An estimated average of 22,500 tons/month of straw 
manure produced during these months.  The balance of straw manure is produced 
sporadically during the rest of the year during wet weather periods. 

 

 
 
The compost produced the Cow Palace Dairy complies with WSDA and national 
guidelines for organic compost.  This compost is broadly distributed to local agricultural 
customers for beneficial reuse. 
 
 

 

DATE: 3/13/15 ECS PROJ. NO.: P242 
BY: Tim O’Neill PROJECT NAME: Dolsen Dairy Compost Improvement 
TO: Levi Gassaway COPY TO: Adam Dolsen 
SUBJECT: Current Operations, Project Goals and Compost Pilot Overview 

Yes X No  Hard Copy  E-Mail X Phone Call  

Project Memo
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Project Goals 
The high-level goals of this project are to improve the thermal/biological efficiency of  
the process so that finished compost can be produced more quickly.  A shorter 
processing time will in turn allow the same annual tonnage to be processed in a smaller, 
more efficient area.  ECS has helped other windrow composters improve efficiency by 
adding controlled aeration to their facilities. The likely reduction in the area required is 
between 40% – 70%.  
 
The specific process goals are: 

1. Meeting the time/temperature requirements posed by the WSDA guidelines. 
2. Reducing the moisture in the product more quickly. 
3. More rapidly producing a similarly stable material as the current process. 
4. Reducing the particle size of the straw so the vast majority of the compost falls through 

as fines in the screening process. 
 

Compost Pilot System  
The proposed pilot will measure the improvements gained by adding forced aeration 
and additional process control and monitoring to primary composting (first 2 – 6 weeks).  
This pilot will increase the Oxygen levels, speed up moisture removal, and provide 
temperature control.  Controlling these process variables always improves the efficiency 
of the composting process.  Every feedstock is however somewhat unique.  The goal of 
the pilot is therefore to characterize how much additional efficiency is realistically 
possible.   
 
The pilot program will use parametric testing it identify the best value approach for 
aeration rates, aeration periods, initial mix optimization, and how best to combine 
agitation (turning) and aeration. 
 
The pilot system will provide controlled and repeatable rate of air flow through a 
temporary aeration floor. This floor will be designed to allow both static (un-turned) and 
agitated (turned) composting over the top of it.  The system will have two zones that are 
50 ft long x 14 wide (approximate volume 80 cy, weight 60 tons). A drawing of the pilot 
system is attached.  The system will provide automatically controlled and monitored 
forced aerated composting in two zones.  The control system will be linked to the Cow 
Palace office via a wireless network and connected to the web.  This will enable 
management to track the testing, save data files, and change settings.  This same 
connectivity will allow ECS direct access from Seattle to provide prompt support for 
training, tuning the system and optimizing operations. 
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Initial Test Plan 
The test plan outlined below should be considered as a starting point; these plans will 
evolve as more is learned about how the feedstocks respond to an aerated system.  
Also during a pilot program it is common to need to stop a test early, change some 
parameters, t hen re-run.  The test period per batch will generally be between 10 – 40 
days.  Some feedstock characterization tests will also be required in addition to the data 
acquired by the automated control system.  This will include density and moisture tests, 
and a few lab tests. 
 
Test # 1 Start-Up, Zone #1 

Procedure Goals 

 Fill Zone #1 with as-received straw manure. 
 Use default ECS aeration control settings 

 Check out system 
 Discover straw manure’s response to 

aeration/Tune control system 

Test # 2 Start-Up, Zone #2 

Procedure Goals 

 Fill Zone #2 with as-received straw manure. 
 Use tuned aeration control settings 

 Check out system 
 Measure un-amended straw manure’s heat 

generating capacity and drying rate 

Test # 3 Amended Mix Test #1 

Procedure Goals 

 Fill zone with a mix of 10% dryer finished 
materials and the as-received straw 
manure. 
 

 Measure straw manure’s heat generating 
capacity and drying rate after being lightly 
amended with finished product 

Test # 4 Amended Mix Test #2 

Procedure Goals 

 Fill zone with a mix of 30% dryer finished 
materials and the as-received straw 
manure. 

 Measure straw manure’s heat generating 
capacity and drying rate after being 
modestly amended with finished product 

Test # 5 Combined Turning & Aeration #1 

Procedure Goals 

 Fill Zone with as-received straw manure. 
 Turn with WR turner every 3 days during 

the first 15 days 
 

 Measure the effect of combining aeration 
and turning on the heat generating capacity 
and drying rate of the as-received straw 
manure. 
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Test # 6 Combined Turning & Aeration #2 

Procedure Goals 

 Fill Zone with as-received straw manure. 
 Turn with WR turner every 6 days during 

the first 18 days 
 

 Measure the effect of combining aeration 
and turning on the heat generating capacity 
and drying rate of the as-received straw 
manure. 

Test # 7 Super Aeration #1 

Procedure Goals 

 Fill Zone with as-received straw manure. 
 Put fan on maximum output for first 3 days 

of process, then return to automatic 
temperature control 
 

 Measure the drying effect over aerating 
initially on the longer term heat generating 
capacity and drying rate of the as-received 
straw manure. 

Test # 8 Super Aeration #2 

Procedure Goals 

 Fill Zone with as-received straw manure. 
 Put fan on maximum output for first 7 days 

of process, then return to automatic 
temperature control 
 

 Measure the drying effect over aerating for 
a longer initial period on the longer term 
heat generating capacity and drying rate of 
the as-received straw manure. 
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Cow Palace  ‐‐  Annual Nitrogen and Phosphorus Budget Narrative Update (Draft) 
 
Date:   March 10, 2015 
 
The following is a detailed and updated narrative and explanation on the use of the attached N 
and P budget.  This narrative also attempts to address and provide input to some of the 
concerns presented by Bryon Shaw. 
 
In its simplest form, a nutrient budget is based on the principle of conservation of mass and as 
an example can be defined as follows: 
 
      N inputs – Noutputs = ∆Nsoil (Change in the soil N storage) 
 
However, careful thought and definition of the goals of any budget are necessary to help define 
what particular N or P pathways are being represented within the system.  The goal of this 
budget is to provide a framework to which nitrogen and phosphorus can be evaluated within a 
manured agricultural system.  The hope is that through documentation of the major inputs, 
outputs, and change in the soil that the N and P pathways that are unaccounted for will be 
minimized. 
 
Under the current system of data collection, as defined by the AFMP and AOC, there will be a 
consistent documentation of data that will help to achieve quality budget evaluations.  It is 
acknowledged that as this project moves forward, there may be some realized adjustments to 
attempt to make the budget more accurate. 
 
The Nitrogen Budget 
The attached budget is set up on a crop year basis and is divided into 4 categories for nitrogen 
that include 1) soil inorganic N (measured nitrates and ammonium within the soil profile), 2) 
soil organic N (measured organic matter within the soil profile and a calculation of the nitrogen 
release from organic matter as well as that which is expected to mineralize from past manure 
applications or incorporated crop residues), 3) nitrogen applied, and 4) nitrogen removed from 
the harvested crop.  All components of these categories are described below: 
 

1. Soil inorganic N (Columns B‐G) 

As defined by the AFMP, each sampling unit is soil sampled twice per year; once pre‐

plant in the spring and once post‐harvest in the fall.  Each field will be sampled at 

relatively the same time each year, which is favorable for use in the budget.  Both 

nitrate (NO3‐N) and ammonium (NH4‐N) are a part of the required tests (Columns E and 

F). 
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2. Soil organic N (Columns H‐L) 

As a part of the AFMP, organic matter percent is also measured.  The amount of 

mineralization from this organic matter fraction is estimated based on values from 

various literature sources, of which one is listed below.  This estimated is based upon an 

equation where the value is multiplied against a fixed value of estimated N release on 

an annual basis (Columns H and I).  In general, organic matter contains roughly 5% total 

nitrogen and of that portion, it is estimated that 1‐2% or that nitrogen is released, or 

mineralized, each year.  Therefore, a silt loam soil that weighs 3.5 million pounds that 

has an organic matter level of 3% would contain 105,000 pounds of OM and 5,250 lbs 

TN.  If 1.5% of the TN was mineralized annually, then that would result in a total of 79 

lbs available N per year.  This results in a total of ~26 lbs N per percent of OM annually.  

For example, if the organic matter value is 3% for an alfalfa crop, then this value would 

be multiplied against a rate of ~26 lbs N release per percent of OM, for a total of 79 lbs 

N released for the year.  It should be noted that organic matter release is much more 

complicated than this and is not linear in nature, but this will provide a repeatable, 

consistent approach to making estimations.  Also, there is much literature on the 

reduction of organic matter mineralization rates and potential that is associated with 

conventional tillage and any sort of elevated salts, both of which are represented within 

these systems. 

 

Resource:  USDA‐NRCS, “Soil Organic Matter, Soil Quality Kit – Guides for Educators” 
Note:  The literature in general provides a wide range of possibilities for 

mineralization.  Mineralization is highly variable and hard to predict due to its 

complex interaction of the environment and specific soils. 

 

If a crop is coming out of alfalfa or another legume, then, there will be a credit for the 

nitrogen that the crop will return to the system (Column K). 

 

Resource:  “Nutrient Management for Field Corn Silage and Grain in the Inland Pacific 
Northwest”, PNW 615. 
 

Also, there is an additional component within manured systems where the organic 

nitrogen from past applications becomes available over time.  This is accounted for 

through the calculations made as part of the report that is generated for determining 

available nitrogen within manures, called the “Ammonium‐N Retention and 

Mineralization Report” (See attached example).  This report is generated for all manures 
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that will be applied to sampling units which also includes an estimate for long‐term 

availability for organic N (Column J). 

 

Resource:  “Estimating Plant‐available Nitrogen from Manure”, EM 8954‐E, January 
2008. 
 

3. Applied N (Columns M‐O) 

As defined in the AFMP and the DNMP, manures that will be applied to sampling units, 

must have a recent analysis so as to define the amount of nutrient, particularly N, that is 

present per a given volume or weight of product.  This should also include a calculation 

of the amount of nitrogen that will be plant‐available within the 1st year after 

application (Column O).  All of these components are defined within the “Ammonium‐N 

Retention and Mineralization Report”.  This report is generated for all manures that will 

be applied to the sampling units and provide the necessary information for making a 

fertilizer rate recommendation.  It also takes into consideration that some of the 

ammonia nitrogen will be lost to volatilization, which is estimated based upon the 

manure type and the application‐incorporation dynamics. 

 

Resource:  “Estimating Plant‐available Nitrogen from Manure”, EM 8954‐E, January 
2008. 
 

4. Removed N (Columns P‐U) 

As also defined in the AFMP and the DNMP, crop yields will be recorded and maintained 

for a minimum of 5 years.  This data is used both for making recommendation based off 

of realistic crop yield goals, as well as for determining the quantity of nutrient removed 

with the harvestable portion of the crop.  These calculations will be based upon the 

USDA Crop Nutrient Removal Tool or by actual sampling of the crop plant material just 

prior to harvest to determine the actual amount of nutrient that is being removed 

(Columns P through U). 

 

Resource:  USDA‐NRCS Crop Nutrient Tool (https://plants.usda.gov/npk/main) 

While column V provides an analysis of the results of the inputs minus the outputs apart from 
that recorded as residual N within the soil, column W provides a calculation for the measured 
change in the soil inorganic N levels on an annual basis.  These two columns will provide insight 
into the application and management decisions that affect the soil N budget and ultimately the 
amount of residual N within the soil profile. 
 

Case 2:13-cv-03016-TOR    Document 396-4    Filed 05/19/15



Page 4 

 

While the nitrogen cycle is well understood, in practice, it is difficult to define within the 
construction of a nutrient budget.  However, with the goal of using systematic data, that is 
already being generated as part of the AOC to populate and support the budget, this budget 
can provide valuable information for evaluating management processes with the goal of using 
system nitrogen efficiently and sustainably. 
 
The Phosphorus Budget 
This budget is a simplified version of the nitrogen budget, which includes, the measured soil P 
level from the pre‐plant and post harvest soil samples (Column D), the amount of P applied per 
acre (Column Y) based on the measured manure application (Column M) and the calculated P 
concentrations within the manure product (Column X), and the amount of P removed from the 
harvested portion of the crop (Column Z), as defined by the USDA Crop Nutrient Tool or by 
actual pre‐harvest crop analysis. 
 
Column AA represents the net balance between what was applied and what was extracted from 
crop uptake. 
 
Look Up Tables and References 
Below is a list and description of the values that are utilized within the Look‐Up portion of the 
budget. 
 

 Rate1 – Organic matter mineralization rates 

Rates are included that represent the inherent capability of the soil to mineralize 

nitrogen that will become available for plant uptake.  If actual field measurements are 

simulated, or if rates are found to be different than the stated rates, then adjustments 

will be made. 

 Rate2 – Past manure mineralization rates 

By using the “Ammonium‐N Retention and Mineralization Report” a 3 sample rolling 

average will be calculated as to what rate of release will be expected from past manure 

applications.  This rolling average will help to provide some level of stability to the 

changes that may be observed from year to year. 

 Rate3 – Crop removal rate estimates (dry matter basis) 

As stated earlier, the crop removal rates will initially be based upon the USDA Crop 

Nutrient Tool Database.  Pre‐harvest samples of all crop types will be collected and 

analyzed so as to most accurately portray nutrient removal rates. 

Other pertinent comments regarding the use of this budget: 
 

 Agronomic rates will take rooting depth into consideration. 

 The budget will be updated no less than annually. 
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 This budget is not a net sum “0” budget.  There will be losses that are not defined. 

 This budget is not proof of any specific amount of N loss. 

 Crop removal rates will be calculated off of the harvested portion of the plant only.  It is 

realized that the roots, stalks, and stems have taken‐up nitrate and ammonium and 

transformed it into organic nitrogen. 

 The phosphorus value measured in the soil is a value that represents that portion of the 

total phosphorus pool that is available to the plants for use.  This value can vary 

significantly based on soil biology, soil temperatures, and other environmental factors.  

Therefore, any measureable change in soil values will have to be assessed over a longer 

period of time. 

 Soil organic matter is also a relatively stable pool that will not change significantly over 

time, and therefore, any measureable change in soil values will have to be assessed over 

a longer period of time. 

 
Other concerns and discussion (as per a phone conversation with Byron Shaw on 3/10/15): 
 
Shaw discussed the following concerns: 
 
1.  What would be my approach to reduce both N and P within the field soils? 
 
The AFMP, which is based upon the guidelines presented within the NRCS Code 590, requires 
that fertilizer (including manure) applications be based upon agronomic rates that consider all 
of the above mentioned nitrogen inputs.  Including residual nitrogen within the application rate 
calculations will help to bring soil N levels down in that residual nitrogen is expected to be 
mostly used.  While calculations are made with essentially a zero balance in mind, in practice, 
no soils will ever reach zero.  However, overtime using this approach soil nitrate residual levels 
will drop.  Through the use of lower application rates, the amount of nitrogen that is 
mineralized from past applications will decrease as well. 
 
As part of the initial analysis of the manure management systems at Cow Palace, it was 
determined early on that a centrifuge or Dissolved Air Flotation Bed (DAF), would be an 
important tool to implement to both reduce nitrogen and phosphorus within the lagoon water 
that is typically used to apply to fields.  Hence, within the next month or two, there will be a 
functioning centrifuge in place that will reduce nitrogen by a minimum of 30% and phosphorus 
by a minimum of 80% within the lagoon water at Cow Palace.  Cow Palace already had relatively 
low phosphorus additions as part of their manure management system, but the centrifuge will 
reduce these levels even more.  Therefore, even if Cow Palace makes agronomic applications 
on a nitrogen basis to fields, the phosphorus extracted by the crops being produced will always 
exceed that being added, resulting in a “draw‐down” plan for phosphorus.   
 

Case 2:13-cv-03016-TOR    Document 396-4    Filed 05/19/15



Page 6 

 

Shaw stated that he would like to see 15 ppm or less in the 2nd foot for nitrate and 20 ppm or 
less for the top foot for phosphorus.  I do not necessarily agree with these values, but with the 
approach that is being used to manage applications, soil levels will be decreasing and moving 
towards these targets.   
 
For nitrogen, I would be in favor of initially working towards achieving levels that are 
consistently below 45 ppm (the AOC standard), then stepping down to 35  ppm, then 25 ppm.  
However, even with well controlled agronomic applications, it should be realized that due to 
the varied nature of mineralization from organic matter and past manure applications, that very 
low values may not be able to be achieved every year.  In my experience with working with 
both dairy and non‐dairy growers, it is not plausible to expect that levels below 15 ppm would 
be able to be maintained.  However, it should be noted that through careful water 
management, that these levels would be held within the profile and not lost.  This is due to the 
nature of our environment where we only receive small amounts of rainfall within the winter 
months.  This retained nitrogen would be available for late fall and winter uptake by the 
growing crops. 
 
For phosphorus, I also do not agree with the proposed value as this level is half of what other 
states in the PNW are using as guidance.  For example, Idaho has a standard of 40 ppm that is 
promoted.  In addition, the NRCS Code 590 calls for the use of a Phosphorus Index that gives 
weight to risk as a result of current soil levels, environment, and soils.  This index provides 
feedback on fields that may have higher risk for movement off‐site.  This data would be used to 
make evaluations and plans for each individual field.  As also stated above, the current system 
will continue to result in the “draw‐down” of phosphorus. 
 
2.  What sort of timeframe would I project to be able to reach the stated goals? 
 
For nitrogen, this drop will occur fairly quickly as it is utilized at higher levels.  On fields with 
higher residuals, I would expect to be down into the 25‐30 ppm range, or lower, within a year 
or two for most, if not all, fields.  Levels should continue to drop beyond that as well. 
 
It should be realized that phosphorus levels will decline at a much slower rate than nitrogen as 
it is used at a much lower rate within the plant as compared to nitrogen.  Even if no manure 
was applied to some of these fields for the foreseeable future, it will likely take 10‐20 or more 
years to bring these levels down to mid‐double digit values.  Remember that many of these 
fields have had manure applications for 30 or more years.  Also, the Irrigation Water 
Management Plan will help to reduce the potential for off‐site movement. 
 
3.  What will be my approach to the timing of field manure applications? 
 
In as much as it is possible, application will occur at times when there are actively growing 
crops in place.  I agree and adhere to the principles outlined in the NRCS Code 590 guidelines in 
that applications should be avoided to soils that are saturated or frozen.  Planned applications 
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also need to take into consideration weather events that have recently occurred or are forecast 
to occur within a couple days.  With the implementation of a centrifuge and with proper lagoon 
management, it should become possible to avoid applications during winter months.  The data 
collected from the irrigation sensors can also help to guide rates as soil moisture levels will be 
more easily assessed for each field. 
 
4.  What sort of strategies would be used to help control low or sensitive areas? 
 
Many of the soil water sensors that are within the fields represent the lower portions of the 
fields.  This was done on purpose to be sure that we are not over irrigating such areas.  Also, 
additional agronomic practices have been discussed and will be implemented this season.  One 
such practice is the use of a dammer‐diker.  This implement makes small depressions within the 
soil between the crop rows that help hold water in place, thus reducing water movement 
across the surface of the field (this is similar to soil imprinting).  This practice is known to 
reduce soil erosion, reduce water use, reduce inputs, and typically increase yields. 
 
I believe that this tool will help to reduce wetness to lower areas.  However, if such issues do 
persist, then there remains the option to using some sort of buffer crop within the lower more 
sensitive zones. 
 
Please call or email if there are any questions to the contents of this narrative. 
 
Sincerely, 
 
Scott Stephen 
Soil Scientist 
Agrimanagement, Inc. 
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Field CP‐SU01 Acres Annual Nitrogen and Phosphorus Budget (Draft)
69.0 See the Look Up tables for pertinent resouces

[A] [B] [C] [D] [E] [F] [G] [H] [I] [J] [K] [L] [M] [N] [O] [P] [Q] [R] [S] [T] [U] [V] [W] [X] [Y] [Z] [AA]

Soil Sampling Data (soil inorganic N) Mineralized Nitrogen (soil organic N) Nitrogen Applied Nitrogen Removed by Crops Estimated N  Calculated  Phosphorus  Phosphorus Estimated P
Residual Nitrogen Total Amount Estimated Revised added change in Estimated  Applied Removed added
and Phosphorus Total N Estimated Est. Past Estimated N  Total Lagoon Lagoon N Lbs N Crop Yield (Dry Lbs N (removed) Soil N Lagoon P Lbs P by Crops (removed)

Crop  P NO3‐N NH4‐N Available N from O.M.  manure N Credits from  Estimated N Applied Analysis Applied Production Yield moisture Matter Basis) Removal Residual Analysis Applied

Year Sample Date Depth (ppm) lb/ac lb/ac lb/ac O.M. % mineralization mineralization previous crop mineralization (1000 gal) (lbs/1Kgal) (lbs/acre) Crop (tons) (tons/ac) (%) (tons/ac) (lbs/acre) (lbs/acre) (lbs/acre) (lbs/1Kgal) (lbs/acre) (lbs/acre) (lbs/acre)

[D] + [E] [H] x Rate1 See Rate2 [I] + [J] + [K] [M] x [N] / Ac [Q] / Ac [R] x (1‐[S]) [T] x Rate3 [L] + [O] ‐ [U] ∆ [G] [M] x [X] / Ac [Y] ‐ [Z]

2011 17280

2012 7680

2013 11400

2014 10/5/2013 1 290 330 2 332 3.0% 30 53 0 83 612 3 29 Triticale 489.52 7.09 55% 3.19 150 (38) 0.48 4.26 43.99 (40)
2 254 254

3 256 256 ((7680*0.23)+(17280*0.11))/69

3' Profile 842

5/10/2014 1 264 112 4 116 2.7% 54 54 2562 3 123 Silage Corn 2113.69 30.63 68% 9.80 255 (78) 0.48 17.82 73.52 (56)
2 143 143

2015 10/5/2014 1 184 175 4 179 2.3% 23 51 0 74 3 Triticale

2 100 158 5 163 0.9%

3 70 176 6 182 1.0% ((11400*0.23)+(7680*0.11))/69

3' Profile 524 (318)

Silage Corn

2016 29 ?

((3174*0.23)+(11400*0.11))/69

PRELIMINARY TRIAL ‐ Annual Nitrogen and Phosphorus Budget Field: CP‐SU01 3/10/2015
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Field CP‐SU04A Acres Annual Nitrogen and Phosphorus Budget (Draft)
71.0 See the Look Up tables for pertinent resouces

[A] [B] [C] [D] [E] [F] [G] [H] [I] [J] [K] [L] [M] [N] [O] [P] [Q] [R] [S] [T] [U] [V] [W] [X] [Y] [Z] [AA]

Soil Sampling Data (soil inorganic N) Mineralized Nitrogen (soil organic N) Nitrogen Applied Nitrogen Removed by Crops Estimated N  Calculated  Phosphorus  Phosphorus Estimated P
Residual Nitrogen Total Amount Estimated Revised added change in Estimated  Applied Removed added

PRELIMINARY TRIAL ‐ Annual Nitrogen and Phosphorus Budget Field: CP‐SU04A 3/10/2015

g g pp
and Phosphorus Total N Estimated Est. Past Estimated N  Total Lagoon Lagoon N Lbs N Crop Yield (Dry Lbs N (removed) Soil N Lagoon P Lbs P by Crops (removed)

Crop P NO3‐N NH4‐N Available N from O.M.  manure N Credits from  Estimated N Applied Analysis Applied Production Yield moisture Matter Basis) Removal Residual Analysis Applied

Year Sample Date Depth (ppm) lb/ac lb/ac lb/ac O.M. % mineralization mineralization previous crop mineralization (1000 gal) (lbs/1Kgal) (lbs/acre) Crop (tons) (tons/ac) (%) (tons/ac) (lbs/acre) (lbs/acre) (lbs/acre) (lbs/1Kgal) (lbs/acre) (lbs/acre) (lbs/acre)

[D] + [E] [H] x Rate1 See Rate2 [I] + [J] + [K] [M] x [N] / Ac [Q] / Ac [R] x (1‐[S]) [T] x Rate3 [L] + [O] ‐ [U] ∆ [G] [M] x [X] / Ac [Y] ‐ [Z]

2011 8544

2012 8832

2013 1440

2014 9/17/2013 1 162 68 7 75 2.9% 87 18 0 105 7689 3.3 357 Alfalfa 1552.88 21.87 55% 9.84 463 (0) 0.48 51.98 135.60 (84)
2 53 53

3 66 66 ((8832*0.23)+(8544*0.11))/71

3' Profile 194

5/23/2014 1 144 61 9 70 3 4%5/23/2014 1 144 61 9 70 3.4%

2 48 48

2015 10/5/2014 1 171 56 29 85 2.9% 3.2 Alfalfa

2 88 62 12 74 1.3%

3 44 85 4 89 0.7% ((1440*0.23)+(8832*0.11))/71(( ) ( ))/

3' Profile 248 54

2016 Alf lf2016 Alfalfa

((7689*0.23)+(1440*0.11))/71

PRELIMINARY TRIAL ‐ Annual Nitrogen and Phosphorus Budget Field: CP‐SU04A 3/10/2015
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Look Up Tables and References

Rate1 ‐ Organic matter mineralization

30 lbs Mineralized N per % OM (Full season)

20 lbs Mineralized N per % OM (Summer season only)

10 lbs Mineralized N per % OM (Winter season only)

Rate2 ‐ Past manure mineralization

0.23 2 yr lbs Mineralized N per 1000 gallons This will be a 3 year rolling average

0.11 3 yr lbs Mineralized N per 1000 gallons

0.03 4 yr lbs Mineralized N per 1000 gallons

Assumes some level of Volatilization, as determined by the above document.

Applied Organic Nitrogen will not all be available for the current crop.

Rate3 ‐ Crop Removal Rate Estimates (dry matter basis)
Nitrogen Phosphorus

Triticale 47 lbs N/Ton 6.2 lbs P2O5/Ton

Silage Corn 26 lbs N/Ton 7.5 lbs P2O5/Ton

Sudan Grass 51 lbs N/Ton 8.2 lbs P2O5/Ton

Alfalfa 69 lbs N/Ton 6.8 lbs P2O5/Ton

Values calculated from using the resource: "Estimating Plant‐available Nitrogen 
from Manure", EM 8954‐E, January 2008.  

Values taken from the USDA Crop Nutrient Tool Database (https://plants.usda.gov/npk/main).  Actual 
"in‐field" data will be taken in 2015 and used to populate this look‐up table

Values estimated from USDA‐NRCS publication "Soil Organic Matter, Soil Quality Kit‐Guides 
for Educators".  Several other sources also support these values.

For notes and comments pertaining to these rates and how they will be used, see Pages 3 and 4 of the Budget 

Narrative.

PRELIMINARY TRIAL ‐ Annual Nitrogen and Phosphorus Budget Look‐Up Values ‐ 3/10/2015
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Ammonium-N Retention and
Mineralization Report

Report Details

Cow PalaceCow Palace
CP-LG01

Notes & Observations
Sunny 78 degrees. Filled at 11:40.

Date SampledDate Sampled Aug. 27, 2014
Sampled BySampled By Stephen
Client CodeClient Code Y125
Job CodeJob Code 8362
Report CodeReport Code D14-0001

LaboratoryLaboratory SoilTest
Lab CodeLab Code M14-00647
Sample TypeSample Type Liquid
Dry MatterDry Matter 0.3%
FluidityFluidity Lagoon Water
DensityDensity 8.22 lbs/gal

IncorporationIncorporation 7 Days

Sample Composition, Density Corrected
Element/CompoundElement/Compound ppm(mg/l)ppm(mg/l) lbs/1000gallbs/1000gal 1Y Ret/Min1Y Ret/Min 1Y Available1Y Available

Total NTotal N Nitrogen 443.25 3.70 76.82% 2.84

NONO₃-N-N Nitrate 11.98 0.10 100.00% 0.10

NHNH₄-N-N Ammonium 283.68 2.37 95.00% 2.25

Organic NOrganic N 147.59 1.23 40.00% 0.49

PP Phosphorus 30.53 0.25  

PP₂OO₅ P Oxide 73.87 0.62 90.00% 0.55

KK Potassium 647.14 5.40  

KK₂OO K Oxide 777.16 6.49 90.00% 5.84

SS Sulfur   60.00%  

CaCa Calcium   100.00%  

MgMg Magnesium   100.00%  

NaNa Sodium   100.00%  

BB Boron   100.00%  

ZnZn Zinc   100.00%  

MnMn Manganese   100.00%  

FeFe Iron   100.00%  

CuCu Copper   100.00%  

Long-term Availability for Organic N
Year(s)Year(s) 11 22 33 44 5-95-9

MineralizationMineralization 40.00% 15.00% 7.00% 3.00% 2.00%

AvailableAvailable 0.49 0.18 0.09 0.04 0.02

Other Results
Total CTotal C Carbon (lbs)     

C:N RatioC:N Ratio     

E.C. mmhos/cmE.C. mmhos/cm Salt     

pHpH     

Available N values calculated from OSU EM 8954-E. Calculations by Agrimanagement, Inc.
Fertility and chemical data used to formulate a recommendation was processed and reported by Soil Test, Inc.

AGRIMANAGEMENT, INC. • 408 N 1ST STREET, YAKIMA, WASHINGTON 98901  • (509) 453-4851 • FAX: (509) 588-1672 • WWW.AGRIMGT.COM

Case 2:13-cv-03016-TOR    Document 396-4    Filed 05/19/15



0 1 20.5

Miles

.
Legend

3 Mile Parcel Buffer

Cow Palace 1 and 2 Dairy

D&A Dairy

DeRuyter Dairy

Liberyt/Bosma Dairy
Job#:

Date: 4/17/2015
FIGURE 1

Radius Map - Approximately 3 Miles
Downgradient of Daires

 M:\CAFOM01-Cow_Palace\3milebuffer.mxd

Case 2:13-cv-03016-TOR    Document 396-5    Filed 05/19/15



 1 

 

EXPERT REPORT 

OF 

BYRON H. SHAW, Ph.D. 

Community Association for Restoration of the Environment, Inc.  

and Center for Food Safety, Inc.,  

v.  

Cow Palace, LLC  

(E.D. Wash. No. CV-13-3016-TOR) 

 

Prepared for: 

Law Offices of Charles M. Tebbutt, P.C. 
941 Lawrence Street 
Eugene, OR  97401 

 
Public Justice 

1825 K Street, NW Suite 200 
Washington, D.C.  20006 

 
Center for Food Safety, Inc. 

303 Sacramento Street, 2nd Floor 
San Francisco, CA  94111 

 

This Expert Report contains information designated by Defendant Cow Palace, LLC, as 

“CONFIDENTIAL” under the Stipulated Protective Order (ECF No. 82) 
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INTRODUCTION 

1. I, Byron Shaw, have been retained by Plaintiffs in the above-

captioned matter to provide expert testimony about the manure management, 

storage, and application practices of Defendant Cow Palace Dairy, LLC 

(“Cow Palace” or “Defendant”), including how these activities have caused 

or contributed to the contamination of soils, surface water, and groundwater.   

2. I am a licensed professional soil scientist and hydrologist in the State 

of Wisconsin.  I have a Ph.D. in soil science from University of Wisconsin 

(UW) Madison and a minor in water chemistry.  I taught, conducted 

research, ran an environmental research lab, and conducted educational 

programs for the University of Wisconsin Stevens Point (“UWSP”) and UW 

Extension for 32 years prior to retiring in 2000.  I have done part-time soil 

and water consulting for the past 14 years.  My research and publications 

cover a wide range of soil and water issues, with many dealing with surface 

and groundwater contamination from agricultural activities.  I have received 

a number of awards for my work.  I have also lived on and worked a 110-

acre farm for the past 45 years.    

3. As part of my research, I was principal advisor to 50 Master of 

Science graduate research projects.  As part of these studies I designed, and 

supervised the installation of, several hundred monitoring wells, many 
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evaluating various agricultural practices.  I also initiated a water quality 

testing program at UWSP that, among other findings, identified the first 

occurrence of pesticides in Wisconsin groundwater.   This testing program 

presently employs 10 to 25 people and is both State and United States 

Geological Survey (USGS) certified.  

4. As part of my UW extension position, I managed and conducted over 

50 groundwater testing programs for citizens throughout Wisconsin, 

including the designing and implementation of an educational program to 

explain testing results to homeowners.  These programs involved the 

sampling and testing of private wells on a township-sized area, and included 

the mapping of results.  This program continues to date and has resulted in 

an extensive database of private well water quality conditions in Wisconsin. 

5. My curriculum vitae is attached hereto as Exhibit 1.  It contains a list 

of my past publications and other prior work history.   

6. I have previously provided expert testimony, in deposition and/or in 

trial, in the following matters over the previous four years: CARE v. Nelson 

Faria Dairy, LLC, case number 2:04-cv-03060-LRS (E.D. Wash.).  I also 

provided expert testimony in a contested case hearing in an administrative 

forum in Wisconsin in February 2014 relative to an expansion of a dairy 

CAFO. 
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7. My hourly rate for the time I have spent working on this case is 

$200/hour.  This rate is doubled for depositions and trial testimony.   

8. I have reviewed numerous documents about Cow Palace and the other 

Cluster Dairies, the Yakima Valley, and resource information for Yakima 

County.  This information includes: 

a. The Dairy Nutrient Management Plan (“DNMP”) for Cow 

Palace, and the other Cluster Dairies, along with all appendices and 

attached information; citations herein are to the DNMP provided at 

COWPAL000001-70 – I have compared it to the other DNMP 

produced by Cow Palace and find them to be identical in all material 

aspects. 

b. Inspection reports from the Washington Department of 

Agriculture about Cow Palace and the other Cluster Dairies; 

c. Cow Palace’s, and the other Cluster Dairies’, soil sampling 

information provided to Plaintiffs during discovery, dating from 1998 

to the present, including information obtained pursuant to the 

Administrative Order on Consent (“AOC”) with EPA; 

d. Cow Palace’s, and the other Cluster Dairies’, lagoon and 

manure sampling information provided to Plaintiffs during discovery, 

including information obtained pursuant to the AOC; 
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e. Cow Palace’s, and the other Cluster Dairies’, field application 

summary logs; 

f. Cow Palace’s hand-written field application logs; 

g. Cow Palace’s, and the other Cluster Dairies’, crop yield 

information, where available; 

h. Cow Palace’s statements about the Dairy’s herd size; 

i. Well sampling information for wells sampled by the United 

States Environmental Protection Agency, including the wells 

described in the publication titled “Relation Between Nitrate in Water 

Wells and Potential Sources in the Lower Yakima Valley, 

Washington” EPA-910-R-13-004 (the “EPA Report”); 

j.  Well installation and sampling information obtained by Cow 

Palace, and the other Cluster Dairies, pursuant to the AOC, including 

but not limited to Cow Palace’s, and the other Cluster Dairies’, 

quarterly monitoring reports, the groundwater monitoring well 

installation report, and well logs from well installation; 

k. Residential well sampling information obtained by Cow Palace, 

and the other Cluster Dairies, pursuant to the AOC; 

l. Documents generated by Cow Palace pursuant to the AOC; 

m. Documents, records, sampling data, my own personal 
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observations, and other information obtained during Plaintiffs’ 

October 2013 Rule 34 inspection of Cow Palace Dairy and the other 

Cluster Dairies; 

n. Documents, records, sampling data, and other information 

obtained during Plaintiffs’ May 2014 Rule 34 inspection of Cow 

Palace Dairy and the other Cluster Dairies and Haak Dairy; 

o. Natural Resource Conservation Service Soil Survey Report for 

Yakima County, Washington; 

p. Several studies and reports from the Washington State 

Department of Ecology, including: Carey, Barbara, Effects of Land 

Application of Manure on Groundwater at Two Dairies over the 

Sumas-Blaine Surficial Aquifer, 2002, Washington State Dept. of 

Ecology Publication No. 02-03-007; Carey, Barbara & Harrison, 

Joseph, Nitrogen Dynamics at a Manured Grass Field Overlying the 

Sumas-Blaine Aquifer in Whatcom County, 2014, Washington State 

Dept. of Ecology Publication No. 14-03-001; Erickson, Denis R., 

Effects of Leakage from four Dairy Waste Storage Ponds on 

Groundwater Quality, Final Report, 1994, Washington State Dept. of 

Ecology Publication No. 94-109; E.S. Marx, J. Hart, and R.G. 

Stevens, Soil Test Interpretation Guide,1996, Oregon State Extension 
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Service, EC-1478, and its July, 2011 update by D.A. Horneck, D.M. 

Sullivan, J.S. Owen, and J.M. Hart; Vaccaro, J.J., Jones, M.A., Ely, 

D.M., Key, M.E., Olsen, T.D., Welch, W.B., and Cox, S.E., 2009, 

Hydrogeologic Framework of the Yakima River Basin Aquifer System, 

Washington: U.S. Geological Survey Scientific Investigations Report, 

2009-5152. 

q. The deposition testimony of Jeff Boivin, Cow Palace employee 

and manager, Dirk Porter, Cow Palace employee, and Daniel 

McCarty, a dairy inspector for the Washington State Department of 

Agriculture, along with other deposition testimony; 

r. Residential well sampling data taken by Cow Palace/Dolsen 

Companies of residences owned by the Dairies; 

s. Many scholarly articles, publications, and recommendations, 

some as referenced and cited specifically herein;   

t. The report by McFarland, M., Devlin, D., Koenig, R., Osmond, 

D., entitled “Comparison of Land Grant University Soil Test 

Recommendations for Nitrogen, Phosphorus and Potassium,” 

(undated). 

9. All opinions expressed herein are to a reasonable degree of scientific 

certainty, unless specified otherwise.  I reserve the right to modify or 
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supplement this report based on information obtained by Plaintiffs after the 

date of this report.   

10. Generally, I have been requested by Plaintiffs to render an opinion 

about whether Cow Palace’s manure management, storage, and application 

practices have resulted in nitrogen, phosphorus, and other plant nutrients 

found in cow manure being leached through the ground and into 

groundwater and other potential environmental impacts from manure 

overapplication.  For instance, overloading of phosphorus, along with 

nitrogen, is likely to lead to surface water runoff that causes eutrophication 

of surface waters, or the addition of excess nutrients into bodies of water that 

typically cause excessive algae growth.  Based on my review of the available 

information, I conclude that Cow Palace’s manure management, storage, and 

application practices are one of the primary contributing sources of the 

nitrogen (in the form of nitrate) contamination observed in the groundwater 

downgradient of Cow Palace’s facility and application fields.  In some 

specific situations, Cow Palace is the primary source. 

11. I have also been asked by Plaintiffs to render an opinion as to what 

measures Cow Palace could reasonably take that would reduce nitrogen 

loading from the Dairy and would remediate the nitrate contamination of 

groundwater.  I discuss these options at the end of this report.   
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SCIENTIFIC AND FACTUAL BACKGROUND 
 

12. The Cow Palace Dairy is a concentrated animal feeding operation or 

“CAFO” located near 1631 North Liberty Road, Granger, WA, 98932.  As 

of 2012, Cow Palace had 7,372 milking cows, 897 dry cows, 243 springers, 

and 3095 calves housed at the facility, for a total herd size of 11,607 

animals.1  According to Cow Palace’s DNMP, much of the waste generated 

from these animals is directed into two settling basins, where solids are 

settled from the liquid, and then into a series of liquid storage lagoons.2  

Liquid manure from these lagoons is land-applied to Cow Palace’s 

agricultural fields, which total 533 acres in size per the DNMP.3 

13. A facility with 2500 dairy cattle is estimated to create a similar waste 

load as a city of 411,000 people.4  A key difference is the fact that human 

waste is treated before discharge into the environment, whereas waste from 

CAFOs has no such requirement as it is not treated, or treated minimally, 

before reaching the environment.5  Based on this estimate, Cow Palace’s 

milking cows produce a similar waste load as a human population of more 

than 1,211,957 people (411,000/2500*7372).   

14. Cow Palace is located in the northern end of the Lower Yakima 
                                                
1 COWPAL002097. 
2 COWPAL000010. 
3 COWPAL000005. 
4 EPA Report at 46. 
5Id.   
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Valley, and is bounded to the north by basalt hills known as the “Rattlesnake 

Hills.”6  There are only a handful of agricultural fields located north of Cow 

Palace Dairy, as is readily apparent by looking at any internet mapping 

service, such as Google Maps.7   

15. There are two main aquifer types in the area.  The first is a surficial 

unconfined to semi-confined alluvial aquifer.  The second is an extensive 

basalt aquifer of great thickness underlying the sedimentary deposits.  The 

deep portion of the basalt aquifer is believed by the USGS to be semi-

isolated from the surficial aquifer and local stream systems and eventually 

discharges to the Columbia River.8  Natural groundwater flow within the 

shallower, surficial aquifer generally follows topography, but may be 

influenced by irrigation practices, drains, ditches, and canals.9  This 

shallower aquifer feeds the Yakima River,10 which is one way how 

contamination introduced by Cow Palace to groundwater can later cause or 

contribute to surface water impacts. 

16. Precipitation is the main source of groundwater recharge in this area, 

and as a result, most natural groundwater recharge occurs in the winter and 

early spring months when evapotranspiration is low and precipitation is 
                                                
6 EPA Report at p. 127, Figure 7.   
7 See also EPA Report at p. 46. 
8 EPA Report at p. 7, see also Vaccaro et al., (USGS 2009).  
9 EPA Report at p. 7.  
10 Id.  
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high.  Groundwater recharge is also influenced, however, by irrigation water 

and liquid manure that applied to agricultural fields.  Irrigation and manure 

applications thus impact the natural groundwater recharge occurring 

whenever precipitation plus irrigation/application exceed the water holding 

capacity of the soil.   

17. The Lower Yakima Valley is filled with sediments shed by the basalt 

ridges at the borders of the Valley, such as the Rattlesnake Hills, and those 

deposited in the valley bottom by the Yakima River.  The sediments’ 

internal structure strongly controls groundwater movement, meaning that 

water movement through the sediments tends to follow preferential flow 

paths composed of coarse sediments.  There can be sizeable ranges in 

groundwater velocities among aquifer materials of varying grain size, such 

as the sediments found in the Valley.  As a result, a well that is located along 

a preferential flow path may draw a substantial portion of its water from a 

particular source, whereas a neighboring well located along a different 

preferential flow path may have different water chemistry.11    

18. Shallower wells located in the Lower Yakima Valley are more likely 

to be contaminated with nitrates than deeper wells, because the sources of 

the nitrogen loading to the groundwater are anthropogenic, or man-made, 

                                                
11 Id. at 7-8.   

Carter Declaration 
Exhibit 1 - Page 11

Case 2:13-cv-03016-TOR    Document 237-2 ***NOT ON PUBLIC DOCKET***    Filed 12/01/14



 12 

and occur on the land’s surface.  These activities include land-application of 

fertilizer and pesticides, including liquid and solid manure, and from storage 

of manure in unpaved confinement pens and unlined, earthen lagoons.  The 

EPA Report, along with other earlier studies, documented more 

contaminated wells screened within the shallower aquifer than the deeper, 

basalt aquifer; in fact, the highest levels of nitrate generally occur in the 

shallow alluvial aquifer.12  

19. Anthropogenic nitrogen sources above the aquifer can cause excess 

nitrogen to move through soils and into groundwater.  Nitrogen is a highly 

mobile element, and the “nitrogen cycle” is well documented and 

understood, as shown in the figure below: 

 

20. Nitrogen contained in manure starts primarily in the organic nitrogen 

                                                
12 Id. at 8.   
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and ammonium form.  Ammonium is then rapidly converted to nitrate if soil 

temperatures are above four degrees centigrade and aerobic conditions are 

present.  Both nitrate and ammonium are available to plants and are 

important plant nutrients when properly applied.  Nitrate, which is more 

mobile in soils than is ammonium, readily leaches through the unsaturated 

(vadose) zone of soil; in both the unsaturated and saturated zone, it can 

move at nearly the speed of migrating water.  As a result of this high 

mobility, it is important that nitrates be applied only when plants have the 

ability to use it and only in amounts that a crop can completely utilize.  Any 

residual nitrate present at the end of the growing season is susceptible to 

leaching from irrigation, precipitation, snowmelt, and further application.  

Fall rain, winter snowmelt, and early spring rain convey excess nitrate 

further into the soil before any plant growth can utilize it.  Excess nitrogen 

present during the growing season is also susceptible to leaching from over 

irrigation, rainfall, and additional manure application. 

21. Once nitrate leaches below the root zone of crops it is destined to 

reach groundwater, unless conditions suitable to denitrification exist in the 

soils.  Denitrification is the conversion of nitrate to harmless nitrogen gas by 

bacteria or nitrogen oxides, a green house gas issue.  It can only occur in 

poorly drained or organic soils where oxygen is depleted in the root zone.  In 
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the absence of denitrification, nitrate moves with the groundwater until the 

groundwater is discharged to surface water, or extracted from a well.   

22. Denitrification is unlikely to occur in the soils underlying Cow 

Palace’s agricultural fields.  Within the approximate property boundary of 

the Cow Palace, six soil units have been mapped by the NRCS.  All six soil 

units have a silt loam texture with a “well-drained” classification.  Three of 

the soil units (Esquatzel, Shano, and Warden) represent approximately 81 

percent of the surface area.  These units have a saturated hydraulic 

conductivity in the range of 1.1 to 4.0 feet per day, which is characterized as 

“moderately high to high” in their capacity to transmit water.  Two of the 

soil units (Burke and Scoon) represent approximately 19 percent of the 

surface area and have a saturated hydraulic conductivity in the range of 0.0 

to 0.12 feet per day which is characterized as “very low to moderately low.” 

One of the soil units (Finlay) represents less than 1 percent of the surface 

area and has a saturated hydraulic conductivity of 4 to 11.9 feet per day, 

which is characterized as “high.”13  The predominant soils present little 

potential for any loss of nitrate through denitrification.14  The lack of any 

denitrification was verified by the EPA through nitrogen and argon gas 

                                                
13 EPA Report, Appendix B at B-3. 
14 EPA Report, Appendix B at B-4. 
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analysis, which showed no evidence of denitrification.15  In addition, the 

AOC monitoring data shows oxygen to be present in all monitoring wells 

which means nitrate is stable and little chance of denitrification in the 

aquifer. 

23. The soils present in Cow Palace’s application fields are all developed 

in alluvial deposits from erosion of the nearby “Rattle Snake Mountains” 

and all have a loess silt cap of varying thickness.  The Warden soil 

dominates the soils, with Scoon in lower topographic positions and Finley 

along waterways.  All the soils are well drained with Warden soil having a 

potential rooting depth in excess of 5 feet while the scoon has a rooting 

depth of less than 2 feet due to the development of a caliche layer.  All soils 

have moderate to high permeability.  Warden soil is identified as having a 

high hazard for soil runoff and erosion.  The soil maps and area topography 

maps show a strong drainage pattern running from north east to south west 

through the application fields with several intermittent streams present.16  

The moderate slopes draining to the intermittent streams means there is a 

significant potential for runoff and pollution of downstream surface waters.  

The extremely high phosphorus concentrations found in all application fields 

along with winter spreading of manure make this potential very likely.  

                                                
15 EPA Report at p. 30.   
16 DAIRIES0016903. 
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24. Because denitrification is extremely unlikely in the soils underlying 

Cow Palace Dairy, any excess nitrogen or nitrate that moves past a crop’s 

root zone – and therefore not used by the crop as fertilizer – will continue to 

migrate downward with water movement, eventually reaching groundwater.  

25. Manure contains two primary forms of nitrogen: ammonium and 

organic nitrogen.  The organic form of nitrogen is nearly immobile.  It 

becomes mobile, and available to crops as fertilizer, through mineralization.  

Mineralization is the process by which soil microbes decompose organic 

nitrogen and release ammonium, which is then available as fertilizer for 

crops.  The rate of mineralization varies with soil temperature, soil moisture, 

and the amount of oxygen in the soil.  Cow Palace’s DNMP recognizes this 

fact, noting that mineralization is “temperature, pH and moisture dependent” 

and that stating that “[a]lthough some nutrients are available immediately, a 

lag time between the time that organic material such as manure is applied to 

the soil and when its nutrients become available for crop use should be 

expected.”  It is for this reason why obtaining soil samples showing the level 

of plant-available nutrients prior to a manure application is required by the 

DNMP. 17  The total organic nitrogen is important because it will mineralize 

over time and become ammonium and then nitrate. 

                                                
17 COWPAL000015.   
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26. After mineralization, microorganisms within the soil convert 

ammonium into nitrate.  This process, called nitrification, occurs most 

rapidly when the soil is warm, moist, and well-aerated.  Nitrates are a plant-

available form of nitrogen for fertilization purposes, but as described above, 

are highly mobile and susceptible to leaching loss to groundwater.  During 

winter months when soil temperatures drop below 50 degrees Fahrenheit, 

mineralization and nitrification slows until soil temperatures warm in the 

spring. 

27. Some nitrogen contained in manure may be lost through volatilization, 

which is the loss of nitrogen through the conversion of ammonium to 

ammonia gas.  After conversion, ammonia gas can be released into the 

atmosphere.  Volatilization losses increase at higher soil pH and when 

weather conditions are hot and windy.  Organic nitrogen is not lost through 

this process.    

28. Facets of the nitrogen cycle are discussed in Cow Palace’s DNMP.  

The DNMP’s primary purpose is to “provide the dairy manager with Best 

Management Practices (BMP’s) for the production, collection, storage, 

transfer, treatment, and agronomic utilization of the solid and liquid 

components of dairy nutrients in such a manner that will prevent the 

pollution or degradation of state ground waters and surface waters.”  
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Adherence to the DNMP is intended to, among other things, “[p]revent the 

chance of contaminate migration from the dairy facility to the underlying 

aquifer,” and to “agronomically recycle the nutrients produced through soil 

and crops.”18    

29. To accomplish these goals, the DNMP lays out the general “equation” 

that Cow Palace is required to follow to ensure that applications of manure 

wastes are “agronomic,” or are calculated to provide the right amount of 

manure nutrients to fertilize a crop.  The DNMP instructs Cow Palace to use 

the following information in determining an agronomic rate of application: 

(1) the nutrient value of the manure that is being applied to a field, including 

levels of organic nitrogen, ammonium, and phosphorus;19 (2) post-harvest 

soil samples and, where double-cropping, both a spring post-harvest and a 

fall post-harvest sample;20 (3) the infiltration rates of the soils to which 

manure is applied;21 the soil moisture content of the soil, to evaluate the 

amount of liquid manure that be applied based on the water holding capacity 

of the soil;22 (4) the nutrient needs of the crop planned to be grown, based on 

an average of crop yields for the last 3-5 years for each field;23 and (5) the 

                                                
18 COWPAL000005. 
19 COWPAL000016. 
20 Id.   
21 COWPAL000018. 
22 COWPAL000018-19. 
23 COWPAL000015. 
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weather conditions 24-hours prior to and at the time of application, which 

can impact when, whether, and how manure is applied, as well as the 

amount of manure to apply.24  Additionally, Cow Palace is required to keep 

track of how much irrigation water is applied to fields and to properly 

calibrate its manure application equipment.25  Finally, it is important to 

recognize that the DNMP instructs Cow Palace to take soil samples before 

applying manure, so that the dairy manager knows what the residual nutrient 

levels in the field are before adding additional nutrients that the crop might 

not need or be able to use.26   

30. The DNMP does not, however, require calculating a nutrient budget.  

A nutrient budget accounts for the residual nitrate of the soil, organic 

nitrogen mineralization rates, the amount of nitrogen applied through past 

applications, and any nutrient credits from past cropping systems.  This also 

includes taking into account any alfalfa nitrogen credits that should be 

applied to a field.  Recommendations for the Pacific Northwest state that 

nitrogen application rates should be reduced between 60-100 lbs./ac after an 

alfalfa crop is converted to corn, as the alfalfa roots decompose over time, 

                                                
24 COWPAL000016; see also COWPAL000020-21; COWPAL000024.   
25 COWPAL000025 (weather records); COWPAL000020 (calibration). 
26 COWPAL000015. 
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causing additional nitrogen to be released into the soil. 27  

31. In my experience, such a nutrient budget is required by most nutrient 

management plans.  Cow Palace’s DNMP simply uses an estimated 

maximum crop yield to determine the amount of nutrients, including 

nitrogen, to apply for a given crop, without including any of the other 

sources of nutrients that are already present in the soil.   

32. To demonstrate compliance with these requirements, the DNMP 

requires Cow Palace to “[m]aintain a record for each field showing the crop 

sequence, crop, soil test data, any tissue testing data, kind and amount of 

nutrients applied, special application practice, crop yields, and water 

applied.”  The records are to be maintained for the past five years.28 

DISCUSSION AND OPINIONS: 
 

COW PALACE HAS CONSISTENTLY APPLIED MANURE IN 
QUANTITIES THAT EXCEED AGRONOMIC RATES 

 
33. I have reviewed the discovery information produced by Cow Palace 

concerning the Dairy’s manure application records, including soil sampling 

data, application summary sheets, manure nutrient analyses, crop yield 

sheets, and application field logbooks.  Based on my review of Cow Palace’s 

records, which span over a decade, it is my professional opinion that Cow 

                                                
27 PNW 615, “Nutrient Management for Field Corn Silage and Grain in the Inland Pacific 
Northwest,” February 2010.     
28 COWPAL000020.   
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Palace has consistently applied manure to its agricultural fields in amounts 

that exceed agronomic rates; that is, in amounts beyond that which crops 

could effectively utilize as fertilizer.  As a result, nitrates have moved below 

crop root zones.  Because conditions suitable for denitrification do not exist 

in the vast majority of Cow Palace’s agricultural soils, these excess nitrates 

are destined to reach groundwater.   

General Observations of Cow Palace Manure Application Practices 

34.  I have reviewed all field application, manure sampling, soil sampling, 

field application handbooks, and field summary spreadsheets provided by 

Cow Palace to Plaintiffs in this litigation.  In my opinion, these records 

demonstrate that Cow Palace has not calculated whether the applications of 

manure to its fields are agronomic.   

35. First, the vast majority of Cow Palace’s records do not indicate the 

weather conditions at the time of application, a specific requirement of the 

DNMP and a necessary component of determining agronomic rates.29  The 

specific weather conditions at the time of application impacts the amount of 

volatilization that occurs, the rate of absorption of applications into the soil, 

and the chances that an application causes manure liquid to runoff the field.  

Without this information, Cow Palace could not have accurately calculated 

                                                
29 COWPAL000020; COWPAL000024. 
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the amount of nitrogen and other manure nutrients its applications were 

placing onto fields for crop uptake as fertilizer. 

36. Second, Cow Palace’s records show the Dairy did not take post-

harvest samples in the spring when double-cropping its fields, a requirement 

of the DNMP.30  Failure to obtain post-harvest samples means that Cow 

Palace did not know the residual nutrient content of its soil after a crop had 

been removed; that is, it lacked information about how much nitrogen, 

phosphorus, and other manure nutrients the crop had actually used as 

fertilizer.  This information is critically important for calculating agronomic 

rates, because the amount of extra plant-available nitrogen in the soil 

dictates how much manure the Dairy should apply to adequately fertilize the 

next crop.  While the main focus of over application is nitrogen, phosphorus 

has also been regularly over-applied. 

37. Along these lines, Cow Palace’s manure application summary 

spreadsheets, which Cow Palace used to show compliance with its DNMP’s 

requirement for agronomic manure applications, failed to take into account 

the fall, post-harvest residual nutrient levels in the soil when calculating the 

next year’s application rates.  Jeff Boivin, the manager at Cow Palace Dairy, 

                                                
30 COWPAL000016. 
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testified to this fact;31 it is also apparent from the spreadsheets themselves 

that no prior soil sampling data was considered when determining a field’s 

“N crop balance.”32  By failing to take into account the residual nutrient 

levels in soils, Cow Palace’s nitrogen balance was never actually in balance, 

but instead resulted in excess nitrogen, nitrate, phosphorus, and other 

manure nutrients being applied to fields at rates greater than crops could use 

as fertilizer. 

38. Fourth, Cow Palace also failed to vary its manure application rates 

based on realistic crop yields.  The DNMP contains some general guidance 

on how much nitrogen, phosphorus, and potassium the crops planted by 

Cow Palace could use as fertilizer.33  It cautions, however, that these 

amounts should be varied based upon the average crop yields from the past 

three to five years.34  Crop yield and fertilization needs are closely related.  

A crop that has a high yield may indicate an unusually good growing season 

or presence of excessive nutrients, which can lead to environmental 

degradation.  Extensive literature indicates that attempting to achieve 

maximum crop yields through fertilization often results in excessive nutrient 
                                                
31 Mr. Boivin’s deposition transcript admits this throughout.  See, e.g., Trans. at 352:6-8; 
353:9-11. 
32 COWPAL000270-76 (2010 summaries); COWPAL000277-83 (2011 summaries); 
COWPAL000284-91 (2012 summaries); COWPAL00292-99 (2013 summaries); 
COWPAL015790-96 (2014 summaries). 
33 COWPAL000015.   
34 Id. 
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carryover, leaching, and runoff to surface waters.  This is largely because 

nutrient use efficiency decreases with increasing yield.  A lower crop yield 

often is a result of a poor growing season, which can be caused by a variety 

of environmental factors such as temperature, rainfall, wind, etc.  In these 

years, there is the highest risk of excessive nutrient carryover, as crops do 

not remove all of the plant nutrients that were applied even if they were 

applied at the correct amounts.  This is another reason to use long-term 

average yields when setting yield goals and not fertilizing for the maximum 

possible yield each year, as it appears Cow Palace has done. 

39. Per the DNMP, when calculating agronomic rates, Cow Palace should 

have looked to its past crop yields to determine whether to increase or 

decrease the amount of manure to be applied to a field.  Cow Palace’s 

records contain no documentation that the Dairy ever varied its applications 

based on prior crop yields; instead, it appears that the Dairy always used the 

maximum capacity numbers found in the DNMP.35  As a consequence, Cow 

Palace applied manure not based on actual crop needs but rather to 

maximize manure application, thereby placing more manure nutrients into 

the soil than the crops could effectively use as fertilizer. 

40. Fifth, my review of Cow Palace’s records shows that the Dairy never 

                                                
35 See, e.g., COWPAL00292-99 (Cow Palace’s 2013 field summary spreadsheets, which 
begin each year with the maximum nitrogen uptake capacity for each crop).   
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took manure nutrient sampling for all sources of manure applied to its fields, 

and grossly underestimated the nitrogen content of the manure that it did 

apply.   The DNMP requires the Dairy to obtain nutrient sampling for all 

sources of manure before applications occur.36  Cow Palace’s field 

application logbooks frequently do not identify the source of the manure 

applied, and never identify the nutrient content of the manure.  The field 

summary spreadsheets also do not state the source of the manure applied or 

its actual nutrient content.  Instead, Cow Palace applied a generic, 1.5 

lbs./1000 gallon nitrogen number for at least four years (from 2010-2013) 

without variation, to determine application rates – a number that, in my 

experience and based upon other nitrogen numbers I have seen at nearby 

dairies and nationwide, is very low for cow manure.  In fact, when Cow 

Palace did take manure nutrient samples, it was usually from only one 

lagoon, and the sample was taken in the fall of each year, after the vast 

majority of manure applications had concluded.  Manure nutrient 

concentrations can vary widely from lagoon to lagoon and throughout the 

year in any one lagoon.37  Without knowing the actual nitrogen, phosphorus, 

and potassium content of each source of manure, Cow Palace lacked critical 

information necessary to calculate agronomic rates; one must know the 

                                                
36 COWPAL000015-16.   
37 Compare, e.g., COWPAL009262 with COWPAL009270. 
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nutrient content of manure in order to determine how much manure to apply 

for fertilization purposes.   

41. Along these lines, it appears that Cow Palace also overestimated 

volatilization rates.  Cow Palace’s manure manager testified that he used a 

generic, 50% volatilization rate in determining agronomic rates.38   This 50% 

figure does not reflect reality.  The following table illustrates how climatic 

conditions and the duration of time between application and incorporation 

into the soil are critical to estimating the amount of ammonia that is 

volatized.  This is the type of information that should be used for nutrient 

management.  Maximum utilization of manure nutrients occurs when 

manure is incorporated upon or soon after application.  Moreover, the 

volatilization rates only apply to ammonia, not the entire nitrogen content of 

the manure.  In some cases ammonia is only a small percent of the total 

nitrogen applied, such as the sample obtained from Cow Palace Lagoon 4 on 

September 11, 2013, where the recorded total nitrogen was 5.38 lbs./1000 

gallons, while the ammonia content was only .5 lbs./1000 gallons.39  In this 

example, even applying an exaggerated 50% volatilization rate would still 

provide 2.69 lbs./1000 gallons, or nearly 80% more nitrogen than calculated 

by Cow Palace using the generic 1.5 lbs./1000 gallons number. 

                                                
38 See Boivin Trans., 256:19-257:9.   
39 COWPAL009247. 
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Estimated loss (%) of the ammonium-nitrogen fraction  
due to weather and soil conditions 

Day after application Average 
Cool 

(<10°C) 
Warm 

(>25°C) 
  Wet Dry Wet Dry 
Spring 
Incorporated within 1 day 25 10 15 25 50 
Incorporated within 2 days 30 13 19 31 57 
Incorporated within 3 days 35 15 22 38 65 
Incorporated within 4 days 40 17 26 44 73 
Incorporated within 5 days 45 20 30 50 80 
Not incorporated 66 40 50 75 100 
Injected 0 0 0 0 0 
Fall 
Early fall applied 66 40 50 75 100 
Late fall applied 25 25 25 N/A N/A 
Cover crop 35 25 25 40 40 
Source: Ontario Ministry of Agriculture, Food and Rural Affairs, Agdex 538-3  
Atta Atia, PhD. 
Livestock Air Quality Specialist 
Agriculture Stewardship Division 
Alberta Agriculture and Food 

42. Sixth, I have not seen any records documenting the irrigation water 

Cow Palace applies to its fields, thus making it difficult to determine impacts 

on leaching from irrigation practices.  The DNMP requires the Dairy to keep 

“Irrigation Water Management Records” identifying the fields to which 

irrigation water was applied and the total quantity of water applied.40  This is 

important information, because the timing and quantity of irrigation water 

that is applied to a field can have an effect on the transportation of nitrate 

through the soil.  It is common practice to over apply irrigation water to 

                                                
40 COWPAL000025.   
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leach out soluble salts and prevent soil from becoming saline in dry areas 

like the Yakima Valley.  Along with the removal of soluble salts, the process 

will also carry excess nitrate to groundwater.  In fact, USGS has found that 

as a result of over irrigation in the irrigated parts of the Yakima Valley that 

groundwater recharge has exceeded groundwater pumpage by over 20 feet 

between 1960 and 2001.41  The lack of irrigation records for Cow Palace 

makes it impossible to know what their irrigation practices have been, 

although the soil samples and other information discussed supra leave no 

doubt that nitrate leaching has occurred and will continue to occur.  Cow 

Palace also appears to have used rill irrigation in the past, which is less 

efficient than sprinkler irrigation.   

43. Seventh, the crop yield goals and removal rates contained within Cow 

Palace’s DMNP are set at very high levels without any documentation that 

they have ever been achieved by the Dairy.  While the DNMP instructs Cow 

Palace to set realistic and achievable crop yield goals, the removal rates 

identified in the DNMP appear to be for the highest yields ever achieved in 

the state of Washington and are not reasonable goals to use in an 

environmentally sound nutrient management plan.   

44. Most of the yield numbers contained in Cow Palace’s DNMP appear 

                                                
41 Vaccaro, et al. (USGS 2009). 
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to be based on nitrogen removal by crops on a dry matter basis.  In my 

experience, all forage crops are allowed to dry down a day or so in the field 

before they are removed from the field, but are not delivered to the farm on a 

dry weight basis.  That is, there is still sufficient moisture within the crop for 

a wet-ton basis to be used.  In fact, for use as silage, a higher moisture 

content is needed for the effective silage decomposition to take place.  

45. The very limited amount of crop yield data presented by Cow Palace 

is for weights of silage material as delivered to the farm directly from fields.  

Using these fresh yield numbers for silage and the United States Department 

of Agriculture (“USDA”) Crop Nutrient tool for crops grown gives a much 

more accurate prediction of the number of pounds of nitrogen and 

phosphorus removed by the crops harvested by Cow Palace.  Using the Crop 

Nutrient tool from the USDA shows the following values, which are far 

more realistic than those contained in the DNMP: 

- Corn Silage 7.75 lbs./ac nitrogen and 2.26 lbs./ac 

phosphorus, at 77% moisture, per ton.  These values are 

close to what is contained within the DNMP;    

- Alfalfa for silage 15.5-18 lbs./ac. nitrogen and 1.7 lbs./ac 

phosphorus, at 77% moisture, per ton; 

- Sorghum/sudan grass silage 7.2 lbs./ac nitrogen and 1.53 
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lbs./ac phosphorus, at 74.5 percent moisture, per ton; 

- Triticale-*Wheat- green chop 10.2-12.2 lbs./ac nitrogen and 

1.64 lbs./ac phosphorus at 73.5 % moisture, per ton. 

46. While there is no data specific for triticale, the literature I have 

reviewed indicates that nutrient content of forage from all cereal grains, i.e., 

wheat, oats, triticale, rye, etc., are all very similar in nutrient removal per 

ton.  

47. Using the numbers above and yield data from Cow Palace indicates 

that the Dairy is greatly overestimating the nutrient removal from most of 

their crops, with the possible exception of corn silage, and even this was 

based on only one year’s data from one field. 

48. In sum, my general opinion after reviewing Cow Palace’s records is 

that the Dairy has failed to comply with its DNMP’s requirements for 

calculating agronomic rates.  Cow Palace has not recorded or obtained the 

correct information and has failed to properly use the information at its 

disposal to determine application rates that could provide the proper amount 

of manure nutrients necessary to adequately fertilize a crop.  Because of 

these shortcomings, Cow Palace has not agronomically applied manure to its 

fields, as demonstrated by consistently high soil sample results for nitrate, 

phosphorus, and potassium.  In my opinion, these high results show that 
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Cow Palace’s crops have not used the manure nutrients being supplied as 

fertilizer.  The conclusions of the laboratories and consultants used by Cow 

Palace and the Plaintiffs to analyze samples also confirm my opinions.42  

Consequently, excess manure nutrients, especially nitrate, migrate beyond 

crop root zones with precipitation, further applications, and irrigation, where 

they will eventually discharge to groundwater.   

49. Before 1997, Cow Palace did not take soil samples, manure nutrient 

samples, or other analytical data for its manure.  Applications were made 

based upon a field man’s judgment only.43 

50. In the following sections, I explain how Cow Palace has over-applied 

manure for each of Cow Palace’s agricultural fields, in chronological order 

by field.  A summary of Cow Palace’s agricultural fields’ soil sampling 

results I have reviewed is attached hereto as Exhibit 2. 

Cow Palace Field 1 

51. Cow Palace Field 1 is located south of Cow Palace Dairy, just beneath 

a series of three lagoons, and is bordered to the south by Cow Palace Field 2 

                                                
42 See, e.g., COWPAL009292-94, COWPAL009296, and COWPAL009298 (reports on 
September 2013 samples from Cow Palace application fields noting that “residual nitrates 
are high”); CARE029385-91, CARE029428-30, CARE029435-59 (reports on May 2014 
samples from Cow Palace application fields noting nitrate levels in “excess” or “above 
optimum.”). 
43 See Porter Trans., 20:8-22:18.   
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and to the east by Cow Palace Field 3.44  The field is between 69 and 75 

acres in size, depending upon which document one examines.45  The soil 

underlying the field is “warden silt loam,”46 which is a well-drained soil.47  

52. Cow Palace does not possess records of crop yields, crop types, 

application amounts, irrigated water applied, or other data for Field 1 from 

1998 to 2004.  The only records in existence for this time period are annual 

and, sometimes, semi-annual soil sampling results.   

53. On August 15, 2001, Cow Palace had the soils tested in the 0-12 inch 

soil column depth in Field 1 “South” and Field 1 “North.”  It appears, but it 

is unclear, given the time of year, that these were post-harvest samples.  For 

purposes of opinions about year 2001 applications, I assume the sampling 

was post-harvest.  At that time, Field 1 South had residual nitrate levels, or 

NO3-N, of 132 lbs./ac, and residual ammonium levels, or NH4-N, of 16 

lbs./ac.  In total, this means that there were 148 lbs./ac NO3-N + NH4-N 

available in the first foot for plant use.  Field 1 North had residual nitrate 

levels, or NO3-N, of 202 lbs./ac, and residual ammonium levels, or NH4-N, 

of 11 lbs./ac.  In total, this means that there were 213 lbs./ac NO3-N + NH4-

                                                
44 DAIRIES0002524 (Figure 3 to Cow Palace Application Field Management Plan); see 
also COWPAL000031.     
45 Compare DAIRES002516 (Application Field Management Plan, 69 acres) to 
COWPAL000031 (DNMP, 75 acres).  
46 See, e.g., DAIRIES008805; COWPAL000043.   
47 COWPAL000018. 
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N immediately available in the first foot for plant use.48  In my opinion, 

these are high residual nitrogen levels for a post-harvest field.  They strongly 

indicate that more manure and, consequently, more nitrogen, was applied to 

the field than what the crop could utilize as fertilizer.   

54. In addition to these forms of nitrogen, the total organic matter 

available on the field will release additional plant-available nitrogen over 

time.  Total organic matter releases additional nitrogen fertilizer over time 

through biological processes.  Organic matter is composed primarily of 

rather stable material called humus that has collected over a long period of 

time.  Easily decomposed portions of organic material disappear relatively 

quickly, leaving behind residues more resistant to decay.  Soils contain 

approximately 2,000 pounds of nitrogen in organic form for each percent of 

organic matter.  Decomposition of this portion of organic matter proceeds at 

a rather slow rate and releases about 20 lbs./acre/year nitrogen for each 

percent of organic matter present in the soil.49  Cow Palace should be using a 

credit for the amount of nitrogen released by organic matter in its soils, but 

the records I have seen indicate this is not the case for any of Cow Palace’s 

fields.   

                                                
48 COWPAL010640.   
49 Mike O' Leary, George Rehm and Michael Schmitt, “Understanding nitrogen in soils,” 
University of Minnesota Extension Service, 2014.  
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55. Considering that Cow Palace’s DNMP indicates that double-cropping 

on Field 1 only began in 2013,50 there would have been no winter crop 

planted to make use of this excess nitrogen in the fall-winter of 2001, 

meaning excess nitrates, due to their high mobility, would have migrated 

downward into the soil with further applications, irrigation, snowmelt, and 

precipitation.  Once they moved passed the crop root zone, they were 

destined to reach groundwater.  If a winter crop was planted in Fall 2001, 

then it failed to utilize the available nitrogen in the soils as evidenced by the 

high Spring 2002 nitrogen levels, as discussed below in Para. 59. 

56. The Washington State Department of Agriculture (“WSDA”) has 

informed dairies east of the Cascades that they should be targeting post-

harvest soil nitrate results of less than 120 lbs./ac in the top foot of the soil 

column in order to minimize nitrate leaching.51  The AOC discusses Cow 

Palace “achieving” a residual nitrate level of 45 mg/l at the two-foot soil 

depth level.52  Forty-five mg/l of NO3-N at the two-foot depth is the 

equivalent of 157 lbs./ac, and does not consider the amount in the surface 

foot or deeper soil layers.  157 lbs./ac nitrogen is more nitrogen than is 

needed for fertilization by some of Cow Palace’s crops.  

                                                
50 COWPAL000010. 
51 McCarty Trans. at 59:19-60:14. 
52 AOC at App. B, “Statement of Work,” ¶ F.1.d. 
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57. In my opinion, both of these numbers are too high and are not 

protective of the environment or of groundwater.  Instead of using “target” 

figures, a nitrogen budget approach should be used, with a ban on 

applications if there is more than 175 lbs./ac or an average of 25 mg/l nitrate 

present in the top two feet of the soil column.  This method allows additional 

nitrogen application only when the amount already present in the top two 

feet (as documented in soil samples), plus the amount of nitrogen that should 

be credited from previous manure applications, crops and soil 

mineralization, do not meet actual crop needs.  This approach has been 

recommended by Marx, et. al and Sullivan and Cogger of Oregon State.53  

58. The 2001 results from Field 1 indicate that residual nitrate levels (132 

and 232 lbs./ac) are higher than both the target levels established by the EPA 

and the WSDA.  These concentrations, if expressed as mg/l in soil solution 

using a modest 25 percent soil moisture content,54 would translate into 

151mg/l Nitrate N in the soil water in the surface foot and 265 mg/l in the 

second foot.  These are obviously well above the nitrate standard of 10 mg/l. 

It should only take a small portion of this amount of nitrate loading to result 
                                                
53 Marx, E.S., J. Hart and G. Stephens, Soil Test Interpretation Guide, Oregon State 
University Extension Service, E.C. 1478 (1999); Sullivan, D.M. and C.G. Cogger, Post-
harvest Soil Nitrate Testing for Manured Cropping Systems West of the Cascades, 
Oregon State University Extension Service, EM8832-E (2003). 
54 The soil nitrate concentration in parts per million (ppm) expressed on a dry weight 
basis divided by the decimal % water = ppm nitrate in soil water.  Soil Quality Indicators 
– Available Water Capacity, NRCS 2008.   
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in groundwater contamination above the MCL standard of 10 mg/l.  

59. On March 6, 2002, Field 1 was sampled again; the soil test report does 

not identify whether the sampling occurred on the north or south of the field, 

so I assume the entire field was sampled.  At that time, Field 1 had residual 

nitrate levels, or NO3-N, of 260 lbs./ac, and residual ammonium levels, or 

NH4-N, of 12 lbs./ac.  In total, this means that there were 272 lbs./ac NO3-N 

+ NH4-N available for plant use, in the 0-12 inch soil column depth.55  I do 

not know if a winter crop was planted on Field 1 at this time, but it is 

obvious that the increase in soil nutrient levels resulted from additional 

nitrogen input above and beyond any crop removal rate.  The increase in soil 

nitrate levels is also more than I would expect to see from soil organic 

matter mineralization over winter.  If Cow Palace did apply manure, then the 

application(s) subsequent to the August 2001 sample were not agronomic, as 

there were already excessive nitrogen levels in the soil to fertilize a crop, 

considering that the winter crop post-harvest sample still had 260 lbs./ac of 

nitrate available in the surface foot alone.   

60. Cow Palace did not take any fall, post-harvest samples from Field 1 in 

2002.  This is a violation of Cow Palace’s DNMP, which requires the Dairy 

                                                
55 COWPAL010642. 
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to take annual, post-harvest soil samples, 56 so the manure manager can plan 

future manure applications based upon the residual soil nitrate levels are in 

the fields.  

61. There were also no Spring 2003 soil samples taken from Field 1.   

62. In my expert opinion, if Cow Palace applied manure between Fall 

2002 and Fall 2003, then it was doing so without having the requisite 

information to know whether its manure applications were agronomic.  

Without soil samples, a manure manager would not know whether the fields 

already have sufficient nutrient levels to fertilize a crop.  As such, any 

applications that occurred during this time were non-agronomic.  Indeed, 

that the Fall 2003 soil sample (discussed in Para. 63, infra) came back high 

suggests that manure applications during this time frame exceeded 

agronomic rates, because more nitrates were placed onto the field than what 

the crop utilized as fertilizer.   

63. Field 1 was sampled twice in the fall of 2003, once on September 25 

and again on October 21.  On September 25, Field 1 had residual nitrate 

level of 150 lbs./ac, and residual ammonium level of 13 lbs./ac.  In total, this 

means that there was 163 lbs./ac NO3-N + NH4-N available for plant use, in 

                                                
56 COWPAL000016.   

Carter Declaration 
Exhibit 1 - Page 37

Case 2:13-cv-03016-TOR    Document 237-2 ***NOT ON PUBLIC DOCKET***    Filed 12/01/14



 38 

the 0-12 inch soil column depth.57  In my opinion, this is a high residual soil 

nitrate result heading into the fall months.  Again, I do not have information 

about whether Cow Palace planted a winter crop on Field 1 at that time.  If 

no winter crop were planted, then the excess nitrates in Field 1 would have 

migrated downward into the soil with further application, irrigation, 

snowmelt, and precipitation.  Once they moved passed the crop root zone, 

they were destined to reach groundwater.  If a winter crop was planted, then 

it failed to utilize the available nitrogen in the soils, as discussed below in 

Para. 65. 

64. On October 21, 2003, Field 1 was sampled again.  This time, Field 1 

had residual nitrate level of 94 lbs./ac, and residual ammonium level of 14 

lbs./ac.  In total, this means that there was 108 lbs./ac NO3-N + NH4-N 

available for plant use.  This sample, however, was taken at the 12-24 inch 

soil column depth, which is one foot lower than the September sample.58  In 

my expert opinion, any winter crop planted on this field (if there was one) 

would have been able to use little, if any, of the nitrates found at this soil 

column depth.  This is because it takes time, weeks to months, for a new 

crop to develop roots that reach down below the one-foot level.  This is 

especially true for winter forage crops such as triticale.  In fact, most of the 

                                                
57 COWPAL010645. 
58 COWPAL010644. 
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crops grown at Cow Palace, such as corn and triticale, do not have root 

systems that effectively extend beyond two-feet into the soil column at any 

time.59  As a result, it is likely that the nitrates found in the 12-24 inch soil 

column depth in October 2003 were not used, or were not capable of being 

used, by any crop as fertilizer, but instead migrated deeper into the soil with 

further applications, irrigation, snowmelt, and precipitation, eventually 

discharging to groundwater.  That this level of nitrates was observed at the 

two-foot level also indicates that manure applications in 2003 were not 

agronomic, for they resulted in more nitrogen and nitrates being applied to 

the field than what the crop used as fertilizer. 

65. On March 31, 2004, Field 1 was sampled at both the 1-foot and 2-foot 

soil column depths.  At the 0-12 inch soil column depth, Field 1 had residual 

nitrate levels, or NO3-N, of 150 lbs./ac, and residual ammonium levels, or 

NH4-N, of 17 lbs./ac.  In total, this means that there was 167 lbs./ac NO3-N 

+ NH4-N available for plant use.  At the 12-24 inch depth, Field 1 had a 

residual soil nitrate level of 198 lbs./ac.  No ammonium sample was taken at 

this depth.60  While I do not have information concerning whether a winter 

crop was planted on Field 1 between 2003-2004, the fact that the overall 

                                                
59 See. e.g., DAIRIES016901 (Arcadis conceptual site model, identifying root zone as 0-
24 inches).   
60 COWPAL010647. 
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residual nitrate levels went up from what was observed in September and 

October 2003 (150 and 94 lbs./ac nitrate, at the 1 and 2 foot level, 

respectively) indicate that Cow Palace made additional manure applications 

between October 2003 and March 2004, the timeframe in which the DNMP 

cautions the Dairy to avoid manure applications in order to protect against 

discharges to ground or surface waters.61  These data also indicate that such 

applications exceeded agronomic rates, because nutrient levels were higher 

after the winter season at both the one- and two-foot soil column depths, 

indicating that even if a winter crop had been planted, and there is no 

information to determine whether one was planted, any crop did not utilize 

much of the nitrogen as fertilizer.  Moreover, the 198 lbs./ac nitrate results 

from the two-foot level are further evidence of the over-application of 

manure, because it is unlikely that a crop planted in Spring 2004 would be 

able to grow roots fast enough to make use of all that nitrate as fertilizer 

prior to the nitrate moving deeper into the soil profile; plants tend to use the 

nutrients in the surface foot of the soil column, where the root density is 

much greater.  Consequently, it is likely that these excess nitrates migrated 

deeper into the soil column, eventually making their way to groundwater. 

66.  No post-harvest soil samples were taken by Cow Palace in Fall 2004.  

                                                
61 COWPAL000017. 
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This is a violation of Cow Palace’s DNMP.62  Any manure applications that 

took place subsequent to the spring/summer crop being removed were 

therefore conducted without having the requisite information to make a 

determination of agronomic rates.  

67. Cow Palace sampled Field 1 on March 2, 2005.  The sample was 

taken at the 0-12 inch soil column depth, and revealed a residual nitrate 

value of 320 lbs./ac and a residual ammonium value of 14 lbs./ac, for a total 

of 334 lbs./ac available nitrogen for fertilization.63  In my expert opinion, 

this is a very high residual nitrate level coming out of the winter months.  

Based on the fact that Cow Palace did not take any soil samples post-harvest 

in 2004, it is likely that the Dairy did not know how much manure to apply 

to provide the winter crop (if any – again no documentation that one was 

planted) with its fertilization needs.  As a result, considering how high the 

residual nitrate value is for this sample, Cow Palace’s manure applications 

on Field 1 in 2004 were non-agronomic, because they provided more nitrate 

than any planned crop could reasonably be expected to utilize as fertilizer.  

Moreover, 320 lbs./ac of nitrate should be more than sufficient to fertilize 

Cow Palace’s planned spring/summer crop for 2005.  

68. Cow Palace’s documents state that the Dairy may have begun planting 

                                                
62 COWPAL000016.   
63 COWPAL010646.   

Carter Declaration 
Exhibit 1 - Page 41

Case 2:13-cv-03016-TOR    Document 237-2 ***NOT ON PUBLIC DOCKET***    Filed 12/01/14



 42 

alfalfa on Field 1 in May of 2005.64  According to the Dairy’s DNMP, an 

alfalfa crop has the capacity to utilize up to 480 lbs./ac of nitrogen.  The 

DNMP instructs the Dairy to apply this nitrogen in three equal amounts in 

early spring, the beginning of June, and mid-August.65  In my expert opinion, 

the reason for this requirement is to minimize the potential for nitrogen and 

nitrate leaching, as an alfalfa crop is unlikely to be able to effectively use an 

entire, one-time application of 480 lbs./ac of nitrogen as fertilizer, meaning 

excess nitrates will move deeper into soils and eventually groundwater.  This 

amount would only be used if the maximum yield of 30 ton per acre were 

achieved. The limited yield data does not suggest the Dairy is achieving this 

yield. This also assumes that the crop is not using any mineralized nitrogen 

from the soil, carry over nitrogen, or nitrogen fixed from the atmosphere, 

which alfalfa does very well.  I also believe that, based on my experience 

and on the literature and crop removal estimates I have seen, 480 lbs./ac is 

an excessive estimate for the amount of nitrogen removed by alfalfa.  

69. Cow Palace’s hand-written field application logs state that the Dairy 

applied liquid manure to Field 1 between May 8, 2005 and May 13, 2005 

from a wheel line at a rate of either 800 or 900 gallons per minute 

                                                
64 COWPAL010655.  This document identifies “alfalfa” as the crop, and then contains 
soil sample results for Fields 1, 2, and 5.  See also COWPAL000345.      
65 COWPAL000015.   
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(“GPM”).66   Nowhere on this document is there an indication of whether or 

how Cow Palace determined the nutrient needs of Field 1’s alfalfa crop 

based on the average of the last three to five years’ crop yield, as instructed 

by the DNMP.67  Additionally, I have not seen any records from Cow Palace 

stating the nutrient content of the manure that was applied to Field 1 at this 

time, or for any time during 2005.  I have seen a June 23, 2004 manure 

nutrient sampling document from Cow Palace, which states that the Total 

Nitrogen content of manure sampled from the “lagoon” was 9 lbs./ton, or 

33.7 lbs./1000 gallons.68  The application log book does not state the time at 

which application began on May 8, 2005, the specific lagoon from which the 

manure was sourced, or the manure nutrient content.  Assuming, however, 

that: (1) the wheel lines continuously applied manure for five days (there is 

no indication that they were shut off); (2) 50% of the nitrogen content of the 

manure volatilized during application; (3) Field 1 is 75 acres; and (4) the 

nitrogen content of the manure was half that as reported one year prior from 

Cow Palace’s lagoons, these applications placed down nearly 647 lbs./ac of 

nitrogen, far in excess of what the alfalfa crop could effectively utilize.69  In 

                                                
66 COWPAL000345. 
67 COWPAL000017.   
68 COWPAL009722.   
69 5 days X 24 hours X 60 minutes X 800 GPM / 75 acres = 76,800 gallons/ac.  76,800 
gallons X 33.7 lbs. of nitrogen / 1000 gallons = 2,588.16 lbs./ac total.  Divide this 
number by two (one-half of 2004 manure nitrogen estimate) and two again (50% 
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my opinion, and based on the soil sample that followed, these applications 

were not agronomic, applying more nitrogen and nitrate on the ground than 

the crop could effectively utilize as fertilizer.   

70. On June 23, 2005, Cow Palace received a soil sample result for Field 

1.  That sample indicated that, at the 0-12 inch soil column, Field 1 had 300 

lbs./acre of nitrate.  At the 12-24 inch soil column depth, the Field had 248 

lbs./ac nitrate.  In total, Field 1 had 548 lbs./ac nitrate, and 648 lbs./ac of 

plant available nitrogen for fertilization in the top two feet, according to the 

sampling report.70 This soil sample result indicates that the May 8-13 

applications to Field 1 were not agronomic.  As described above, Cow 

Palace’s DNMP states that an alfalfa crop has the capacity to use 480 lbs./ac 

of nitrogen, but only if applied in three equal amounts spaced throughout the 

growing season.  This soil sample indicates that, as of the middle of the 

growing season, Field 1 had 648 lbs./ac of available nitrogen, or 168 lbs./ac 

more than what the alfalfa crop could use during the entire growing season.  

As Cow Palace’s records state, the Dairy did not evenly space out its 

applications to this field in either quantity or time.  Such a high soil 

                                                                                                                                            
volatilization estimate) presents an estimate of 647.04 lbs./ac total nitrogen.  I have 
calculated strongly on the conservative side.  For instance, I expect to see far less than 
50% volatilization, and I suspect, given the high residual nitrate numbers, that the manure 
nutrient content of Cow Palace’s manure was comparable to the 33.7 lbs. of 
nitrogen/1000 gallon reported one-year prior.    
70 COWPAL010648. 
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nitrate/nitrogen test means the manure applications made by Cow Palace 

preceding this soil test were not calculated to be agronomic nor even in 

timing or amount, as the DNMP instructs for alfalfa crops.  Consequently, it 

is highly likely that the alfalfa crop did not make use of all the available 

nitrogen and nitrate contained in Field 1 at this time, meaning that excess 

nitrate not used by the crop as fertilizer migrated further down into the soil, 

eventually making its way to groundwater.   

71. Cow Palace did not take a fall, post-harvest sample on Field 1 at the 

end of the 2005 growing season.  Cow Palace therefore lacked the necessary 

information to determine if its alfalfa crop had utilized all of the nitrogen 

and nitrate applied to the field during the year.  Despite not having this 

information, Cow Palace’s hand-written manure application records state 

that Field 1 had manure applied to it between November 14-15, 2005; 

January 5, 2006; and January 19-20, 2006.71   In the absence of soil sampling 

information or manure nutrient sampling information from Cow Palace’s 

lagoons, the Dairy lacked the necessary information to determine whether 

these applications were providing nutrients to the alfalfa crop that it could 

actually utilize as fertilizer.  Additionally, Cow Palace’s DNMP cautions 

that the Dairy should avoid manure applications from November through 

                                                
71 COWPAL000345.   
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March, for there is an increased chance of discharge to ground or surface 

waters.  Winter applications should only occur when soil moisture 

conditions are suitable, and “agronomic needs as reflected in annual soil 

testing” show a need for additional nutrients.72  Furthermore, crop growth is 

very slow during the winter months, increasing the likelihood that nutrient 

applications will not be used by the crop, which in turn will cause manure 

nutrients to leach through soil and into groundwater.  

72. The hand-written application records discussed above do not state 

whether or how Cow Palace varied the amount of nutrients applied based on 

the average of the previous three to five years’ crop yield from Field 1, the 

specific lagoon from which the manure was sourced, the manure nutrient 

content of that manure, or the weather conditions at the time of application.  

This is the type of information that is necessary to calculate what rate of 

application is agronomic, and is required by the DNMP.73   

73. On May 15, 2006, Cow Palace took a soil sample of Field 1.  That 

sample indicted that there were 90 lbs./ac nitrate and 31 lbs./ac ammonium 

in the top one foot, and 77 lbs./ac nitrate and 27 lbs./ac ammonium in the 

second foot.  In total, Field 1 had 225 lbs./ac available plant nitrogen in the 

top two feet of the soil column for the alfalfa crop.  In addition to the high 

                                                
72 COWPAL000017. 
73 COWPAL000024. 
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nitrate levels, the extremely high phosphorus and potassium levels further 

verify that manure overapplication was taking place.74  Agronomically, this 

means that Field 1 only required a maximum of 255 lbs./ac of plant available 

nitrogen to fertilize the alfalfa crop for this growing season, spread evenly 

between three applications.  If this occurred, then I would expect Cow 

Palace’s fall, post-harvest sample from 2006 to have low residual nitrate 

levels (which it did not).   

74. Cow Palace applied manure on Field 1 between August 14-23, 2006, 

according to the Dairy’s manure application records.  These records do not 

state whether or how Cow Palace varied the amount of nutrients applied 

based on the average of the previous three to five years’ crop yield from 

Field 1, the rate at which manure was applied, the nutrient content of the 

manure that was applied, or the weather conditions at the time of 

application. 75  This is the type of critical information needed to calculate 

agronomic rates of manure application, and is required by the DNMP.76   

75. Cow Palace took a post-harvest sample on Field 1 on September 27, 

2006.  The results of that sampling were that Field 1 had 96 lbs./ac nitrate 

and 18 lbs./ac ammonium in the top foot of the soil column, and 122 lbs./ac 

                                                
74 COWPAL010655. 
75 COWPAL000345. 
76 COWPAL000024. 
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nitrate and 14 lbs./ac ammonium in the second foot.  This means that Field 1 

had a total residual nitrate level of 218 lbs./ac, and a total residual nitrogen 

level of 250 lbs./ac.  Phosphorus and potassium levels both increased from 

the spring 2006 test as well.  Based on these results, Cow Palace did not 

agronomically apply manure during the 2006 growing season to Field 1.  As 

explained above, Field 1 already had a total of 255 lbs./ac available for 

fertilization as of May 2006.  If manure had been applied at a rate in which 

the alfalfa crop would utilize the available nitrogen as fertilizer, then I would 

expect the fall sample to be much lower than a combined total of 250 lbs./ac.  

I would also expect that the residual nitrate levels in the second foot (122 

lbs./ac) would be less.  Based on this high, post-harvest result, it is likely 

that the excess nitrate, especially that found in the second foot, was not used 

as fertilizer, but instead migrated further into the soil with further 

application, irrigation, snowmelt, and precipitation, eventually discharging 

to groundwater.   

76. Cow Palace sampled Field 1 again on February 27, 2007.  That report 

found that there were 214 lbs./ac nitrate and 42 lbs./ac ammonium in the 0-

12 inch soil column depth, and 190 lbs./ac nitrate and 34 lbs./ac ammonium 

at the 12-24 inch depth.  Residual phosphorus and potassium were also high, 

at 216 ppm and 959 ppm, respectively.  In total, Field 1 had 404 lbs./ac of 
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nitrate available in the top two feet, and a total of 480 lbs./ac total nitrogen 

available in the top two feet.77  While Cow Palace’s manure application 

records show no recorded manure applications to Field 1 between August 

2006 and May 2007,78 it is likely that additional applications were made over 

the winter of 2006-2007, considering that the residual nitrate and nitrogen 

levels increased from the September 27, 2006, fall post-harvest soil sample. 

These applications were not agronomic, given that (1) they occurred during 

the winter months, when crops are unlikely to fully utilize manure nutrients, 

and (2) the alfalfa crop had been more than adequately fertilized the 

preceding year.  In fact, the top two feet of the soil in Field 1 already had the 

maximum amount of nitrogen that an alfalfa crop could be expected to use 

for an entire season under optimal circumstances, making any further 

manure applications during the 2007 crop year excessive.   

77.  Despite having adequate nitrogen to fertilize the alfalfa crop (per the 

DNMP nitrogen removal estimate), Cow Palace applied manure in 2007 to 

Field 1 on May 15-26; June 19; June 27; and November 5.  The application 

record does not state whether or how Cow Palace varied the amount of 

nutrients applied based on the average of the previous three to five years’ 

crop yield from Field 1, the rate at which manure was applied, the specific 

                                                
77 COWPAL010657.   
78 COWPAL000345, 344.   
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source of the manure, the nutrient content of that manure, or the weather 

conditions at the time of application.79  This is the type of information 

necessary for calculating agronomic rates, and is required by the DNMP.80  

The only manure nutrient sampling Cow Palace possessed for these 

applications was from October 9, 2006, which indicated that this manure had 

a total nitrogen content of 7.8 lbs./1000 gal.81  There is no identified manure 

source on this document as well.  Considering the already high nutrient 

levels in Field 1’s soils based on the February 2007 soil sample, these 

applications were not agronomic.  They applied more manure nutrients to a 

field that did not require additional nitrogen or phosphorus for crop 

fertilization.   

78. As a result, Field 1 had, again, a high residual nitrate level 

documented by the 2007 post-harvest soil sample.  That sample, taken on 

October 17, 2007, indicates that Field 1 had 188 lbs./ac nitrate and 20 lbs./ac 

ammonium in the top foot of the soil column, and 200 lbs./ac nitrate and 16 

lbs./ac ammonium in the second foot.  This means there were 388 lbs./ac 

residual nitrate and a total of 424 lbs./ac nitrogen in the top two feet heading 

                                                
79 COWPAL000344. 
80 COWPAL000024. 
81 COWPAL009270. 
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into winter.82  The results also showed 158 ppm phosphorus and 1022 ppm 

potassium.  These are very high residual numbers for a post-harvest field, 

indicating that the applications of manure to this field in 2007 provided far 

more nutrients than what the crop could effectively utilize as fertilizer.  

Some portion of these excess nitrates likely migrated down into the soil with 

further application, irrigation, snowmelt, and precipitation, eventually 

discharging to groundwater. 

79. In the winter of 2007, Cow Palace began planting Field 1 in a 

triticale/corn double-crop rotation.83  According to Cow Palace’s DNMP, a 

triticale crop has the capacity to use up to 250 lbs./ac nitrogen for 

fertilization purposes.84  Based on Cow Palace’s post-harvest 2007 soil 

sample, there was more nitrogen available for the triticale crop than it had 

the capacity to use (250 lbs./ac vs. 424 lbs./ac total).  

80. Cow Palace’s DNMP requires the Dairy to take a post-harvest sample 

after a winter crop is harvested if double-cropping a field.85  This way, the 

manager at Cow Palace knows how much manure nutrients the winter crop 

used, and how much residual nutrients are available for the next crop to be 

planted.  I have not seen any records from Cow Palace for a Spring 2008 

                                                
82 COWPAL010662. 
83 COWPAL003172. 
84 COWPAL000015.   
85 COWPAL000016. 
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post-harvest soil sample after the triticale crop was harvested. 

81. Because Cow Palace did not take a post-harvest sample after the 

triticale was harvested, the Dairy did not know what the residual nutrient 

levels were in Field 1.  It therefore lacked one of the primary pieces of 

information necessary to calculate an agronomic application of manure.  

Nonetheless, Cow Palace applied manure to Field 1 over June 16-22 and 

July 1-10, 2008.86  At this time, Cow Palace had planted sudan grass on 

Field 1.87  These hand-written application records do not state whether or 

how Cow Palace varied the amount of nutrients applied based on the average 

of the previous three to five years’ crop yield from Field 1, the specific 

lagoon from which the manure was sourced, the nutrient content of that 

manure, or the weather conditions at the time of application.  This is the 

critical information that is necessary to calculate what rate of application is 

agronomic, and is required by the DNMP.88 

82. Cow Palace did not take a post-harvest soil sample after it harvested 

its sudan grass in 2008, according to its records.  The Dairy instead planted 

triticale around August 25, 2008, and proceeded to apply manure – again 

without knowing the residual nutrient content of the soil – from August 25 

                                                
86 COWPAL000343-344.   
87 Id.   
88 COWPAL000024. 
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through September 2.89  

83. The Dairy then took a soil sample from Field 1 on September 5, 2008.  

At that time, Field 1 had 238 lbs./ac nitrate and 31 lbs./ac ammonium in the 

top 0-12 inches of the soil column, along with an additional 12 lbs./ac nitrate 

in the 12-24 inch depth.90  In the top foot, there was a total of 269 lbs./ac 

available nitrogen for fertilization.  The results also showed 156 ppm 

phosphorus and 1384 ppm potassium, which are also very high residual 

nutrient amounts following a crop harvest.  The triticale crop therefore had 

more than enough nitrogen available in the top foot for fertilization purposes 

before application, considering that triticale, according to the DNMP, has the 

capacity to use a maximum of 250 lbs./ac nitrogen.   Based on the literature I 

have reviewed and on Cow Palace’s own harvest data, I believe this number 

is excessively high.  There is no data to substantiate these high estimates for 

any of the crops they grow.  The US Department of Agriculture (“USDA”) 

has a website on crop nutrient removal for most crops and shows that 6 ton 

of wheat green chopped would remove 74 pounds of nitrogen.91  This is 

about the yield average for Cow Palace.  Similar calculations for crops 

grown show much lower crop removal values than they used from their 

                                                
89 COWPAL000342. 
90 COWPAL010667. 
91 See https://plants.usda.gov/npk/main. 
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DNMP. 

84. Cow Palace did not stop applying manure after receiving this soil 

sample.  Instead, the Dairy applied manure every day between September 17 

and September 26, 2008, with the exception of September 21.92  The 

application field logs, once again, do not state the weather conditions at the 

time of application, soil moisture conditions the nutrient content of the 

manure that was applied, or whether or how Cow Palace varied manure 

applications based on prior crop yields.  Without this information, Cow 

Palace could not have calculated an agronomic rate of application.  Based on 

the already sufficient nitrogen levels documented in the soils in September 

2008, these subsequent applications were not agronomic, and instead placed 

further excess nitrate and nitrogen into the soil that could not be used for 

fertilization purposes by the triticale crop.  Similar to what I have explained 

above, it is highly likely that excess nitrates thereafter leached further into 

the soil with further application, irrigation, snowmelt, and precipitation, 

eventually passing beyond the crop root zone.  At that point, the nitrates are 

destined to discharge to groundwater.  

85. According to the records I have reviewed, Cow Palace did not take a 

post-harvest sample after the triticale was harvested from Field 1 in 2009.  

                                                
92 COWPAL000341. 
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As a result, the Dairy did not know what the residual nutrient levels were in 

Field 1, and it therefore lacked one of the primary pieces of information 

necessary to calculate an agronomic application of manure.   

86. Cow Palace applied substantial amounts of manure to Field 1 without 

knowing how much nutrients, including nitrogen, were already contained 

within the soils.  Four wheel-lines were used on Field 1 every day between 

June 4 and June 12, 2009, in four-hour sets; two sets were run each day.93  

The application records again do not state the weather at the time of 

application, whether or how the application was varied based on previous 

crop yields, or the nutrient content of the manure being applied.  In fact, 

Cow Palace did not take any manure nutrient sampling of the manure it 

applied before this application; instead, it sampled the manure months later, 

on September 25, 2009.  Those results do not state the source of the manure 

that was sampled, but report a nitrogen content of 1.47 lbs./1000 gallons of 

liquid manure.94  This is a low number; liquid cow manure typically has a 

higher nitrogen content.  These applications were not agronomic, because 

Cow Palace did not know what the residual nutrient content of the soil was, 

and therefore did not know how much more nitrogen the sudan grass crop 

needed for adequate fertilization.  The above-referenced USDA website lists 

                                                
93 COWPAL000340. 
94 COWPAL009251. 
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a value of 6 to 7 pounds of nitrogen removed per ton of harvested sudan 

grass for silage.  Cow Palace’s records indicate that the 2009 sudan grass 

harvest from Field 1 yielded 8.3 tons/acre, which according to the USDA 

means that the crop only removed around 60 lbs./acre of nitrogen, nowhere 

near the 275 lbs./acre value identified in the DNMP.   

87. Cow Palace continued to apply manure to Field 1 from July 30, 2009 

through August 9, 2009, with the exception of August 2.95  Again, the 

application records do not state the weather conditions at the time of 

application, the manure nutrient content of the manure, or the application 

rate or whether any of this was incorporated into the soil.  After this multi-

day application, which again used four wheel lines in four hour sets, with 

two sets occurring per day, the Dairy applied irrigation water to Field 1 for 

an unspecified amount of time beginning on August 10.  Without knowing 

the residual nutrient content of the soil or the nutrient content of the manure 

being applied, Cow Palace did not have the information necessary to 

determine an agronomic rate for the applications discussed in Para. 86.  As a 

result, it is likely that these applications placed more nutrients into the soil 

than the crop could effectively uptake as fertilizer.   

88.  My opinion that Cow Palace’s summer 2009 applications were non-

                                                
95 COWPAL000338-339.  
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agronomic is supported by the high residual nitrogen levels documented in 

the soils of Field 1 on September 3, 2009.  That soil test shows that there 

was 159 lbs./ac nitrate and 25 lbs./ac ammonium in the top foot, and 152 

lbs./ac nitrate and 16 lbs./ac ammonium in the second foot of the soil column 

depth, for a total of 311 lbs./ac residual nitrate and 352 lbs./ac total nitrogen 

remaining after the sudan grass crop had been harvested.96  The results also 

showed 134 ppm phosphorus and 1295 ppm potassium, which are also very 

high residual nutrient amounts following a crop harvest.  In sum, Cow 

Palace over-applied manure nutrients, including nitrate, nitrogen, 

phosphorus, and potassium to Field 1 during the summer of 2009, causing 

more nutrient to be placed into the soil than the sudan crop could effectively 

uptake as fertilizer.   

89. Cow Palace’s “Farm Plan” indicates that there was a double crop of 

triticale in 2009.97  But Cow Palace’s application field log does not mention 

the planting of triticale.98  If there was no winter crop planted on Field 1 for 

the winter of 2009-2010, then in my opinion it is very likely that the high 

residual nitrates observed in September 2009 migrated deeper into the soil 

with further application, irrigation, snowmelt, and precipitation, moving past 

                                                
96 COWPAL000654; COWPAL000341 (noting that triticale winter crop was seeded on 
August 20, 2008).   
97 COWPAL003172.   
98 Compare COWPAL000338-339 
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the crop root zone and eventually discharging to groundwater.  Even if a 

triticale crop was planted, however, there was more nitrogen fertilizer 

present in the soils than the crop could effectively use, meaning that excess 

nitrates would also move through soils and into groundwater with further 

application, irrigation, snowmelt.  and precipitation.   

90. Cow Palace did not take a post-harvest sample following the triticale 

harvest in Spring 2010.  It is unclear, however, whether Cow Palace planted 

a triticale crop in the winter of 2009-2010.  In any event, the Dairy did not 

know what the residual nutrient levels were in Field 1 moving into the 2010 

crop season, and it therefore lacked one of the primary pieces of information 

necessary to calculate an agronomic application of manure.   

91. Cow Palace returned to planting alfalfa on Field 1 for the 2010 

season.  Without having any idea of the residual soil nutrient levels, Cow 

Palace proceeded to apply large amounts of liquid manure to Field 1 during 

2010.  Cow Palace’s records indicate that the Dairy applied liquid manure to 

Field 1 every day over the following dates in 2010: March 9-March 17 (no 

manure source identified); April 5-April 10 (no manure source identified); 

May 24-May 28; August 30-September 7; and November 3-November 7.99  

According to the records, these applications applied a combined total of 

                                                
99 COWPAL000333-337.   
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12,960,000 gallons of liquid manure onto Field 1 in 2010, or 172,800 

gallons per acre (assuming 75 acres).  Similar to every application described 

above, Cow Palace did not have a current manure nutrient sample of the 

manure it was applying to this field, and therefore did not have the 

information necessary to calculate an agronomic rate of application.  In fact, 

the November applications were stopped only when the lagoon was 

“empty,” which Jeff Boivin, the manager at Cow Palace Dairy, stated was an 

agronomic rate.100  Considering the large amount of manure applied, the fact 

that Cow Palace had no prior soil sample showing residual nitrate levels, and 

that the application records do not contain the critical information needed to 

determine an agronomic rate (no weather conditions, manure nutrient 

sampling, or previous crop yields), these applications were not and could not 

be agronomic.  In addition, a new crop of alfalfa would not have developed a 

significant root system for nutrient uptake until late in the growing season.  

92. Cow Palace’s Fall 2010 soil test provides additional support for my 

opinions in Para. 91.  The soil in Field 1 was sampled on October 14, 2010, 

and had a nitrate content of 118 lbs./ac and ammonium content of 29 lbs./ac 

in the top foot, and 121 lbs./ac nitrate and 22 lbs./ac ammonium in the 

second foot, for a total of 239 lbs./ac nitrate and 290 lbs./ac available 

                                                
100 COWPAL000333; Boivin Trans. at 399:17-25; 400:12-15.   
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nitrogen.101  These are very high residual nutrient amounts heading into 

winter, and demonstrate to me that the applications made during 2010 were 

not calculated properly, let alone to provide the amount of nutrients 

necessary to fertilize the crop.  Cow Palace should not have made the 

manure applications it did from November 3-November 7, 2010, after 

receiving these results.  Those applications, which continued only until the 

lagoon was “empty,” were not agronomic.   There was already excess 

nitrogen fertilizer available for the alfalfa crop heading into the winter 

months, when alfalfa is not likely to use any nitrogen until the next spring 

and summer.  The excess nitrate observed in the soil in October, 2010, likely 

leached deeper into the soil with some of it moving past the crop root zone, 

and eventually to groundwater. This would be aided by further liquid 

manure application, irrigation, snowmelt and precipitation,  

93. Beginning in 2010, Cow Palace kept track of its application records 

using a new spreadsheet.102  I have reviewed the spreadsheet for Field 1 for 

2010, and compared it against Cow Palace’s field application records.103  

The spreadsheet for 2010 – and as will be seen, for each year that Cow 

Palace has maintained these spreadsheets – does not contain the information 

                                                
101 COWPAL000646. 
102 Boivin Trans. at 404:2-13. 
103 COWPAL000270 (spreadsheet); COWPAL000333-37 (field application records). 
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necessary to calculate agronomic rates.  First, the sheet purports to have an 

“N Crop Balance” column, which begins with the number “480,” the amount 

of nitrogen that Cow Palace’s DNMP says an alfalfa crop has the capacity to 

use.104  With each application, that number decreases.  Cow Palace failed to 

take into account, however, the residual nitrate and nitrogen in Field 1’s soil, 

as documented in the Fall 2009 post-harvest soil sample.  It does not credit 

any soil mineralization or carryover of manure nitrogen from past year 

applications.  Cow Palace also used a generic “1.5 lbs. of N/1000 gal” 

number to determine the amount of nitrogen placed onto Field 1.105  This 

number does not correspond to any manure nutrient sampling I have seen for 

2010.   Consequently, the “N Crop Balance” that Cow Palace calculated for 

Field 1 is inaccurate; if it were correct, there would have been a 240 lbs./ac 

nitrogen deficit at the end of the year, which was not the case, as observed in 

the October 14, 2010 soil sample.  There is also no yield data to substantiate 

the amount of nitrogen removed by the harvested crop.  The USDA Nutrient 

Removal table indicates that alfalfa will remove 12 lbs./ton Nitrogen at 82 

percent moisture content.  If similar yields as were reported for Fields 3 and 

4B were obtained from Field 1, at a similar moisture content, then there 

                                                
104 COWPAL000015.   
105 Cow Palace took a sample from a “lagoon” on September 30, 2010, near the 
conclusion of the application season; that sample had a result of 1.67 lbs./1000 gallons of 
total nitrogen.  COWPAL009250.  I find this number to be low for cow manure.    
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would only be about 60 to 78 lbs./ac of nitrogen removed by the alfalfa crop 

– a stark contrast compared to Cow Palace’s estimate of 480 lbs./acre.   

94. Cow Palace’s spreadsheet also does not include any existing available 

nitrogen in the soil profile, nitrogen that is mineralized from soil organic 

matter, nitrogen fixated by the alfalfa crop, or credits from past years of 

manure application.  Overall, the spreadsheets are a very poor accounting of 

nutrient application and removal, and are not in accord with modern nutrient 

management practices.  Following appropriate nutrient budgeting practices 

is one of the most important ways that Cow Palace can ensure that its future 

manure applications do not result in excessive nutrient loading and leaching 

problems to groundwater. 

95. No spring soil sample was taken by Cow Palace in 2011. 

96. Cow Palace applied at least 17,280,000 gallons of liquid manure to 

Field 1 in 2011, according to its records.106  The field application records 

maintained by Cow Palace again do not indicate the source of the manure 

applied to the field, the nutrient content of that manure, the weather 

conditions at the time of application, or the prior years’ crop yields and how 

or whether those yields were used to vary application rates.  Furthermore, 

Cow Palace’s summary spreadsheet also does not identify the source of the 

                                                
106 COWPAL000277; COWPAL000328-32 (field application records).   
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manure that was applied to the field or the actual manure nutrient content of 

that manure; the document again uses a generic, 1.5 lbs./1000 gallon figure 

to calculate application rates.  Thus, Cow Palace lacked the information 

necessary to calculate agronomic rates of manure application.  

97. The summary spreadsheet for 2011 calculated that there would be a 

134.4 lbs./ac nitrogen deficit at the end of the 2011 season.107  If this were 

true, I would expect there to be little, if any, nitrogen left in the soil at the 

time of the fall soil sample.  That was not the case.  Cow Palace’s September 

30, 2011 soil sample states that there was 83 lbs./ac nitrate and 29 lbs./ac 

ammonium in the top foot, and 89 lbs./ac nitrate and 14 lbs./ac ammonium 

in the second foot of the soil column, for a total of 172 lbs./ac residual 

nitrate and 215 lbs./ac total available nitrogen.108  Soil phosphorus and 

potassium were also high, with 131 ppm phosphorus recorded in the first 

foot and 108 ppm in the second; potassium was present at 1207 ppm and 

1090 ppm in the first and second foot of the soil column, respectively.  

These residual nutrient numbers at the end of the growing season 

demonstrate that Cow Palace over-applied manure to Field 1 during the 2011 

and preceding crop years, because more manure nutrients were placed into 

the soil than the alfalfa crop used as fertilizer.  The residual nitrate found in 

                                                
107 COWPAL000277. 
108 COWPAL000637.   
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the soil sample likely leached down through the soil with further application, 

irrigation, snowmelt, and precipitation, moving beyond the crop root zone 

and eventually to groundwater. 

98. Cow Palace did not take a Spring 2012 soil sample for Field 1. 

99.  Cow Palace applied at least 7,680,000 gallons of liquid manure to 

Field 1 in 2012, according to its records.109  The field application records 

maintained by Cow Palace again do not indicate the source of the manure 

applied to the field, the nutrient content of that manure, the weather 

conditions at the time of application, or the prior years’ crop yields and how 

or whether those yields were used to vary application rates.  Furthermore, 

Cow Palace’s summary spreadsheet also does not identify the source of the 

manure that was applied to the field or the actual manure nutrient content of 

that manure; the document again uses a generic, 1.5 lbs./1000 gallon figure 

to calculate application rates.  Thus, Cow Palace lacked the information 

necessary to calculate agronomic rates of manure application.  

100. The summary spreadsheet for 2012 calculated that there would be a 

326.4 lbs./ac nitrogen deficit at the end of the 2012 season.110  If this were 

true, I would expect there to be little, if any, nitrogen left in the soil at the 

time of the fall soil sample.  That was not the case.  Cow Palace’s September 

                                                
109 COWPAL000284; COWPAL000325-27 (field application records).   
110 COWPAL000284. 
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27, 2012 soil sample found there to be 280 lbs./ac nitrate and 32 lbs./ac 

ammonium in the top foot, and 245 lbs./ac nitrate and 9 lbs./ac ammonium 

in the second foot of the soil column, for a combined total of 525 lbs./ac 

residual nitrate and 566 lbs./ac total available nitrogen.  These available 

nitrogen values do not include the amount of nitrogen that would be 

contributed from soil organic matter mineralization or past year manure 

applications.  Some of the soil test reports do add available nitrogen from 

soil organic matter for the upper foot of soil.  These are usually in the range 

of 20 to 35 pounds of nitrogen per percent organic matter.  For soil test farm 

consultants, Field 1 soil organic matter values run between 2.5 and 3 

percent, which would contribute an additional, unaccounted for 50 to 105 

pounds per year of available nitrogen.  The residual phosphorus (190 ppm) 

and potassium (1521 ppm) documented in the top foot were also excessively 

high; no sample for these analytes was taken at the second foot.111  These 

high residual nutrient numbers at the end of the growing season demonstrate 

that Cow Palace over-applied manure to Field 1 during the 2012 crop year, 

because more manure nutrients were placed into the soil than the alfalfa crop 

used as fertilizer.  The excessive residual nitrate found in the soil sample 

likely leached down through the soil with further application, irrigation, 

                                                
111 COWPAL000261. 
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snowmelt, and precipitation, moving beyond the crop root zone and 

eventually to groundwater.  

101. Cow Palace planted a corn/triticale rotation on Field 1 beginning the 

winter of 2012.  According to its records, triticale was planted sometime in 

October 2012.112  Even though Field 1 had a residual nitrate content of over 

566 lbs./ac in the fall of 2012, Cow Palace applied manure to Field 1 

between October 15-19 and November 5-9, 2012.  These applications were 

not agronomic.  According to the DNMP, triticale has the capacity to use 

250 lbs./ac nitrogen; as of the date of Cow Palace’s 2012 soil sample, there 

were already 312 lbs./ac total nitrogen in the top foot alone and over double 

what it could use if one took into account the levels found in the second foot.  

This mean that the triticale crop already had more nitrogen available to it 

than it could possibly uptake as fertilizer especially at the actual yield and 

nutrient removal values they achieve.  Any further manure applications were 

therefore unwarranted from an agronomy standpoint, and likely caused the 

residual nitrate to be pushed further down into the soil column, pass the crop 

root zone and eventually to groundwater.   

102. Cow Palace’s records indicate that the triticale crop from Field 1 

                                                
112 COWPAL000324. 
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yielded 6.2 tons/ac.113  According to the USDA crop removal site, a triticale 

crop is expected to use about 10.5-12.5 lbs./ac nitrogen per ton harvested. 

Using this number, Cow Palace’s triticale crop likely used between 65.1 and 

77.5 lbs./ac nitrogen as fertilizer, meaning the rest of the nitrogen and nitrate 

in the soil was beyond that which the triticale could uptake.  Field 1’s 

triticale crop would need to yield at least 10 tons/ac dry matter in order to 

justify applying 250 lbs./ac nitrogen for fertilizer.114   

103. Cow Palace did not take a Spring 2013 soil sample from Field 1. 

104. Cow Palace applied at least 11,400,000 gallons of liquid manure to 

Field 1 in 2013, according to its records.115  The field application records 

maintained by Cow Palace again do not indicate the source of the manure 

applied to the field, the nutrient content of that manure, the weather 

conditions at the time of application, or the prior years’ crop yields and how 

or whether those yields were used to vary application rates.  They also do 

not indicate any credit for the nitrogen released from the previous alfalfa 

crop, which should be at least 60 pounds per acre.  Furthermore, Cow 

Palace’s summary spreadsheet also does not identify the source of the 

manure that was applied to the field or the actual manure nutrient content of 

                                                
113 COWPAL009398; see also COWPAL004140. 
114 COWPAL000035. 
115 COWPAL009284; COWPAL000322-24 (field application records).   
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that manure; the document again uses a generic, 1.5 lbs./1000 gallon figure 

to calculate application rates.  Thus, Cow Palace lacked the information 

necessary to calculate agronomic rates of manure application. 

105. The summary spreadsheet for 2013 calculated that there would be a 

272 lbs./ac nitrogen deficit at the end of the 2013 season.116  If this were true, 

I would expect there to be little, if any, nitrogen left in the soil at the time of 

the fall soil sample.  This was, again, not the case.  Cow Palace’s September 

24, 2013 soil sample was the first to be taken by Agrimanagement, its 

subcontractor under the AOC.  That sample found there to be 304 lbs./ac 

nitrate and 2 lbs./ac ammonium in the top foot of the soil column.  In the 

second foot, there were 221 lbs./ac residual nitrate.  In the third foot, there 

were 229 lbs./ac residual nitrate.117  In total, Field 1 had 754 lbs./ac residual 

nitrate at the end of the 2013 growing season, a number that I would classify 

as extremely high (Agrimanagement characterized it only as “high”).  In the 

top foot, the soil sample also had 290 ppm phosphorus, 1474 ppm 

potassium, and 6.4 ppm zinc.  Taken together, the high residual nitrate, 

phosphorus, potassium, and zinc results indicate to me that Cow Palace 

greatly over-applied manure in 2013.  The high 2- and 3-foot results for 

nitrate are indicative of a long history of manure applications that were not 

                                                
116 COWPAL009284. 
117 DAIRES008805. 
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agronomic, given the amount of nitrogen (in nitrate form) that has moved 

into the 3-foot soil column depth, deeper than most of the crops’ effective 

root depth for nitrogen uptake.  The excessive residual nitrate found in the 

soil sample, especially at the second and third-foot depths, are very likely to 

leach further down through the soil with further application, irrigation, 

snowmelt, and precipitation, and will eventually, and probably already, 

reach groundwater.   

106. Cow Palace’s corn crop yield for Field 1 was 24.6 tons/ac.118  Corn is 

expected to use up to 250 lbs./ac nitrogen if it yields 30 tons/ac, according to 

Cow Palace’s DNMP.119  That the yield on this field was below 30 tons/ac 

means that the corn crop did not uptake 250 lbs./ac nitrogen, but more likely 

used closer to 200 lbs.  Thus, the excess nutrients applied by Cow Palace 

were not used by the crop as fertilizer, as demonstrated by Cow Palace’s 

post-harvest soil sampling for Field 1, which revealed excessive nitrogen 

and nitrate levels in all three feet of the soil column.   

107. Despite having this excessively high soil sample in hand, Cow Palace 

proceeded to apply 612,000 gallons of manure to Field 1 on October 4 and 9, 

2013.  There was no agronomic reason for making this application; the field 

already had significantly more nitrogen in it than the winter triticale crop 

                                                
118 COWPAL009398; COWPAL004138-39.   
119 COWPAL000035. 
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could use as fertilizer.  As such, this application, along with winter and 

spring precipitation and snowmelt, likely caused these nitrates to leach 

further into the soil column, moving past crop root depths and toward 

groundwater.   

108. Cow Palace’s sampling of Field 1 in May, 2014, showed that the Field 

still had very high nitrate values.  In the top three feet of the soil column, 

there was 333 lbs./ac nitrate available for fertilization.  I believe that the 

drop in residual nitrate between fall, 2013 and spring, 2014 is primarily due 

to leaching losses.  Cow Palace’s triticale crop, which yielded 6.53 

tons/ac,120 almost certainly did not make use of all of the available nitrate 

that was present in the soils at the time of the fall, 2013 sample.  Based on 

the USDA Nutrient Removal tool, actual crop removal was likely in the 

range of 68.5 to 81.6 lbs./ac nitrogen.  Thus, the triticale crop alone cannot 

account for the drop in nitrate; the only other plausible explanation is 

leaching loss.  Plaintiffs’ own sampling, discussed infra, further confirms 

my opinion.   

109. Even though Field 1 had more than enough nitrogen available as 

fertilizer for Cow Palace’s summer corn crop, the Dairy proceeded to apply 

2,562,000 gallons of manure to the Field on May 24, June 12-13, June 17, 

                                                
120 COWPAL015671. 
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and July 21-22, 2014.121  These were not agronomic applications because the 

corn crop already had sufficient nitrogen fertilizer in the soil.  As a result, 

these applications, along with additional irrigation and precipitation, likely 

caused excess nitrate to migrate deeper into the soil, past crop root zones and 

toward groundwater.   

110. In sum, after reviewing Cow Palace’s records for Field 1, Cow Palace 

consistently over-applied manure to this field in quantities that exceeded 

agronomic rates.  Even after receiving soil samples that had high residual 

nutrient amounts, Cow Palace continued to apply manure to Field 1.   

111. Plaintiffs in this action conducted their own deep soil sampling on 

Field 1 on May 19-20, 2014.  Plaintiffs’ team took composite samples at the 

28 locations depicted in the map below (hereafter, “Figure 1”); the sample 

results below are broken down into Field 1 North, Field 1 Middle, and Field 

1 South in the table that follows.  For the Nitrate-N column, the first number 

represents the amount of nitrate in terms of parts per million (ppm); the 

second number represents the amount of nitrate in lbs./ac.   

                                                
121 COWPAL015790.   
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Sample ID Sample 
Date 

Depth 
(ft) 

pH, 
SU 

Phosphorus, 
ppm 

Nitrate-N, 
ppm/pounds 
per acre* 

Ammonium-N, 
ppm/ Pounds 
per acre 

Total 
Nitrogen/Soli
d, mg/kg 

CP-AF1-N-0-1 5/19/2014 0-1 8 291 44.4/155 2/7 1630 

CP-AF1-N-1-2 5/19/2014 1-2 8.3 207 77.8/272 1.4 /4.9J 1150 

CP-AF1-N-2-3 5/19/2014 2-3 8.2 118 75/262 5.3/18.6 599 

CP-AF1-N-3-4 5/19/2014 3-4 8.3 64.2 50.6/177 9.3/32.6 334 

CP-AF1-N-4-5 5/19/2014 4-5 8.3 34.9 69.5/243 1.4/4.9 254 

1-CP-AF1-N Grab 3-
5ft 5/19/2014 3-5 8 60.6 137/959 2.2/15.4 407 

10-CP-AF1-N Grab 
3-5ft 5/19/2014 3-5 8.5 45.3 62.3/436 3.2/22.4 233 

CP-AF1-M-0-1 5/20/2014 0-1 7.7 352 38.1/133 1.3/4.6 1850 

CP-AF1-M-1-2 5/20/2014 1-2 8.1 177 42.7/132 1/3.5 661 

CP-AF1-M-2-3 5/20/2014 2-3 8.1 78 48.3/169 2.8/9.8 380 

CP-AF1-M-3-4 5/20/2014 3-4 8.2 64.7 37.3/131 12/42 308 73
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CP-AF1-M-4-5 5/20/2014 4-5 8.2 40.7 23.7/83 11/38.5 298 

8-CP-AF1-M Grab 2-
4ft 5/20/2014 2-4 8.2 46.4 48.4/339 2.8/19.6 264 

CP-AF1-S-0-1 5/20/2014 0-1 7.8 214 37.9/133 1.6/5.6 1490 

CP-AF1-S-1-2 5/20/2014 1-2 8.1 82.6 38.1/133 0.9/3.2 543 

CP-AF1-S-2-3 5/20/2014 2-3 8 64.7 54.7/191 1.1/3.9 404 

CP-AF1-S-3-4 5/20/2014 3-4 7.8 28.4 20.3/71 1/3.5 251 

CP-AF1-S-4-5 5/20/2014 4-5 8.3 41.1 50.7/177 0.8/2.8 165 

3-CP-AF1-S Grab 3-
5ft 5/20/2014 3-5 8.4 15.4 28.3/198 0.53.5 119 

5-CP-AF1-S Grab 3-
5ft 5/20/2014 3-5 8.4 45.7 38.2/267 0.6/2.1 336 

9-CP-AF1-S Grab 3-
5ft 5/20/2014 3-5 8 66.6 2.2/15 36/252 795 

*PPM X 3.5 = pounds 
per acre foot 

Ppm X 7= pounds per 
2 acre feet of soil 
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112. These results confirm that Cow Palace has applied manure in 

quantities that exceed agronomic rates on Field 1.  The deep soil samples are 

the most telling.  In the 4-5 foot range, Field 1 N had 69.5 ppm nitrate-N, or 

about 243 lbs./ac; Field 1 M had 23.7 ppm, or about 83 lbs./acre nitrate-N, 

and Field 1 S had 50.7 ppm, or about 177 lbs./acre nitrate-N.  These nitrates 

are well below the root zone and, because the soils in Field 1 are not suitable 

for denitrification, have no fate other than to reach groundwater.  The 3-5 

foot grab samples, generally considered below the root zone, are also strong 

evidence that Cow Palace’s manure management and application practices 

have placed excess nitrate into the soil.  1-CP-AF1-N Grab 3-5ft, the grab 

sample from Field 1 N, had a combined nitrate level of 137 ppm, or about 

959 lbs./acre, far more than Cow Palace’s crops could use as fertilizer.  That 

this exceptionally high residual nitrate level appears in the area below crops’ 

effective root zones demonstrates that this nitrate will not be used as 

fertilizer, and is instead destined to reach groundwater.  The grab samples 

for Field 1 M and Field 1 S also contain high residual nitrate levels and other 

analytes that correspond to excess manure applications, further confirming 

my opinions.  This is especially true for phosphorus, which in all but one of 

the 4-5 foot sample exceeded 40 ppm; that level is considered excessive.  

Total Nitrogen values are also high for subsoil samples indicating that 
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organic nitrogen in addition to nitrate has moved deeper into the soil profile, 

some of which convert to nitrate over time. 

113. In my experience, the nitrate and phosphorus results observed in 

Plaintiffs’ borings are excessive.  In fact, a recent study done in Iowa and 

Wisconsin, Sawyer 2013, Laboski 2012, in the heart of the corn belt, did not 

find any soil nitrate values to exceed 45 ppm in fields the spring after the 

drought of 2012 where crop yields and nitrate uptake were reduced and soil 

nitrate levels were expected to be higher than normal.  The following table 

presents the fall and spring data summary.  Sullivan accounts for the 

decrease in the 0-2 foot nitrate on a wet spring that leached some of the 

nitrate deeper into the profile. 

           

114. Note that the maximum value found in the 0-2 foot profile is less than 
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most of the surface foot samples from Cow Palace’s fields.  This sampling 

was done following the severe drought of 2012.  The authors of these studies 

concluded that there were sufficient carryover nutrients in the soils that 

future nutrient additions should be reduced.122 This was even with soil 

nutrient levels that are substantially lower than found in Cow Palace’s fields. 

115. In conclusion, Cow Palace Dairy applied more manure than the crops 

on Field 1 had the capacity to uptake as fertilizer for at least the past ten 

years.  Cow Palace did not make agronomic applications of manure, did not 

collect the correct information to make agronomic calculations, and failed to 

follow the instructions contained in its DNMP for determining agronomic 

rates.  The result of these over-applications is nitrate contamination of the 

soils in Field 1, which in turn has caused, and will continue to cause excess 

nitrates to leach deeper and deeper into the soil, where they have and will 

continue to discharge to groundwater.  

Cow Palace Field 2 

116. Cow Palace Field 2 is located south of Cow Palace Dairy, just south 

of Field 1.123  The field is between 71.7 and 75 acres in size, depending upon 

                                                
122 See Laboski, Carrie, “Wondering how much nitrate might be left in the soil from the 
2012 crop?”, University of Wisconsin Extension Integrated Pest and Crop Management 
Newsletter (2012); Sawyer, John, Soil Profile Nitrate in Corn fields Following the 2012 
Drought, Iowa State University Extension, Crop News (2013). 
123 DAIRIES0002524 (Figure 3 to Cow Palace Application Field Management Plan); see 
also COWPAL000031.     
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which document one examines.124  The soil underlying the field is “warden 

silt loam,”125 which is a well-drained soil, discussed in detail supra.126   

117. Cow Palace sampled Field 2 in two locations on August 15, 2001.  I 

presume, but cannot be sure, given the date of this sample, that it was a post-

harvest test from Field 2.  Field 2 North had a residual nitrate content of 121 

lbs./ac and an ammonium content of 16 lbs./ac, for a total of 137 lbs./ac total 

residual available nitrogen.  These results all come from the 0-12 inch soil 

column depth.  Phosphorus was also very high at 203 ppm.  Field 2 South 

had 73 lbs./ac nitrate and 16 lbs./ac ammonium, for a residual content of 89 

lbs./ac total available nitrogen; phosphorus was also elevated in this sample 

at 132 ppm.  

118.  These results suggest that Cow Palace applied more manure nutrients 

that the crop on Field 2 utilized as fertilizer.  I base this opinion on the 137 

lbs./ac total residual nitrogen in Field 2 North and the excessive phosphorus 

and potassium levels in both samples.127  If a winter crop was planted, it may 

have been able to effectively uptake some of these excess nutrients; as I 

discussed earlier, winter crops are less likely to use large amounts of 
                                                
124 Compare DAIRES002516 (Application Field Management Plan, 69 acres) to 
COWPAL000031 (DNMP, 75 acres).  
125 See, e.g., DAIRIES008806; COWPAL000044.   
126 COWPAL000018. 
127 Phosphorus levels over 50 ppm and potassium levels over 800 ppm are considered 
excessive. See, e.g., Horneck D.A, D.M. Sullivan, J.S. Owen, and J. M. Hart 2011.  Soil 
Test Interpretation Guide, Oregon State University Extension Service, EC 1478 (2011). 
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nutrients because they grow slower and the ground usually freezes for at 

least some period of time.128  If no winter crop was planted, then it is likely 

the excess nitrate observed in the field moved further into the soil column 

with additional application, irrigation, snowmelt and precipitation, beyond 

the crop root zone and eventually discharging to groundwater. 

119. Field 2 was sampled 0-12 inch by Cow Palace on March 6, 2002.  The 

Spring 2002 sample had a nitrate result of 71 lbs./ac and an ammonium 

result of 12 lbs./ac.  Phosphorus was elevated at 97 ppm.129  I do not possess 

information about whether Cow Palace planted a winter crop on Field 2 

between the 2001 sample discussed in Para. 117, above, and this soil sample.  

If a winter crop was planted, then it failed to utilize all of the nitrogen as 

fertilizer in the top foot of the soil column; this means that residual nitrates 

not used by the crop were likely pushed further into the soil column along 

with precipitation, irrigation, and further application.  If no winter crop was 

planted, then the decrease in nitrate levels from those observed in the August 

2001 sample indicates to me that precipitation, irrigation, and further 

application also likely pushed the residual nitrates deeper into the soil 

column.    

                                                
128 Crops tend to either die when they freeze or go dormant.  The City of Sunnyside 
shows that there is a frost hazard down to 24 inches, which is within most crop root 
zones.  See Residential Design Criteria Table R301.2(1).  
129 COWPAL010642. 
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120. Field 2 was sampled twice in 2003.  The September 25, 2003, sample 

showed a residual nitrate level of 234 lbs./ac and an ammonium level of 14 

lbs./ac, for a total residual nitrogen content of 248 lbs./ac in the top foot of 

the soil column.130  The October 21, 2003 sample taken at the 12-24 inch soil 

depth less than a month later, had a residual nitrate level of 115 lbs./ac, and 

7 lbs./ac ammonium, for a total nitrogen content of 122 lbs./ac.131  These are 

high post-harvest residual nitrogen levels for Field 2, showing more plant-

available nitrogen than I would expect a winter crop to be able to effectively 

utilize as fertilizer.  This is especially true considering there was 122 lbs./ac 

available nitrogen in the second foot of the soil column depth, where crop 

roots take time to develop, especially in the winter.  While I do not possess 

information about the specific crop planted on Field 2 at this time, I believe 

that these late fall soil sample results are indicative of non-agronomic 

applications of manure to Field 2 during the 2003 crop year.  It is likely the 

excess nitrate observed in the field moved further into the soil column with 

additional application, irrigation, snowmelt, and precipitation, beyond the 

crop root zone, and eventually reaching groundwater.  

121. Furthermore, there were 4.8 inches of precipitation between 

November 1, 2003 and the end of March 2004.  According to the weather 

                                                
130 COWPAL010645. 
131 COWPAL010644.   
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data in the table below, this above-normal precipitation, along with any 

subsequent manure application and/or irrigation, would cause excess nitrate 

applied by Cow Palace to move deeper into the soil profile, past crop root 

zones, where they cannot be used as fertilizer. 

Monthly Total Precipitation for Sunnyside, Washington132 

  2000 1.08 1.12 0.99 0.46 0.85 0.23 0.01 0.01 0.38 0.65 0.83 0.55 7.16 
2001 0.20 0.29 0.61 0.49 0.08 0.55 0.14 0.39 0.10 0.51 1.65 1.02 6.03 
2002 0.71 0.65 0.24 0.31 0.70 0.60 0.05 0.06 0.03 0.08 0.41 1.83 5.67 
2003 1.85 0.36 0.43 1.73 M 0.00 0.00 0.48 0.06 0.17 0.13 1.89 M 
2004 1.21 1.11 0.46 0.48 0.54 1.55 0.09 1.47 0.19 0.79 0.16 0.59 8.64 
2005 0.73 0.05 0.54 0.96 0.90 0.12 0.06 0.07 0.00 1.26 M 2.17 M 
2006 1.37 0.55 0.29 1.17 1.06 1.18 T 0.01 M 0.67 0.86 1.84 M 
2007 0.33 0.66 0.37 0.90 0.54 0.78 0.04 0.27 0.32 0.92 1.05 M M 
2008 M 0.41 0.29 0.16 0.46 0.35 T 0.22 0.17 0.36 1.02 0.80 M 
2009 1.10 0.61 0.80 0.14 0.61 0.48 0.00 0.06 0.16 0.75 M 0.71 M 
2010 1.64 0.86 0.04 0.33 1.72 0.92 0.13 0.10 1.29 0.98 0.80 2.23 11.04 
2011 0.55 0.02 1.12 0.34 1.76 0.31 0.18 0.02 0.07 0.84 0.23 0.22 5.66 
2012 0.96 0.76 0.61 0.81 0.31 1.53 0.52 0.00 0.01 M 1.28 1.69 M 
2013 0.16 0.02 0.55 0.27 1.55 2.43 0.00 M M M M M M 
2014 M M M M M M M M M M M M M 

Mean 0.91 0.53 0.52 0.61 0.85 0.79 0.09 0.24 0.23 0.67 0.77 1.30 7.37 

Max 1.85 
2003 

1.12 
2000 

1.12 
2011 

1.73 
2003 

1.76 
2011 

2.43 
2013 

0.52 
2012 

1.47 
2004 

1.29 
2010 

1.26 
2005 

1.65 
2001 

2.23 
2010 

11.04 
2010 

Min 0.16 
2013 

0.02 
2013 

0.04 
2010 

0.14 
2009 

0.08 
2001 

0.00 
2003 

0.00 
2013 

0.00 
2012 

0.00 
2005 

0.08 
2002 

0.13 
2003 

0.22 
2011 

5.66 
2011 
 

122. Cow Palace conducted further soil sampling on Field 2 on March 31, 

2004.  In the 0-12 inch soil column depth, Field 2 had 141 lbs./ac nitrate and 

14 lbs./ac ammonium, for a total nitrogen content of 155 lbs./ac.  Residual 

                                                
132 Information obtained from the National Oceanic and Atmospheric Administration.  
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phosphorus was also excessively high, coming in at 106 ppm.  In the 12-24 

inch soil column depth, Field 2 had 177 lbs./ac nitrate; no other analytes 

were tested.133  These are high nitrate levels for a spring soil sample test. The 

fact that the surface foot nitrate level decreased and the concentration in the 

second foot increased by 62 pounds per acre is evidence that downward 

leaching occurred over the winter period.  The total residual nitrogen content 

of the top two feet of soil was at least 332 lbs./ac, which is more than what 

corn or triticale would require, and slightly less than what an alfalfa crop is 

expected to uptake based on the DNMP estimate; applications to fertilize 

alfalfa, however, must be spread out over the entire growing year so that the 

crop is never overloaded with more nitrogen than it can uptake at any one 

time.134  

123. From the records I have reviewed that were produced to Plaintiffs, 

Cow Palace did not take a Fall 2004 post-harvest soil sample.  Assuming 

Cow Palace applied manure to this field at that time, then the failure to take 

a sample is a violation of the DNMP.135  This failure means that Cow Palace 

did not know the residual nutrient content of its soils following harvest, and 

therefore could not estimate how much nitrogen, phosphorus, and other 

                                                
133 COWPAL010647. 
134 COWPAL000015.   
135 COWPAL000016. 

Carter Declaration 
Exhibit 1 - Page 82

Case 2:13-cv-03016-TOR    Document 237-2 ***NOT ON PUBLIC DOCKET***    Filed 12/01/14



 83 

manure nutrients the crop used as fertilizer.  

124.  From the records I have reviewed, Cow Palace also failed to take a 

Fall 2005 post-harvest soil sample.  This is a violation of the DNMP.  Cow 

Palace nonetheless applied manure between November 15, 2005 and 

November 18, 2005.136  Without knowing the post-harvest, residual nutrient 

content of the soil, these applications by Cow Palace could not have been 

agronomic.   

125. Cow Palace obtained a soil sample from Field 2 on May 15, 2006.  

This sample showed that Field 2 had 125 lbs./ac nitrate and 23 lbs./ac 

ammonium in the top foot of the soil column, and 109 lbs./ac nitrate and 15 

lbs./ac ammonium in the second foot.  Phosphorus was excessive in the top 

foot at 136 ppm.137  In total, Field 2 had 272 lbs./ac available nitrogen for 

fertilization in the top two feet of the soil column.  This is a high total 

amount of nitrogen for the alfalfa crop to use in May.138  While alfalfa may 

use a maximum of 480 lbs./ac nitrogen in a growing season according to the 

DNMP, that fertilizer must be applied evenly throughout the year, also 

according to the DNMP.139  In this case, over half of the nitrogen the alfalfa 

crop could theoretically use as fertilizer was already present in Field 2 as of 

                                                
136 COWPAL000321.  4 wheel lines at 800 GPM.   
137 COWPAL010655. 
138 COWPAL003172.  Identifies alfalfa (3 cuttings) as crop on Field 2 in 2006.   
139 COWPAL000015.   
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the date of the soil sampling.  This does not include or account for the soil 

mineralization or carryover of manure nutrients from past years or the 

amount of nitrogen the alfalfa may fix from atmospheric sources which 

alone would provide all the nitrogen the alfalfa crop needed. 

126. There is no yield data provided by Cow Palace for this timeframe to 

estimate the actual nitrogen removed by the crop.  The USDA Nutrient 

Removal tool states that alfalfa will remove a maximum of 12 pounds of 

nitrogen per ton harvested for the 1st cutting.  Based on the 2009 crop yield 

data, this would amount to 46 lbs./ac nitrogen removed at 3.85 tons per acre 

alfalfa.140  An additional 9.3 tons/acre sudan silage were harvested 

accounting for another 70 lbs./ac nitrogen removed, based on a rate 7.5 

lbs./ac removed per ton harvested.141  This means that total nitrogen removal 

for 2009 would be approximately 116 lbs./acre, far less than the estimate 

used by Cow Palace in their summary spreadsheet. This is further evidence 

that the nutrient management plan needs significant revision to provide 

realistic yield and nutrient removal numbers and a more detailed nutrient 

budget approach to nutrient management. 

127. The soil samples taken by Cow Palace in Fall 2006 showed lower 

overall nitrate concentrations than those previously observed in the soil.  As 

                                                
140 COWPAL003963.   
141 COWPAL003962.   
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of September 27, 2006, the soil had 45 lbs./ac nitrate and 17 lbs./ac 

ammonium in the top foot, with 32 lbs./ac nitrate and 7 lbs./ac ammonium 

being observed in the second foot.  Soil phosphorus was still excessive at 

138 ppm.142  A review of Cow Palace’s application records indicates that the 

Dairy only applied manure to Field 2 after the spring soil test between June 

20 and June 29, 2006.  The low post-harvest fall results suggest that this 

application along with the already high residual nitrate levels, nitrogen 

fixation, and nitrate mineralization provided sufficient fertilization to the 

alfalfa crop.    

128. Field 2 also showed lower nitrate concentrations in Cow Palace’s 

October 17, 2007 soil sample.  Field 2 had 66 lbs./ac nitrate and 33 lbs./ac 

ammonium in the top foot, and 48 lbs./ac nitrate and 9 lbs./ac ammonium in 

the second foot.  Phosphorus was tested at 92 ppm.143 In the midst of 

obtaining these soil sampling results, however, and after the 5th cutting of 

alfalfa, Cow Palace applied manure to Field 2 between October 16 and 

October 28, 2006.144  In my opinion, there was no need for further manure 

applications to this alfalfa crop for the winter months.  The DNMP states 

that manure applications to an alfalfa crop should be applied in early spring, 

                                                
142 COWPAL010653. 
143 COWPAL010663. 
144 COWPAL000320.   
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the beginning of June, and mid-August.145  Applying manure in October, 

right before winter and before the Dairy knew what the post-harvest residual 

nutrient concentrations were, does not result in an agronomic application.  It 

is likely this late application caused excess nitrates to leach further into the 

soil column with additional application and irrigation, and later with 

precipitation and snowmelt, moving beyond the crop root zone and 

eventually discharging to groundwater.  This fall application would also 

increase the amount of phosphorus available for fall, winter and spring 

runoff. 

129. On September 5, 2008, Cow Palace had Field 2 sampled.  The field 

had 232 lbs./ac nitrate and 28 lbs./ac ammonium, and 140 ppm phosphorus 

in the 0-12 inch soil column depth, and 10 lbs./ac nitrate in the 12-24 inch 

depth.146  In total, Field 2 had 270 lbs./ac available nitrogen available for 

plant use.  This is a large increase from the Fall 2007 sample, meaning that 

manure applications between Fall 2007 and Fall 2008 far exceeded crop 

uptake and were therefore not done at agronomic rates.  This is a high fall 

soil nitrate result, especially considering the alfalfa crop planted on Field 2 is 

not expected to use a large amount of nitrogen for fertilization during the 

                                                
145 COWPAL000015. 
146 COWPAL010668.  The “test date” is listed as September 8, and the “Recv’d Date” is 
September 5, 2008.  I presume this was in error, and the test date is September 5.   
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winter months.  By the end of the growing season, if proper nutrient 

management techniques were utilized, one would expect soil nitrogen levels 

to be low, because the crop should have removed the applied nitrate and 

ammonium as fertilizer.  That 270 lbs./ac available nitrogen was present in 

the 0-24 inch soil column depth indicates that Cow Palace’s manure 

applications during this year were not agronomic; 270 lbs./ac nitrogen is 

more than half of what an alfalfa crop is expected to uptake as fertilizer 

during the entire next year, even according to high estimates in the DNMP.  

In fact, the application logbook for Field 2 states that manure was applied 

July 28 through August 7, 2008, using four wheel-lines at 1000 GPM, until 

“lagoon south west” was “empty.” 147  It is apparent that Cow Palace did not 

determine the agronomic need of its alfalfa crop in making these 

applications; that is, it failed to take into account how much fertilizer was 

present in the soil, the amount likely to be released from soil organic matter 

mineralization, the amount available from previous manure applications, 

how much the crop had used and was expected to continue to use, or how 

much total fertilizer was applied through these applications.  Because the 

alfalfa crop is unlikely to use the large amount of nitrogen fertilizer found in 

Field 2’s soils in Fall 2008, the excess nitrate likely leached further into the 

                                                
147 COWPAL000319.   
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soil column with additional application, irrigation, and precipitation, moving 

beyond the crop root zone and eventually discharging to groundwater.  

These, along with the other consistently high fall soil test results discussed in 

this report, are good examples of how Cow Palace’s manure applications 

effectively constitute disposal of excess manure, not science-based field 

fertilization or nutrient management. 

130. Despite receiving this high Fall 2008 soil test, Cow Palace applied 

“lagoon” manure to Field 2 from the “Catch Basin” on Kirks Road between 

September 29 and October 6, 2008.  Mr. Boivin has acknowledged that the 

nitrogen content of the Catch Basin has not been tested.148  This “lagoon” 

manure was mixed with irrigation water.149  This was not an agronomic 

application of manure or irrigation water this late in the growing season.  

Cow Palace’s soil sample from September 5 already showed high residual 

nitrogen and phosphorus levels in Field 2, indicating that no further manure 

applications were warranted.  Additionally, the alfalfa crop is not expected 

to use large quantities of fertilizer during the winter months, when the crop 

is in a dormant state.  These applications – using four wheel lines at 6 hour 

sets, at a rate of 1000 GPM – were not calculated by Cow Palace to provide 

needed fertilizer to the crop.  It is likely these late applications caused excess 

                                                
148 Boivin Trans. at 375:4-13. 
149 COWPAL000318-319.   
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nitrate, such as that observed in the September 5 soil test and applied with 

these applications, to leach further into the soil column, moving beyond the 

crop root zone and eventually discharging to groundwater.  Additional 

precipitation and snowmelt during the winter months also likely caused 

excess nitrates to leach deeper into the soil column.  As discussed above, 

most natural groundwater recharge in eastern Washington occurs in the 

winter and early spring months when precipitation is greater and 

evapotranspiration is minimal. 

131. Cow Palace applied manure to Field 2 between March 4-19, 2009 

from the “main lagoon” and between June 13-21, 2009 (no source of liquid 

manure was stated).150  At the time these applications were made, Cow 

Palace did not know the nutrient content of the soil in Field 2, because the 

Dairy took no spring soil sample – a requirement of the DNMP for dairies 

that are double-cropping, as Cow Palace did on Field 2 in 2009.151 The Dairy 

also did not know the manure nutrient content of the manure it was 

applying.152  It therefore lacked the information necessary to determine an 

agronomic rate of application.   

                                                
150 COWPAL000316-317.   
151 COWPAL000016. 
152 The closest pre-application manure sample was from September 19, 2008, and 
identifies the source of the sample as “lagoon.”  COWPAL009267.  The DNMP requires 
Cow Palace to obtain manure nutrient sampling before applying, so that the Dairy can 
calculate an agronomic rate of application.  COWPAL000016. 
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132. Field 2’s soils were sampled on September 3, 2009.  The field had 94 

lbs./ac nitrate and 19 lbs./ac ammonium in the 0-12 inch soil column depth, 

and 132 lbs./ac nitrate and 20 lbs./ac ammonium in the 12-24 inch depth, for 

a combined total of 265 lbs./ac nitrogen available for fertilization.153  Cow 

Palace plowed the alfalfa and planted triticale on Field 2 beginning in Fall 

2009.154  According to the DNMP, triticale can use up to 250 lbs./ac nitrogen 

as fertilizer.155  This means that, as of September 3, Field 2 had more 

available nitrogen in the top two feet of the soil column than the triticale 

crop could use as fertilizer even if these unrealistic yields and nutrient 

removal rates were achieved. The alfalfa would also provide some nitrogen 

by breakdown of the roots in the fall. 

133. Despite knowing that Field 2 had more than enough fertilizer for the 

triticale crop, Cow Palace applied manure to the field between September 7 

and September 16, 2009.  According to the application logbook, Cow Palace 

applied liquid manure to a “bare” field from the “main lagoon” at 1000 GPM 

in 8-hour sets.156  Based on the information provided by Cow Palace, Field 2 

did not need any further applications for fertilization purposes, and thus 

                                                
153 COWPAL000655. 
154 COWPAL003172. 
155 COWPAL000015.   
156 COWPAL000315. 
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these applications were not agronomic.157  It is likely these late applications 

caused excess nitrate, such as that observed in the September 3 soil test and 

applied with these applications, to leach further into the soil column, moving 

beyond the crop root zone and eventually reaching groundwater.  Additional 

precipitation during the winter months also likely caused excess nitrates to 

leach deeper into the soil column.   

134. Cow Palace applied manure to Field 2 between March 23-March 30 

and July 20-July 27, 2010.  According to the Dairy’s field application 

logbook, approximately 6,720,000 gallons of liquid manure was applied to 

the field during these applications.158  At the time these applications were 

made, Cow Palace did not know the nutrient content of the soil in Field 2, 

because the Dairy failed to obtain a spring soil sample, as required by the 

DNMP for double-cropped fields.159  Cow Palace also did not know the 

manure nutrient content of the manure it was applying.160  It therefore lacked 

the information necessary to determine an agronomic rate of application.   

                                                
157 Cow Palace did not know the nutrient content of its manure until September 25, 2009, 
more than a week after these applications occurred, where it was sampled at 1.47 lbs. of 
nitrogen per 1000 gallons of manure.  COWPAL009251.  The DNMP requires Cow 
Palace to obtain manure nutrient sampling before applying, so that the Dairy can 
calculate an agronomic rate of application.  COWPAL000016.  
158 COWPAL000313-14.   
159 COWPAL000016. 
160 COWPAL009251 is the closest pre-application manure nutrient sample, taken the 
prior year on September 25, 2009.  There is no source indicated for where the sample was 
taken, other than “manure.”   
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135. Field 2’s triticale crop yielded approximately 6.86 tons/acre bagged 

for silage when harvested in May 2010.161  The Dairy’s DNMP states that 

triticale can use up to 250 lbs./ac nitrate when the crop yield is 10 tons/acre 

dry weight basis.162  Here, Field 2’s triticale yield was less than optimal, 

meaning that the Dairy should have applied less manure fertilizer to Field 2 

the following year.  In fact, the estimated nitrogen removal using USDA’s 

Nutrient Removal tool data is 10 to 12 pounds per ton, or about 80 pounds 

maximum. 

136. Cow Palace began creating summary spreadsheets for Field 2 in 2010. 

According to the spreadsheet, Cow Palace applied at least 16,800,000 

gallons of liquid manure to Field 2 in 2010.  This summary spreadsheet does 

not indicate the source of the manure that was applied or the actual nitrogen 

content of that manure, but instead again uses a generic, 1.5 lbs./1000 gallon 

figure.  It also does not take into account the residual nutrients in the soil 

from the previous crop year, credits from soil organic matter mineralization, 

previous manure applications or prior alfalfa crop.163  The spreadsheet 

calculated that there would be a 239 lbs./ac nitrogen deficit at the end of the 

                                                
161 COWPAL003690.  514.46 total tons harvested divided by 75 acres field size = 6.859 
tons/acre.   
162 COWPAL000035.   
163 COWPAL000271.   
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2010 season.164  If this were true, I would expect there to be little, if any, 

nitrogen left in the soil at the time of the fall soil sample.  This was not the 

case.  Sudan silage harvest totaled 8.6 tons/ac, which based on the USDA 

Crop Removal tool would have only removed 7.5 lbs./ton nitrogen.165  This 

means that the crop would have removed approximately 65 lbs./ac nitrogen, 

far short of the crop removal rate of 325 pounds/acre used by Cow Palace.166   

137. Field 2 was sampled again by Cow Palace on September 9, 2010.  The 

field had 149 lbs./ac nitrate, 25 lbs./ac ammonium, and 99 ppm phosphorus 

in the top foot of the soil column.  In the second foot, 192 lbs./ac nitrate and 

15 lbs./ac ammonium were present.167  This is a high fall post-harvest soil 

sample, and is indicative of over-applications of manure during the 2010 

crop year and less plant removal that projected.  It is also considerably more 

nitrogen than Cow Palace’s winter triticale crop could utilize as fertilizer 

(maximum 250 lbs./ac, per the DNMP), meaning that excess nitrates likely 

leached further into the soil column with additional application, irrigation, 

and precipitation, moving beyond the crop root zone and eventually 

discharging to groundwater. 

138. Cow Palace again applied more manure to Field 2 after obtaining the 

                                                
164 COWPAL000271. 
165 COWPAL003958-59.   
166 COWPAL000271, 000288.   
167 COWPAL000647.   
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already-high soil sample results from September 9, 2010.  Despite having 

the information to know that the triticale crop had more nitrogen available to 

it than it could possibly uptake as fertilizer, Cow Palace applied 

approximately 2,160,000 gallons of manure to Field 2 between October 14-

20, 2010.  The source of the manure was not identified, but the manure was 

labeled as “very light liquid.”168 Field 2, based on the available information, 

did not need any further applications for fertilization purposes, and thus 

these applications were not agronomic.  It is likely these late applications 

caused excess nitrate, such as that observed in the September 9 soil test and 

applied with these applications, to leach further into the soil column, moving 

beyond the crop root zone and eventually discharging to groundwater.  The 

amount of liquid manure applied by Cow Palace is the equivalent of an 

additional inch of precipitation in the late fall, causing excess nitrate to move 

further past crop root zones and toward groundwater.169  Additional 

precipitation during the winter months also likely caused excess nitrates to 

leach deeper into the soil column.   

139. Furthermore, I believe that the excessively high phosphorus content in 

                                                
168 COWPAL000312.  Cow Palace’s manure nutrient sampling was obtained by the Dairy 
on September 30, 2010, before the Dairy made these applications.  The results, which 
only identify the source of the sample as “lagoon,” were that the sampled manure had a 
nitrogen content of 1.67 lbs./1000 gallons.  COWPAL009250.  Nowhere in the 
application logbook is there a calculation of an agronomic rate based on this result.   
169 One acre-inch of water is 27,150 gallons.   
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this field, and as reported in the vast majority of Cow Palace’s soil tests for 

all of its fields, poses a serious threat to surface waters from runoff.  

Applying additional nutrients in the fall to already overloaded soils, as Cow 

Palace did here and elsewhere, is poor environmental practice, especially 

considering that the Warden series soil, which is present in this field and 

most of Cow Palace’s other fields, is identified as having a high hazard for 

soil runoff and erosion.170  

140. Cow Palace did not take any Spring 2011 soil samples, a violation of 

the DNMP.171  The Dairy therefore lacked information about the residual 

nutrient content of the soil in Field 2 – data necessary to calculate an 

informed agronomic rate of application.  In the absence of this information, 

Cow Palace applied manure to Field 2 between March 14-18, May 16-May 

23, June 6-15; July 25-29; August 12-15; and August 29-September 6, 

2011.172  According to its summary spreadsheet, the Dairy applied 

16,800,000 gallons of manure to this field in 2011, without knowing how 

much nitrogen was already in the soil to begin with.173  The Dairy again used 

a generic, 1.5 lbs./1000 gallon figure for assessing the nitrogen content of 

                                                
170 See, e.g., COWPAL000018. 
171 COWPAL000016 (spring sample required if double-cropping field).   
172 COWPAL000307-311.   
173 COWPAL000278 (subtracting out 2,160,000 gallons for October 14-19, 2010 
application). 
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the manure it applied.174  Based on Cow Palace’s “N Crop Balance” 

calculation, Field 2 would have had a 195.8 lbs./ac nitrogen deficit at the end 

of the 2011 crop year.175  If this were true, then I would expect that the 

Dairy’s Fall 2011 soil test to show little residual nitrogen in the soil.   

141. Cow Palace tested the soil in Field 2 on September 30, 2011.  Field 2 

had 94 lbs./ac nitrate and 38 lbs./ac ammonium, and 136 ppm phosphorus in 

the top foot, and 112 lbs./ac nitrate, 13 lbs./ac ammonium, and 65 ppm 

phosphorus in the second foot of the soil column.  In total, Field 2 had 257 

lbs./ac nitrogen and 201 ppm phosphorus available for fertilization in the top 

two feet of the soil.176  These are high post-harvest sample results, and it is 

likely that the excess nitrate observed in the field moved further into the soil 

column with additional application, irrigation, and precipitation, beyond the 

crop root zone, and eventually to groundwater. 

142. Cow Palace did not take any Spring 2012 soil samples from Field 2, a 

violation of the DNMP.177  The Dairy therefore lacked information about the 

residual nutrient content of the soil in Field 2 –data necessary to calculate an 

agronomic rate of application.  In the absence of this information, Cow 
                                                
174 Cow Palace did not know the manure nutrient content of the manure it was applying.  
The only 2011 manure sampling was completed on September 28, 2011, after the 2011 
applications took place.  That sample indicated that source of the liquid manure 
(“lagoon”) had a total nitrogen content of 2.1 lbs./1000 gallons.  COWPAL009249. 
175 COWPAL000278.   
176 COWPAL000638.  
177 COWPAL000016 (Spring sample required if double-cropping field).   
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Palace applied manure to Field 2 between March 5-9, March 19-21, April 

16-19, May 21-25, June 25-29, July 30-August 3, and September 3-7, 

2012.178  According to its summary spreadsheet, the Dairy applied 7,680,000 

gallons of manure to this field in 2012, without knowing how much nitrogen 

was already in the soil to begin with.179  The Dairy again used a flawed, 

generic, 1.5 lbs./1000 gallon figure for assessing the nitrogen content of the 

manure it applied.180  Based on Cow Palace’s “N Crop Balance” calculation, 

Field 2 would have had a 421.4 lbs./ac nitrogen deficit at the end of the 2012 

crop year.181  If this were true, then I would expect that the Dairy’s Fall 2012 

soil test to show little, if any, residual nitrogen in the soil. 

143. Cow Palace sampled Field 2 on September 26, 2012.  The results were 

that Field 2 had 235 lbs./ac nitrate, 20 lbs./ac ammonium, and 164 ppm 

phosphorus and 1201 ppm Potassium in the top foot of the soil column, and 

212 lbs./ac nitrate and 10 lbs./ac ammonium in the second foot.  There was a 

total of 477 lbs./ac nitrogen available for fertilization in the top two feet of 

the soil column.182  These results are very high for a post-harvest soil sample, 

                                                
178 COWPAL000303-306.   
179 COWPAL000285. 
180 Cow Palace did not know the manure nutrient content of the manure it was applying.  
The only 2012 manure sampling was completed on October 2, 2012, after the 2012 
applications took place.  That sample indicated that source of the liquid manure 
(“lagoon”) had a total nitrogen content of 2.3 lbs./1000 gallons.   COWPAL009248. 
181 COWPAL000285.   
182 COWPAL000262. 
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indicating that there was nearly double the amount of nitrogen that Cow 

Palace’s triticale crop could utilize as fertilizer (250 lbs./ac per the DNMP).  

These results are also high for post-harvest sample, meaning it is likely that 

the excess nitrate observed in the field moved further into the soil column 

with additional application, irrigation, snowmelt, and precipitation, beyond 

the crop root zone, and eventually discharging to groundwater.  The crop 

harvest data provided showed that Cow Palace removed 7 tons per acre of 

sudan grass for silage in 2012.  This would only remove 7.5 pounds per ton 

or 52.5 lbs./ac nitrogen per the USDA Crop Removal tool, far less than the 

325 pounds per acre Cow Palace estimated. 

144. No further applications of manure to Field 2 were necessary, 

considering the high fall post-harvest soil sample.  Nevertheless, Cow Palace 

applied an additional 2,400,000 gallons of manure to Field 2 between 

October 15-19 and November 5-9, 2012.183  These were not agronomic 

applications, for Field 2 already had nearly double the amount of nitrogen in 

the soil than the triticale crop could effectively use as fertilizer.  These 

manure applications amounted to an additional 1.2 inches of water to each 

acre.  It is therefore likely these late applications caused excess nitrate, such 

                                                
183 COWPAL000302.  The logbook indicates that manure was applied at 1000 GPM at 
“four hour travel time per day.”  The source of manure for the October applications is not 
identified; for the November applications, the source was the “main lagoon.”  
COWPAL009285 states the amount of manure applied during these 2012 applications. 
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as that observed in the September 26 soil test and applied with these 

applications, to leach further into the soil column, moving beyond the crop 

root zone and eventually discharging to groundwater.   

145. Cow Palace did not take any Spring 2013 soil samples from Field 2, a 

violation of the DNMP.184  The Dairy therefore lacked information about the 

residual nutrient content of the soil in Field 2 – data necessary to calculate 

an agronomic rate of application.  In the absence of this information, Cow 

Palace applied manure to Field 2 between April 1-4, May 13-16, June 11-12, 

July 24-30, August 2-8, and on August 23, 2013.185  According to its 

summary spreadsheet, the Dairy applied an additional 9,768,000 gallons of 

manure to this field in 2013, without knowing how much nitrogen was 

already present in the soil.186  The Dairy again used a flawed, generic 1.5 

lbs./1000 gallon figure for assessing the nitrogen content of the manure it 

applied.187  Based on Cow Palace’s “N Crop Balance” calculation, Field 2 

would have had a 256.64 lbs./ac nitrogen deficit at the end of the 2013 crop 

year.188  If this were true, then I would expect that the Dairy’s Fall 2013 soil 

                                                
184 COWPAL000016 (spring sample required if double-cropping field).   
185 COWPAL009285.     
186 COWPAL009285 (subtracting out 2012 applications).   
187 Cow Palace did not know the manure nutrient content of the manure it was applying.  
The only 2013 manure sampling was completed on September 11, 2013, after the 2013 
applications took place.  That sample indicated that the liquid manure in CP-Lagoon 1 
had a total nitrogen content of 3.76 lbs./1000 gallons.   COWPAL009388. 
188 COWPAL009285.   
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test to show little, if any, residual nitrogen in the soil.   

146. Cow Palace’s September 24, 2013 soil sample was the first to be 

taken by Agrimanagement, its subcontractor under the AOC.  That sample 

found there to be 226 lbs./ac nitrate and 4 lbs./ac ammonium in the top foot 

of the soil column.  In the second foot, there was 179 lbs./ac residual nitrate.  

In the third foot, there was 196 lbs./ac residual nitrate.189  In total, Field 1 

had 601 lbs./ac residual nitrate at the end of the 2013 growing season, a 

number that I would classify as extremely high (Agrimanagement 

characterized it as “high”).  In the top foot, the soil sample also had 72 ppm 

phosphorus, 886 ppm potassium, 3.0 % organic matter, and 5.9 ppm zinc.  

Taken together, the high residual nitrate, phosphorus, potassium, organic 

matter, and zinc results indicate to me that Cow Palace greatly over-applied 

manure in 2013 (as well as in previous years).  The 3 percent organic matter 

in the soil will likely release an additional 60 to 105 pounds per acre via 

mineralization, something Cow Palace has failed to account for in its 

nutrient balance.  The high 2- and 3-foot results for nitrate are further 

indicative of a history of manure applications that were not agronomic, 

given the amount of nitrogen (in nitrate form) that has moved into the 3-foot 

soil column depth, deeper than most of the crops’ effective root depth for 

                                                
189 DAIRES008805. 
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nitrogen uptake.  The excessive residual nitrate found in the soil sample, 

especially at the second and third-foot depths, are very likely to leach further 

down through the soil with further application, irrigation, and precipitation, 

eventually discharging to groundwater.   

147. Despite having this excessively high soil sample in hand, Cow Palace 

proceeded to apply 1,236,000 gallons of manure to Field 2 on October 5, 

October 9, and between October 10-11, 2013.  There was no agronomic 

reason for making this application; the field already had significantly more 

nitrogen in it than the winter triticale crop could use as fertilizer.  These 

applications, along any additional irrigation, precipitation, and snowmelt, 

likely caused excess nitrate to move deeper into the soil column, past crop 

root zones and toward groundwater.    

148. The soil samples obtained by Cow Palace in May 2014 had lower 

nitrate levels, but a large increase in available phosphorus.190  There is not an 

explanation for this, as a winter crop would have removed nitrogen and 

phosphorus, not one or the other.  As a result, I believe the decrease in 

nitrate is likely due to additional leaching losses, especially when examined 

in conjunction with Plaintiffs’ own sampling, discussed infra.  My opinion is 

further supported by Cow Palace’s triticale yield for 2014, which, based on 

                                                
190 COWPAL015741.  

Carter Declaration 
Exhibit 1 - Page 101

Case 2:13-cv-03016-TOR    Document 237-2 ***NOT ON PUBLIC DOCKET***    Filed 12/01/14



 102 

the USDA Nutrient Removal tool, would have removed only a small amount 

of nitrate compared to the decrease observed from fall 2013 to spring 

2014.191  Even with the drop in nitrate observed in the field, however, the 

concentrations in May 2014 were still excessive at over 330 lbs./ac in the top 

3 feet of the soil column, more than the 250 lbs./ac nitrogen that Cow 

Palace’s DNMP indicates a corn crop will utilize.  

149. Nevertheless, Cow Palace’s applied 3,046,500 gallons of manure to 

Field 2 on May 24, June 10-11, June 14, June 16, and July 18-19, 2014.192  

There was no agronomic need for these applications, given the amount of 

nitrogen already present in the soil for the corn crop to use as fertilizer (e.g., 

more than the 250 lbs./ac figure used in the DNMP).  These applications, 

along with additional irrigation and precipitation, likely caused nitrate to 

leach further into the soil column, past crop root zones, where it is destined 

to reach groundwater.  The large increase in phosphorus makes 

contamination of surface water via runoff more probable. 

150. In sum, my opinion after reviewing Cow Palace’s records for Field 2 

is that Cow Palace consistently over-applied manure to this field in 

quantities that exceeded agronomic rates.  Even after receiving soil samples 

that had high residual nutrient amounts, Cow Palace continued to apply 

                                                
191 COWPAL015761. 
192 COWPAL015791. 
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manure to Field 2.   

151. Plaintiffs in this action conducted their own deep soil sampling on 

Field 2 on May 20, 2014.  Plaintiffs’ team sampled Field 2 in 23 locations as 

depicted on Figure 1, supra; the sample results below are broken down into 

Field 2 North, Field 2 Middle, and Field 2 South.   
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Sample ID Sample Date Depth 
(ft) pH, SU Phosphorus, 

ppm 

Nitrate, 
ppm/pounds/
acre 

Ammonium-
N, ppm/  
pounds/acre 

Total 
Nitrogen/Solid, 
mg/kg 

CP-AF2-N-0-1 5/20/2014 0-1 7.9 193 45.7/160 1.5/5.3 1350 

CP-AF2-N-1-2 5/20/2014 1-2 8.1 52.3 67.9/238 0.6/2.1 270 

CP-AF2-N-2-3 5/20/2014 2-3 7.9 35.8 57.1/200 0.6/2.1 291 

CP-AF2-N-3-4 5/20/2014 3-4 7.9 21.8 51.8/181 < 0.4 238 

CP-AF2-N-4-5 5/20/2014 4-5 7.8 18.4 44.7/156 0.4/1.4 274 

CP-AF2-M-0-1 5/20/2014 0-1 7.9 173 57.2/200 1/3.5 1230 

CP-AF2-M-1-2 5/20/2014 1-2 8.2 42.4 46.6/163 1.2/4.2 237 

CP-AF2-M-2-3 5/20/2014 2-3 8.1 29.2 45.3/159 0.7/2.5 < 100 

CP-AF2-M-3-4 5/20/2014 3-4 7.8 19.8 49.3/173 1.2/4.2 < 100 

CP-AF2-M-4-5 5/20/2014 4-5 7.7 7.9 47.7/167 1/3.5 < 100 

CP-AF2-S-0-1 5/20/2014 0-1 7.7 190 24.5/86 3.2/11.2 1430 

CP-AF2-S-1-2 5/20/2014 1-2 7.9 69.9 25/88 0.8/2.8 368 104
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CP-AF2-S-2-3 5/20/2014 2-3 7.8 29.8 15.6/55 0.8/2.8 179 

CP-AF2-S-3-4 5/20/2014 3-4 8.4 62.8 42/147 0.6/2.1 128 

CP-AF2-S-4-5 5/20/2014 4-5 7.9 16.5 28/98 1/3.5 < 100 
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152. In my opinion, these results confirm that Cow Palace has consistently 

applied manure in quantities that exceed agronomic rates on Field 2.  The 

deep soil samples are the most telling.  In the 3-4 foot range, below the crop 

root zone, Field 2 N had 51.8 ppm or 181 lbs./ac nitrate-N, Field 2 M had 

49.3 ppm or 173 lbs./ac nitrate-N, and Field 2 S had 42 ppm or 147 lbs./ac 

nitrate-N.  In the next foot down, the 4-5 foot range, Field 2 N had 44.7ppm 

or 156 lbs./ac nitrate-N, Field 2 M had 47.7 ppm or 167 lbs./ac nitrate-N, 

and Field 2 S had 28 ppm or 98 lbs./ac nitrate-N.  The entire profile had 935 

lbs./ac Nitrate-N in the North section of the field, 862 lbs./ac Nitrate-N in 

the Middle section of the field, and 474 lbs./ac Nitrate-N in the South section 

of the field.  Most of our results were higher than those taken by Cow Palace 

except for the south part of the field.  These are high nitrate results for soils 

in and below the crop root zone.  Because the soils in Field 2 are not suitable 

for denitrification, the excess nitrate observed below the crop root zone in 

Field 2 have no fate other than to move to groundwater.  Excessively high 

soil phosphorus and high nitrate concentrations, all the way down to the 4 

and 5-foot levels, are further evidence that Cow Palace has over applied 

nutrients over many years.  Phosphorus results are excessive in the first foot, 

which is most susceptible to runoff and much higher than normal throughout 

the profile.  This is further evidence of a pattern of over application of 
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nutrients to this field 

153. In summary, Cow Palace Dairy applied more manure than the crops 

on Field 2 had the capacity to use as fertilizer for at least the past ten years.  

Cow Palace did not make agronomic applications of manure, did not collect 

the correct information to make agronomic calculations, and failed to follow 

the instructions contained in its DNMP for determining agronomic rates.  

The result of these over-applications is nitrate contamination of the soils in 

Field 2, which in turn has caused and will continue to cause excess nitrates 

to leach deeper and deeper into the soil, where they have and will continue 

to discharge to groundwater.  The EPA wells results from the 2012 study, 

the EPA well results from adjacent to the Cluster properties taken in late 

2012, and the AOC well results, discussed at length below, all confirm that 

nitrates are reaching the groundwater in amounts that largely exceed the 

maximum contaminant levels set by federal regulation to protect human 

health. 

Fields 3, 4, 5, and 6 

154. I have reviewed Cow Palace’s records for Fields 3, 4, 5, and 6.  

Similar to the failures I have identified in Cow Palace’s management of 

Fields 1 and 2, there have been serious problems with how Cow Palace has 

applied manure to these other fields.  Generally, my review of the records 
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shows that Cow Palace: 

a. Never used a fall, post-harvest soil sample result in its nitrogen 

crop balance to determine an agronomic rate of manure 

application; 

b. Consistently failed to take a spring soil sample when double-

cropping fields, as is required by the DNMP; 

c. Applied manure to fields after receiving soil samples showing high 

residual nitrogen and phosphorus in the soil, demonstrating that 

further applications were unwarranted and not agronomic- these 

applications were used to dispose of manure not fertilize crops; 

d. Never used manure nutrient sampling to calculate an agronomic 

rate of manure – in virtually all instances, Cow Palace calculated 

its N crop balance by using a generic, 1.5 lbs./1000 gallon nitrogen 

value for its manure; 

e. Did not sample for, let alone account for, nitrogen levels in the 

second foot of the soil most of the time; 

f. Did not vary its applications based on prior crop yields to 

determine agronomic rates; 

g. Did not attempt to verify the nutrient removal estimates in its 

NMP, but rather merely assumed the planted crops would remove 
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the maximum amount of nitrogen identified in the DNMP, which 

is already an unrealistic goal (as discussed above); 

h. Did not take into account nitrogen credits for mineralization of soil 

organic matter; 

i. Did not take into account credits for nitrogen released when alfalfa 

crop is plowed under; and 

j. Did not account for nitrogen released from past years’ manure 

applications. 

155. For Field 3, I have reviewed Cow Palace’s records and reached the 

following conclusions: 

a. Cow Palace sampled Field 3 on March 2, 2005, showing the field 

had 275 lbs./ac nitrate, 16 lbs./ac ammonium, and 102 ppm 

phosphorus in the top foot of the soil column.193  Cow Palace’s 

records indicate triticale was on Field 3 at the time (seeded 

November 20, 2004),194 which per the DNMP can use a maximum 

of 250 lbs./ac nitrogen.195  There was already more than enough 

nitrogen for fertilization of triticale crop – 291 lbs./ac total 

available nitrogen in the top foot.  Cow Palace’s applications 

                                                
193 COWPAL010646. 
194 COWPAL000365. 
195 COWPAL000015.   
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between April 10-14 and May 1-7 were therefore unwarranted and 

not agronomic.196  This is especially true for the May 1-7 

application, as the crop was harvested less than a week later, on 

May 14.  The soil test obtained from Field 3 on June 23, 2005, 

showed 348 lbs./ac nitrate in the top foot and 188 lbs./ac nitrate in 

the second foot, for a total of 536 lbs./ac available nitrate, and does 

not include ammonia or the amount expected to be released via 

mineralization of organic matter and from past manure 

applications.197  This is a very high nitrate number, far more than 

the any of Cow Palace’s crops are expected to use as fertilizer.  

Excess nitrate likely leached deeper into the soil, past crop root 

zones, with further irrigation, application, and precipitation.  No 

fall soil sample was taken in 2004 or 2005, a violation of the 

DNMP.   

b. The Dairy sampled Field 3 on May 9, 2006, showing the soil had 

93 lbs./ac nitrate, 43 lbs./ac ammonium, and 209 ppm phosphorus 

in the top foot, and 160 lbs./ac nitrate and 26 lbs./ac ammonium in 

the second foot, for a total of 322 lbs./ac available nitrogen.198  This 

                                                
196 COWPAL000365. 
197 COWPAL010650.   
198 COWPAL010656. 
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is more than the Dairy’s corn crop is expected to use as fertilizer, 

per the DNMP.199  In my opinion, this indicates that Cow Palace’s 

prior applications were not agronomic, such as the September 16, 

20, and 22, 2005 applications to Field 2.200  Excess nitrate likely 

leached deeper into the soil, past crop root zones, with further 

irrigation, application, and precipitation.   

c. Cow Palace sampled Field 3 on September 27, 2006, showing it 

had 70 lbs./ac nitrate and 14 lbs./ac ammonium in the top foot, and 

141 lbs./ac nitrate and 9 lbs./ac ammonium in the second foot, for a 

total of 231 lbs./ac available nitrogen.201  This is more that 

sufficient to fertilize Cow Palace’s winter triticale crop.  Cow 

Palace’s manure application on October 28, 2006 to “bare” ground 

(the triticale was planted nearly a month later, on November 20 

had far more than adequate nutrients for any fall growth that might 

occur) was therefore not agronomic.202  Furthermore, Cow Palace’s 

records contain no information on whether that application was 

timely incorporated into the soil.  Soil temperatures at that time of 

year are high enough that any ammonia contained within the 

                                                
199 COWPAL000016 (250 lbs./ac nitrogen).   
200 COWPAL000365. 
201 COWPAL010654. 
202 COWPAL000364. 
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manure can be quickly converted to nitrate and become easily 

leachable.  The excess nitrate likely leached deeper into the soil, 

past crop root zones, with further irrigation, application, snowmelt, 

and precipitation.   

d.  Cow Palace failed to take a Spring 2007 soil sample for its 

double-cropped corn/triticale field, a violation of the DNMP.  The 

Dairy did not know the residual nutrient content of its soil, and 

therefore could not determine an agronomic rate of application.  

Cow Palace’s manure applications on March 17-22, 27, April 6, 

April 21, April 28-31, and October 10-15 were therefore not 

agronomic.203  The soil sample results for Field 3 obtained on 

October 10, 2007 support this conclusion: the field had 226 lbs./ac 

nitrate, 22 lbs./ac ammonium, and 138 ppm phosphorus in the top 

foot, and 236 lbs./ac nitrate and 17 lbs./ac ammonium in the 

second foot, for a combined total of 501 lbs./ac available nitrogen.  

These are high residual nitrate numbers for a post-harvest field, 

containing more than double what Cow Palace’s triticale crop 

could utilize as fertilizer.  Excess nitrate likely leached deeper into 

the soil, past crop root zones, with further irrigation, application, 

                                                
203 COWPAL000361-363.   
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snowmelt, and precipitation.   

e. Cow Palace again failed to take a spring soil sample on Field 3 in 

2008.  Without knowing the residual nutrient content of the field, 

Cow Palace applied manure on May 23-25 and September 29-

October 3, 2008.204  Field 3 was sampled on October 2, 2008; the 

field had 171 lbs./ac nitrate, 26 lbs./ac ammonium, and 125 ppm 

phosphorus in the top foot, and 173 lbs./ac nitrate and 8 lbs./ac 

ammonium in the second foot, for a total of 378 lbs./ac available 

nitrogen.205  This is substantially more nitrogen than the winter 

triticale crop could use as fertilizer.  Cow Palace applied more 

manure to this field between October 13-20, 2008, after obtaining 

this high soil sample result.  That application was not agronomic 

and applied far more nitrogen than the triticale could ever use as 

fertilizer.  The excess nitrate likely leached deeper into the soil, 

past crop root zones, with further irrigation, application, and 

precipitation.  Cow Palace’s crop yield records indicate that only 

3.65 tons per acre triticale for silage was harvested; this crop 

would have only removed 12.5 pounds per ton, or 46 pounds of 

nitrogen per the USDA Nutrient Removal tool, which is nowhere 

                                                
204 COWPAL000360-361. 
205 COWPAL010669. 
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near the projected 250 pounds per acre identified by the DNMP. 

f. Cow Palace did not take a Spring 2009 soil sample, in violation of 

the DNMP.  Without knowing the residual nutrient levels of its 

soil, Cow Palace applied manure to Field 3 from March 16-21 and 

April 20-28, 2009.206 It is very unlikely that the triticale crop on the 

field could uptake any additional fertilizer.  These applications 

were, therefore, not agronomic, especially when considered in 

connection to the already-high post-harvest soil sample from 2008.  

When the triticale crop was harvested in 2009, it yielded only 3.8 

tons/acre, well below the 10 tons/acre dry natter that the DNMP 

indicates will use up to 250 lbs./ac nitrogen.207  Based on this low 

yield, I believe the triticale crop did not use much, if any, of the 

excessive nitrogen found in the soil for fertilization.  After the 

triticale harvest, Cow Palace’s records indicate that the Dairy 

applied irrigation water to Field 3 for an unspecified amount of 

time, (in the vicinity of May 29, 2009), when the crop was 

switched to alfalfa.208  This irrigation water may have pushed the 

excess residual nitrate observed in the soil deeper into the soil 

                                                
206 COWPAL000358-359.   
207 COWPAL009394 (summary); COWPAL003643 (yield data); COWPAL000035.    
208 COWPAL000357. 
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column, beyond crop root zones.  The crop yield data indicated 

that a total of 5.0 tons of haylage was harvested from this field in 

August and October.  Based on the USDA Nutrient Removal tool, 

this likely removed, at most, 15 pounds of nitrogen per ton, or 75 

pounds total per acre.  Again, this is nowhere near the estimated 

nitrogen removal in their spreadsheets or DNMP.  The December 

3, 2009 soil sample for Field 3 showed 178 lbs./ac nitrate, 27 

lbs./ac ammonium, and 174 ppm phosphorus in the top foot; no 

two foot sample was taken.209  It is unclear why this sample was 

taken in December, when the ground could be frozen.  

Nonetheless, the residual nitrates observed in the top foot were 

unlikely to be used by the alfalfa crop as fertilizer at this point in 

the season.  As a result, it likely leached deeper into the soil, past 

crop root zones, with further irrigation, application, snowmelt and 

precipitation.   

g. Cow Palace did not take a Spring 2009 soil sample, in violation of 

the DNMP.  Without knowing the residual nutrient levels of its 

soil, Cow Palace applied manure to Field 3 between March 3-10 

                                                
209 COWPAL000656.   
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and June 22-27, 2010.210  Cow Palace’s summary spreadsheet, 

again using a 1.5 lbs./1000 gallon nitrogen figure, calculated that 

the field would have a nitrogen deficit of 396 lbs./ac at the end of 

the season.211  The October 13, 2010 soil sample from Field 3 

showed that it had 64 lbs./ac nitrate, 25 lbs./ac ammonium, and 

102 ppm phosphorus in the 0-12 inch soil column depth, and 158 

lbs./ac nitrate and 19 lbs./ac ammonium in the 12-24 inch depth, 

for a total 266 lbs./ac available nitrogen.212 This is a high post-

harvest result for both nitrogen and phosphorus, indicating that 

Cow Palace applied more manure to Field 3 than the alfalfa crop 

used as fertilizer.  After receiving this sample, Cow Palace applied 

manure to Field 3 between November 2-13, 2010, putting down 

3,600,000 gallons of liquid manure.213 This was not an agronomic 

application: the alfalfa crop did not need more nitrogen fertilizer 

and was unlikely to use more fertilizer during the winter months.  

Because the alfalfa crop was unlikely to use the excess nitrate as 

fertilizer, the excess likely leached deeper into the soil, past crop 

                                                
210 COWPAL000355-356. 
211 COWPAL000272.  Cow Palace only sampled its manure once in 2010, on September 
30, 2010 from the “lagoon.”  The total nitrogen content was 1.67 lbs./1000 gallons.  
COWPAL009250, more than the 1.5 lbs./1000 gallon figure on the spreadsheet. 
212 COWPAL000648. 
213 COWPAL000354.   
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root zones, with further irrigation, application, snowmelt, and 

precipitation.   

h. The Dairy applied manure to Field 3 between April 4-11, 

September 3-9, and September 19-25, 2011.214  Cow Palace’s 

summary spreadsheet, again using a 1.5 lbs./1000 gallon nitrogen 

figure, calculated that the field would have a nitrogen deficit of 

320 lbs./ac at the end of the season.215  The September 30, 2011 

soil sample for Field 3 shows that the field had 127 lbs./ac nitrate, 

26 lbs./ac ammonium, and 135 ppm phosphorus in the 0-12 inch 

soil column depth, and 103 lbs./ac nitrate, 15 lbs./ac ammonium, 

and 97 ppm phosphorus at the 12-24 inch depth, for a total of 271 

lbs./ac available nitrogen.216  This is a high, post-harvest soil 

sample for both nitrogen and phosphorus, indicating that the alfalfa 

crop did not make use of the nutrients supplied through Cow 

Palace’s manure applications.  Because the alfalfa crop was 

unlikely to use the excess nitrate as fertilizer, the excess likely 

leached deeper into the soil, past crop root zones, with further 

irrigation, application, snowmelt, and precipitation.   
                                                
214 COWPAL000351.   
215 COWPAL000279.  Cow Palace only sampled its manure once in 2011, on September 
28, 2011 from the “lagoon.”  The total nitrogen content was 2.1 lbs./1000 gallons.  
COWPAL009250, more than the 1.5 lbs./1000 gallon figure on the spreadsheet. 
216 COWPAL000639. 
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i. Cow Palace applied manure to Field 3 between March 6-13, May 

21-28, June 25-July 3, and September 3-9, 2012, for a total of 

approximately 16,800,000 gallons.217  Cow Palace’s summary 

spreadsheet, again using a 1.5 lbs./1000 gallon nitrogen figure, 

calculated that the field would have a nitrogen deficit of 162.6 

lbs./ac at the end of the season.218  The September 13, 2012 soil 

sample for Field 3 shows that the field had 146 lbs./ac nitrate, 18 

lbs./ac ammonium, and 162 ppm phosphorus in the 0-12 inch soil 

column depth, and 141 lbs./ac nitrate, 5 lbs./ac ammonium, and 99 

ppm phosphorus at the 12-24 inch depth, for a total of 310 lbs./ac 

available nitrogen in the soil.219  This is a high, post-harvest for 

both nitrogen and phosphorus, indicating that the alfalfa crop did 

not make use of the nutrients supplied through Cow Palace’s 

manure applications.  Cow Palace plowed down the alfalfa and 

planted triticale at the end of the 2012 season.220 Because the 

triticale crop could remove up to 250 lbs./ac nitrogen according to 

the high, unproven estimates in the DNMP, it was unlikely to use 

                                                
217 COWPAL000348-351; COWPAL000286.   
218 COWPAL000279.  Cow Palace only sampled its manure once in 2012, on October 8, 
2012 from the “lagoon main.”  The total nitrogen content was 2.3 lbs./1000 gallons.  
COWPAL009248, more than the 1.5 lbs./1000 gallon figure on the spreadsheet. 
219 COWPAL000639. 
220 COWPAL003172; COWPAL000348 (triticale seeded October 20, 2012).   
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the excess nitrate, above even the DNMP estimates, observed in 

the soil as fertilizer, in addition the alfalfa crop would provide for 

60-105 pounds of nitrogen as discussed above my opinion is that 

the excess likely leached deeper into the soil, past crop root zones, 

with further irrigation, application, and precipitation.   

j. Cow Palace applied manure to Field 3 very early in the season in 

2013, beginning an application between January 30-Februrary 8.221  

According to historical weather data, the soil temperature at 8 

inches depth during this timeframe was between 34.3 degrees and 

38.7 degrees Fahrenheit, and the daily average temperature was 

between 36.2 degrees and 44.3 degrees Fahrenheit.222  Cow Palace 

should not have applied manure on days where the temperature of 

the air and soil was at or near freezing, as such applications can 

impact both surface and groundwater.223  When harvested, the 

triticale yielded only 5.4 tons/ac as silage, short of the 10 tons/ac 

dry matter figure that the DNMP indicates could use 250 lbs./ac 

nitrogen as fertilizer.224  The USDA Nutrient Removal tool lists 

10.5 to 12.5 pounds nitrogen per ton of green chop wheat at 73.5% 

                                                
221 COWPAL000348.   
222 Data obtained from WSU AgWeatherNet, Outlook weather station.   
223 COWPAL000017, COWPAL000021. 
224 COWPAL000015. 
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moisture content. We do not know the moisture content of their 

harvest or the actual nitrogen content but the data suggests it has 

removed well under 100 pounds per acre.  While data specific to 

triticale is lacking, most research indicates wheat, rye, oats and 

triticale have similar nitrogen contents.  The Dairy also applied to 

Field 3 between April 1-5, May 13-16, July 9-15, and July 16-25, 

2013, putting down approximately 14,418,000 gallons of manure 

to the field.225  Using the 1.5 lbs./1000 gallon nitrogen figure, Cow 

Palace calculated that there would be a 288.36 lbs./ac nitrogen 

deficit at the end of the 2013 growing season.226  Field 3 was 

sampled on September 27, 2013, and had 168 lbs./ac nitrate, 5 

lbs./ac ammonium, and 134 ppm phosphorus in the 0-12 inch soil 

column depth; 152 lbs./ac nitrate in the 12-24 inch depth; and 215 

lbs./ac nitrate in the 24-36 inch soil column depth.227  These are 

very high residual nutrient levels, and indicate that Cow Palace 

consistently applied manure to Field 3 without regard to agronomic 

                                                
225 COWPAL009286. 
226 COWPAL009286.  The Dairy sampled the manure from “CP-Lagoon 1” on 
September 11, 2013, after these applications were made.  The results showed a total 
nitrogen content of 3.76 lbs./1000 gallon, more than double the figure used by Cow 
Palace in its spreadsheets.  COWPAL009388. Cow Palace’s contactor, Agrimanagement, 
calculated that 3.18 lbs./1000 gallons of that nitrogen would be plant-available during the 
first year.  COWPAL009387. 
227 DAIRIES008807. 

Carter Declaration 
Exhibit 1 - Page 120

Case 2:13-cv-03016-TOR    Document 237-2 ***NOT ON PUBLIC DOCKET***    Filed 12/01/14



 121 

rates.  The nitrate observed at the 24-36 inch depth was unlikely to 

be used as fertilizer by either the winter triticale or summer corn 

crop, because that nitrate is below effective rooting zones and will 

leach further into the soil with additional irrigation, precipitation, 

snowmelt, and application.  Additionally, the winter triticale crop 

was unlikely to use the available nitrogen in the top two feet of the 

soil column, as there was already 325 lbs./ac available nitrogen for 

fertilization – more than the triticale crop could use as fertilizer.   

k. After obtaining this excessively high soil sample, Cow Palace 

applied manure to Field 3 between October 12-14, October 18-19; 

October 14-25; November 4-5; and March 18-26, 2014, putting 

down 5,994,000 gallons of manure onto the field for the triticale 

crop.228  Based on already-high fall, 2013 soil sample, there was 

simply no agronomic reason for these applications to be made.  

These applications, as well as additional precipitation and 

snowmelt, likely caused excess nitrate to move deeper into the soil 

column, past crop root zones and toward groundwater.    

l. Spring 2014 samples collected on May 6 in Field 2 indicated some 

overwinter reduction in soil nitrate, but excessive amounts in the 

                                                
228 COWPAL015792. 

Carter Declaration 
Exhibit 1 - Page 121

Case 2:13-cv-03016-TOR    Document 237-2 ***NOT ON PUBLIC DOCKET***    Filed 12/01/14



 122 

top two feet of the soil column.  There is no yield data to suggest 

the decrease from 320 to 238 lbs./ac nitrogen was due solely to 

crop removal.229  Instead, I believe a substantial portion of that 

decrease is due to leaching losses, especially considering the large 

amount of manure that Cow Palace applied between October, 2013 

and March, 2014.  That 238 lbs./ac nitrate is available is still very 

high going into the growing season.  Soil phosphorus also 

remained excessive at 134 ppm.   

m. Even though Field 3 had sufficient nitrogen available to fertilize 

Cow Palace’s corn crop, the Dairy applied a total of 3,600,000 

gallons of manure to the Field on May 23, June 2-9, and July 23-

24, 2014.  These applications were not agronomic, and, in 

conjunction with additional application, irrigation, and 

precipitation, likely caused excess nitrate to migrate deeper into the 

soil column, past crop root zones and toward groundwater.    

n. In sum, I believe that Cow Palace consistently over-applied 

manure to Field 3 without regard to agronomic rates.  The records 

shows that Cow Palace did not obtain information necessary for 

calculating an agronomic rate and did not, in fact, ever undertake 

                                                
229 COWPAL015761 states that Field 3 yielded 4.58 tons/ac triticale, which per the 
USDA Nutrient Removal tool would only remove approximately 57 lbs./ac nitrogen.    
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an agronomic rate calculation.  As a result, the post-harvest soil 

samples showed high residual nitrate and phosphorus in the soil, 

indicative of over-applications of manure.  Even after learning of 

these high numbers, Cow Palace continued to apply manure to 

Field 3, making applications that had no chance of fertilizing the 

crop.  My opinion is that the excess nitrate observed in Field 3’s 

soil over the past 10+ years was not utilized by crops as fertilizer, 

but rather leached past crop root zones with irrigation, application, 

and precipitation, eventually discharging to groundwater. 

156. For Field 4 (including both “Field 4A” and “Field 4B”), I have 

reviewed Cow Palace’s records and reached the following 

conclusions: 

a. Cow Palace applied manure to Field 4 (65 acres per the application 

field logbook) between March 10-17, March 22-27, April 9-16, 

April 26, September 19-22, and October 2-10, 2007.230 At that 

time, the field was in a triticale/corn rotation.231  Cow Palace did 

not take Spring 2007 soil samples after harvesting the triticale, a 

                                                
230 COWPAL000381-382.   
231 E.g., COWPAL000381. 
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violation of its DNMP.232  It therefore lacked information about the 

residual nutrient content of its soil, a key data set for calculating 

agronomic rates.  The October 17, 2007 soil sample for Field 4 

states that the field had 179 lbs./ac nitrate, 43 lbs./ac ammonium, 

and 108 ppm phosphorus in the 0-12 inch soil column depth, and 

161 lbs./ac nitrate and 9 lbs./ac ammonium in the 12-24 inch depth, 

for a total of 392 lbs./ac available nitrogen.233  These are high 

results entering the winter months, showing more nitrogen than 

Cow Palace’s 2007-2008 triticale crop could use.234  I believe the 

excess nitrate leached deeper into the soil, past the crop’s effective 

root zone, where it will eventually discharge to groundwater.   

b. No spring soil sample was taken from Field 4 in 2008, a violation 

of the DNMP.235  Without knowing the residual nutrient content of 

the soil, Cow Palace applied manure to “Field 4” from March 6-16, 

April 12-21, and May 18-23, 2008.  The soil was tested on Field 4 

                                                
232 COWPAL000382 (indicating triticale seeding date of November 4, 2006); 
COWPAL000016. 
233 COWPAL010665. 
234Per the DNMP, triticale has the potential to use 250 lbs./ac nitrogen as fertilizer, if the 
crop yields 10 tons/ac dry matter basis.  COWPAL000035.  Cow Palace planted the 
triticale on November 10, 2007, over a month after its October applications.  
COWPAL000381.  With no crop in the ground to utilize the nitrogen between October 10 
and November 10, the nitrogen applied by Cow Palace likely leached deeper into the soil 
with precipitation and snowmelt.    
235 COWPAL000016 (spring sample needed when double cropping fields).   
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on September 18, 2008, which showed that the field had 189 

lbs./ac nitrate, 26 lbs./ac ammonium, and 105 ppm phosphorus in 

the top foot of the soil; the second foot had 144 lbs./ac nitrate and 

24 lbs./ac ammonium, for a total of 383 lbs./ac total nitrogen 

available.236  This is 133 lbs./ac more nitrogen than the triticale 

crop was expected to uptake as fertilizer, if it achieved an optimal 

yield of 10 tons/ac, as stated in the DNMP.237  After receiving this 

already-high fall soil test, Cow Palace made applications to Field 4 

between September 22-25 (applications to “bare” ground), October 

6-8, and October 16-22, 2008.238  These applications were not 

agronomic.  First, it appears that Cow Palace only planted a 

triticale crop on the 35-acre portion of Field 4 later identified as 

“Field 4B,” per the Dairy’s records.239  The triticale crop did not 

require any more applications for fertilization because there was 

already more nitrogen in the soil than it could use that season, 

                                                
236 COWPAL010671 (Field 4 “North”).  Field 4 “South” was also sampled at this time, 
although the field application logbook discusses only applications to “Field 4” during 
2008.  Compare COWPAL010670 (Field 4 “South” – which itself had high Fall results of 
149 lbs./ac nitrate, 27 lbs./ac ammonium, and 94 ppm phosphorus at the top foot, and 108 
lbs./ac nitrate and 8 lbs./ac ammonium in the second foot – still more than a triticale crop 
could utilize during one season) with COWPAL000379-81 (documenting applications to 
“Field 4”).  COWPAL000378 mentions “Field 4 South,” but documents no applications.  
237 COWPAL000035.   
238 COWPAL000379-81.   
239 See COWPAL009394 (identifying triticale as only being harvested on Field 4B in 
2009; COWPAL003445 (triticale ag-bagged receipts for May, 2009 from Field 4B). 
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according to the DNMP nitrogen removal rate.  Second, no crop 

was planted on the section of the 65-acre portion of the field later 

identified as Field 4A,240 meaning there was no crop present to 

utilize the nitrogen and phosphorus applied by Cow Palace.  As a 

result of these actions, I believe the excess nitrate observed in the 

soil test, along with the additional nitrate introduced by these late 

applications, caused excess nitrate to leach deeper into the soil, 

moving past the crop’s effective root zone, where it will eventually 

discharge to groundwater.   

c. No spring soil sample was taken from Field 4B after the triticale 

crop was harvested, a violation of the DNMP.241  The triticale yield 

was below the 10 tons/ac figure that is expected to use 250 lbs./ac 

nitrogen as fertilizer according to the DNMP, meaning the crop 

used less nitrogen than anticipated.242  Cow Palace records indicate 

that no manure was applied to Field 4B in 2009 or 2010.actual 

yield was 6.3 tons for silage with a likely removal of 12 pounds per 

ton or 75 pounds of nitrogen per acre. 

                                                
240 See COWPAL009394 (only corn identified as being harvested on Field 4A in 2009); 
COWPAL003508-10 (corn yield harvest from Field 4A, all dated in September, 2009); 
COWPAL000377 (noting that Field 4B was “bare” as of April 2, 2009.  
241 COWPAL000016. 
242 COWPAL009394 (6.3 tons/ac); COWPAL000035 (250 lbs./ac at a yield of 10 
tons/ac).   
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Field 4A 

d. Cow Palace applied manure to Field 4A between April 2-11 and 

September 17-30, 2009.243  Per the DNMP, the corn crop planted 

on the field could use up to 250 lbs./ac nitrogen at a yield of 30 

tons/ac.244  The September 16, 2009 soil test showed that the field 

had 178 lbs./ac nitrate, 28 lbs./ac ammonium, and 182 ppm 

phosphorus in the top foot; in the second foot, there was 124 

lbs./ac nitrate and 18 lbs./ac ammonium, for a total of 348 lbs./ac 

nitrogen available for fertilization.245  This is an extremely high 

residual nitrate concentration after the fall harvest for corn, which 

is again evidence that Cow Palace did not conduct an actual 

nutrient budget and did not apply manure agronomically.  

Phosphorus is also extremely high. There was no winter crop 

planted on Field 4A.246  This means that the applications between 

September 17-30 had no crop to fertilize; even if there was a crop, 

the field had 348 lbs./ac available nitrogen – more nitrogen than a 

crop would be expected to uptake in the winter months.  These 

applications were therefore not agronomic.  I believe the excess 
                                                
243 COWPAL000376.   
244 COWPAL000035. 
245 COWPAL000658 (Field 4 “North,” which I interpret as corresponding to Field “4A,” 
as it is the northern part of Field 4).   
246 COWPAL009394; COWPAL000376 (identifying field as “corn/bare”).   
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nitrate observed in the soil test, along with the additional nitrate 

introduced by these late applications, caused excess nitrate to leach 

deeper into the soil.  This leaching, compounded by subsequent 

precipitation and snowmelt, caused excess nitrate to move past the 

crop’s effective root zone, where it will eventually discharge to 

groundwater.  The high phosphorus and lack of a winter cover also 

is a high risk for runoff. 

e. Cow Palace applied manure to Field 4A between October 4-13, 

2010, again after the corn crop was harvested.  These applications 

put down 2,016,000 gallons of liquid manure to Field 4A, where 

there was no winter crop planted to utilize the nutrients contained 

in the manure.247  In fact, Cow Palace made the October 

applications to Field 4A after learning that the soil had 198 lbs./ac 

nitrate, 40 lbs./ac ammonium, and 122 ppm phosphorus in the 0-12 

inch soil column depth, and 179 lbs./ac nitrate and 20 lbs./ac 

ammonium in the 12-24 inch depth, for a total of 437 lbs./ac 

available nitrogen for fertilization.248  This September 29, 2010 test 

came after Cow Palace’s corn crop was harvested, meaning that 

the nitrogen and phosphorus observed in the soil was unused by 

                                                
247 COWPAL000375 (Field 4A, noting “bare” field after the corn crop was harvested).    
248 COWPAL000649. 
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the corn crop that had been on the field.249  There being no winter 

crop on Field 4A, the excess nitrate observed in the soil test was 

extremely susceptible to leaching deeper into the soil.  Cow 

Palace’s application of an additional two million gallons of liquid 

manure to Field 4A after learning of this high test was not an 

agronomic application of manure.  The excess nitrate observed in 

the soil test, along with the additional nitrate introduced by these 

late applications, caused excess nitrate to leach deeper into the soil.  

This leaching, compounded by subsequent precipitation and 

snowmelt, caused excess nitrate to move past the crop’s effective 

root zone, where it will eventually discharge to groundwater.   

f. Cow Palace continued to apply manure to Field 4A in 2011 when 

no crop was planted.  The Dairy applied manure to “bare” ground 

between March 29-April 12 and May 2-May 9, 2011.250  According 

to the summary spreadsheet, Cow Palace applied 6,528,000 gallons 

of manure to the field with these applications, and the field would 

                                                
249 Cow Palace’s summary spreadsheet for Field 4A in 2010 estimated that there would 
have been an 170 lbs./ac nitrogen deficit at the end of the season; again, the Dairy used a 
1.5 lbs./1000 gallon nitrogen figure for the nutrient value of its manure in calculating its 
crop balance.  COWPAL000273.  The manure sampling completed on September 30, 
2010, before these applications occurred, showed the sampled manure had a total 
nitrogen content of 1.67 lbs./1000 gallons.    
250 COWPAL000372-74.   
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have a 53 lbs./ac nitrogen deficit once the season was over.251  On 

September 28, 2011, Cow Palace tested the soil in Field 4A, which 

had 118 lbs./ac nitrate, 24 lbs./ac ammonium, and 139 ppm 

phosphorus in the top foot of the soil, and 103 lbs./ac nitrate, 12 

lbs./ac ammonium, and 84 ppm phosphorus in the second foot.252  

In total, the field had 257 lbs./ac nitrogen in the top two feet.  Cow 

Palace was in the process of applying manure to the field while this 

soil test was obtained, a violation of the DNMP.253  The Dairy 

applied manure to the field between September 19-25, and then 

applied more manure after obtaining this high soil sample between 

October 10-15, 2011, applying approximately 4,224,000 gallons of 

liquid manure in total.254  Triticale was planted as a winter crop on 

Field 4A on October 27, 2011; triticale needs, at most, 250 lbs./ac 

nitrogen and 95 lbs./ac phosphorus for fertilization, if yielding 10 

tons/ac dry matter, according to the DNMP.255  Based on the 

                                                
251 COWPAL000280.  The Dairy again used a generic, 1.5 lbs./1000 gallon figure.  No 
manure sampling occurred before these applications took place.  Instead, the Dairy 
sampled the manure from the “lagoon” on September 28, 2011, where it had a total 
nitrogen content of 2.1 lbs./1000 gallons.   
252 COWPAL000640. 
253 COWPAL000371-72; COWPAL000016; COWPAL000020.   
254 COWPAL000371-72; COWPAL000287 (identifying these applications as part of 
2012 crop year).   
255 COWPAL000371; COWPAL000035.  Note that Cow Palace’s crop yield summaries 
for 2012 state that no triticale was harvested from Field 4A, but that triticale was 
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September soil test, there was already more than enough nitrogen 

and phosphorus in the soil for the triticale crop.  The high residual 

nitrate and phosphorus observed in the fall test show that Cow 

Palace’s manure applications in 2011 were not agronomic, for the 

corn crop did not make use of all the nutrients that were applied.  

Cow Palace’s October applications were not agronomic, as there 

was already more than enough fertilizer for the triticale crop 

present in the soil.  The excess nitrate observed in the soil test, 

along with the additional nitrate introduced by these late 

applications, caused excess nitrate to leach deeper into the soil, 

moving past the crop’s effective root zone, where it will eventually 

discharge to groundwater.   

g. Cow Palace failed to obtain a 2012 spring soil sample from Field 

4A after harvesting the triticale crop, a violation of the DNMP.256  

The triticale yielded only 6.82 tons/ac,257 meaning the triticale 

likely did not use much of the nutrients applied by Cow Palace for 

fertilization, reinforcing the importance of taking a spring soil 

                                                                                                                                            
harvested from Field 4B.  COWPAL009397.  The crop yield receipts, however, indicate 
that Cow Palace did indeed harvest triticale from Field 4A on May 8, 2012, yielding a 
total of 443.02 tons or the equivalent of 6.82 tons/ac (443.02/65 acres).  
COWPAL003500.   
256 COWPAL000016.  
257 COWPAL003500 (443.02/65 acres).   
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sample when double cropping.  The actual nitrogen removal was 

closer to 85 pounds per acre, only about a third of what they 

projected.  The Dairy applied approximately 4,608,000 gallons of 

manure to the field between May 10-21, 2012.258  The October 10, 

2012 soil sample showed 136 lbs./ac nitrate, 24 lbs./ac ammonium, 

and 148 ppm phosphorus in the 0-12 inch soil column depth, and 

86 lbs./ac nitrate and 12 lbs./ac ammonium in the 12-24 inch depth, 

for a total of 258 lbs./ac available nitrogen.259  This is more than 

what a triticale crop is expected to utilize, per the DNMP, and 

there was thus no agronomic need for additional fertilization.260  

Nonetheless, Cow Palace applied manure to Field 4A between 

March 1-7 and April 1-10, 2013, while the triticale was still in the 

ground.261  These applications were not agronomic because the 

crop could not make use of any additional nutrients as fertilizer.  

The excess nitrate observed in the soil test, along with the 

additional nitrate introduced by these applications, caused excess 

nitrate to leach deeper into the soil.  This leaching, compounded by 

subsequent precipitation and snowmelt, caused excess nitrate to 
                                                
258 COWPAL000287. 
259 COWPAL000265.   
260 COWPAL000035 (250 lbs./ac at a yield of 10 tons/ac).   
261 COWPAL000366-367.  The summary spreadsheet for 2013 omits the April 1-10 
applications.  COWPAL009287. 
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move past the crop’s effective root zone, where it will eventually 

discharge to groundwater.  

Field 4B 

h. Cow Palace applied manure to Field 4B in 2012, making 

applications between May 14-20, July 9-16, and September 3-9, 

2012, laying down approximately 5,040,000 gallons of manure.262  

The Dairy calculated that these applications, again based on a 

generic, 1.5 lbs./1000 gallon manure nitrogen figure, would leave a 

153 lbs./ac nitrogen deficit at the end of the season.263  The 

September 13, 2012 soil test showed 212 lbs./ac nitrate, 14 lbs./ac 

ammonium, and 120 ppm phosphorus in the 0-12 inch soil column 

depth, and 183 lbs./ac nitrate, 9 lbs./ac ammonium, and 90 ppm 

phosphorus in the 12-24 inch depth, for a total of 418 lbs./ac total 

nitrogen available at the end of the growing season.264  This is a 

high post-harvest soil sample result, showing that Cow Palace’s 

2012 applications to this field were not agronomic.  The Dairy 

applied more nutrients than the sudan grass crop was capable of 

                                                
262 COWPAL000288.  I have not seen any record of these applications in the field 
logbooks.   
263 COWPAL000288.  The Dairy did not sample the manure in 2012 until October 2, 
after these applications took place.  The sampled manure, from “lagoon main,” had a total 
nitrogen content of 2.3 lbs./1000 gallon.  COWPAL009248.   
264 COWPAL000264.   
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using as fertilizer, considering the high residual nitrogen and 

phosphorus levels present in the soil post-harvest.265  Excess nitrate 

observed in the soil test likely leached deeper into the soil with 

additional application, precipitation, irrigation, and snowmelt, 

moving past the crop’s effective root zone, where it will eventually 

discharge to groundwater.   

i. Cow Palace did not apply manure to Field 4B during 2013,266 and 

made applications to Field 4A between March 1-7 and April 1-10, 

as discussed above.  Both fields had, again, high fall post-harvest 

soil sample results.  Field 4A was sampled on September 17, 2013, 

and had 68 lbs./ac nitrate, 7 lbs./ac ammonium, and 162 ppm 

phosphorus in the 0-12 inch soil column depth; 52 lbs./ac nitrate in 

the 12-24 inch depth; and 63 lbs./ac nitrate in the 24-36 inch depth, 

for a total of 183 lbs./ac nitrate in all three feet.267  It was unlikely 

that the nitrate observed in the 24-36 inch soil column depth would 

be fully utilized by the alfalfa crop as fertilizer.  Instead, that 

nitrate likely leached further into the soil with additional irrigation, 

application, snowmelt, and precipitation, eventually discharging to 

                                                
265 COWPAL000288 (sudan grass planted on Field 4B).   
266 COWPAL009288.   
267 DAIRES008808.   
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groundwater.   

j. Field 4B was also sampled on September 17, 2013.  That field had 

52 lbs./ac nitrate, 10 lbs./ac ammonium, and 116 ppm phosphorus 

in the 0-12 inch soil column depth; 135 lbs./ac nitrate in the 12-24 

inch depth; and 224 lbs./ac nitrate in the 24-36 inch depth, for a 

total residual nitrate content of 411 lbs./ac.268  This is a high 

residual nitrogen and phosphorus content for a field heading into 

the winter months, and in my opinion demonstrates that Cow 

Palace’s applications to Field 4B were not agronomic.269  It appears 

that much of the high nitrate found in the surface sample in 2012 

has moved deeper into the profile in 2013.  The 224 lbs./ac nitrate 

at 2-3 foot depth are very high for a sub-soil sample.  This is likely 

a result of leaching from additional irrigation, manure application, 

snowmelt, and precipitation that moved excess nitrate past crop 

root zones, where it will eventually discharge to groundwater.  

k. After obtaining this high fall soil sample for Field 4B, Cow Palace 

proceeded to apply 60,000 gallons of manure to the Field on 

September 30 and an additional 720,000 gallons of manure 

                                                
268 DAIRES008809.   
269 These high results indicate that manure might have been applied to Field 4B during 
2013. 
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between October 1-3, 2013.270  These were not agronomic 

applications.  There was already sufficient plant nutrients in the 

soil to fertilize Cow Palace’s alfalfa crop on Field 4B (even taking 

into consideration the DNMP’s high, 480 lbs./ac nitrogen removal 

for alfalfa).  That these applications were made late in the season 

just before winter, when the alfalfa crop is unlikely to utilize 

nutrients, further supports my conclusion.  These applications, in 

conjunction with winter precipitation, irrigation, and snowmelt, 

likely pushed excess nitrate deeper into the soil column, past crop 

root zones and toward groundwater. 

l. Cow Palace obtained a soil sample from Field 4B on May 23, 

2014.  While that sample had lower residual nitrate levels – 187 

lbs./ac nitrate in the top three feet – they also had much higher 

phosphorus levels than that documented in the fall soil test.271  

There is not an explanation for this as a winter crop would have 

removed nitrogen and phosphorus, not one or the other.  As a 

result, I believe the decrease in nitrate is likely due to additional 

leaching losses, especially when examined in conjunction with 

Plaintiffs’ own sampling, discussed infra. 

                                                
270 COWPAL015794. 
271 COWPAL015744.   
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m. In sum, I believe that Cow Palace consistently over-applied 

manure to Field 4 – both Field 4A and 4B – without regard to 

agronomic rates.  The records shows that Cow Palace did not 

obtain information necessary for calculating an agronomic rate and 

did not, in fact, ever undertake an agronomic rate calculation.  As a 

result, the post-harvest soil samples showed high residual nitrate 

and phosphorus in the soil, indicative of over-applications of 

manure.  Even after learning of these high numbers, Cow Palace 

continued to apply manure to Field 4, making applications that had 

no chance of fertilizing the crop and, in some instances, making 

applications where no crop was planted.  The excess nitrate 

observed in Field 4’s soil was not utilized by crops as fertilizer, but 

rather leached past crop root zones with irrigation, application, and 

precipitation, eventually discharging to groundwater.  

Additionally, soil phosphorus values rose from 2007 to 2014, 

showing an upward trend, which is further indicative of over-

application.   

157. For Field 5, I have reviewed Cow Palace’s records and reached the 

following conclusions: 

a. Cow Palace applied manure to Field 5 between March 4-7, March 
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17-21, March 31-April 4, April 21-24, and May 12-17, 2008.  

Alfalfa was planted on the field at this time. 272  On October 2, 

2008, Cow Palace tested the soil in Field 5, which had 132 lbs./ac 

nitrate and 25 lbs./ac ammonium in the 0-12 inch soil column 

depth, and 47 lbs./ac nitrate and 9 lbs./ac ammonium at the 12-24 

inch depth, for a total of 213 lbs./ac nitrogen available for 

fertilization. 273  This soil test demonstrates that Cow Palace’s 

manure applications in 2008 were not agronomic, for the alfalfa 

that was harvested sometime in May 2008274 and the corn crop in 

the summer of 2008 failed to use all of the nutrients available.  

With no winter crop in place to utilize the excess nitrate, the nitrate 

migrated further into the soil column with additional application, 

irrigation, snowmelt, and precipitation, where it was destined to 

reach groundwater.   

b. Cow Palace switched from alfalfa to a single corn crop rotation on 

Field 5 beginning on or about June 5, 2008, after the early 2008 

manure applications occurred.275  They apparently did not consider 

the nitrate already in the soil and the nitrogen credit from the 
                                                
272 COWPAL000395-98. 
273 COWPAL010672.   
274 See COWPAL000395-96 (“green chop field” where alfalfa was planted on May 21; 
corn planted on June 5). 
275 COWPAL000395 (noting June 5, 2008 seeding date).  
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alfalfa crop they plowed down this credit alone would have been 

between 60 and 100 pounds of nitrogen as discussed above. The 

Dairy then applied manure between October 5-9, 2008, to a “bare” 

field, with no crop actively growing.276  The Dairy also applied 

manure between March 4-9, 2009, when there was no growing 

vegetation and well before corn would be planted, meaning there 

was significant time for leaching to occur.”277  My opinion is that 

these applications were not agronomic.  First, applications to bare 

ground are likely to cause excess nitrate, such as that observed in 

the Fall 2008 soil test, to migrate further into the soil column, past 

crop root zones and toward groundwater.  Second, the Fall 2008 

soil test showed there was already sufficient nitrogen fertilizer for 

Cow Palace’s corn crop, which can use a maximum of 250 lbs./ac 

nitrogen if yielding 30 tons/ac, per the DNMP.278  There was no 

reason to add more nitrogen and phosphorus to the soil for 

fertilization purposes.  As such, I also believe the extra nitrate 

applied to the field in these two applications was not used by the 

crop as fertilizer.   

                                                
 
277 COWPAL000394.   
278 COWPAL000035. 
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c. My opinion is further supported by the September 16, 2009 soil 

sample from Field 5, which showed 184 lbs./ac nitrate, 28 lbs./ac 

ammonium, and 146 ppm phosphorus in the top foot, and 176 

lbs./ac nitrate and 11 lbs./ac ammonium in the second foot, for a 

combined total of 399 lbs./ac available nitrogen. 279  This is 

considerably higher than the Fall 2008 total of 213 lbs./ac nitrate 

indicating that Cow Palace’s October 2008 and March 2009 

manure applications were not agronomic, as there was a 

considerable amount of manure nutrients remaining after the crop 

was harvested.  I believe that the excess nitrate found in the soil 

test moved deeper into the soil column with additional irrigation, 

application, and precipitation, eventually discharging to 

groundwater.   

158. For Field 6, I have reviewed Cow Palace’s records and reached the 

following conclusions.  From the records I have reviewed, Cow 

Palace began applying manure to Field 6 in 2009. 

a. Cow Palace applied manure to Field 6 via the “honey wagon” 

between March 24-28 (41 loads at 4,000 gallons/load, or 164,000 

gallons) and September 21-26 (43 loads at 4,000 gallons/load, or 

                                                
279 COWPAL000659. 

Carter Declaration 
Exhibit 1 - Page 140

Case 2:13-cv-03016-TOR    Document 237-2 ***NOT ON PUBLIC DOCKET***    Filed 12/01/14



 141 

172,000 gallons).  At this time, Field 6 was 30 acres in size and 

had corn planted in a single rotation.280  I have not seen a manure 

nutrient sample for these honey wagon applications at this time; 

other samples from the honey wagons vary in nitrogen content 

from 30 lbs./1000 gallon to 50.9 lbs./1000 gallon.281  Cow Palace 

tested the soil in Field 6 on September 16, 2009, and the field had 

198 lbs./ac nitrate, 40 lbs./ac ammonium, and 246 ppm phosphorus 

in the top foot, and 202 lbs./ac nitrate and 18 lbs./ac ammonium in 

the second foot, for a total of 458 lbs./ac available nitrogen.  In my 

opinion, this is a very high fall soil test for both nitrogen and 

phosphorus, and indicates to me that Cow Palace’s March, 2009 

applications were not agronomic.  It also means that Cow Palace’s 

September 21-26 applications were not agronomic, considering 

that the field already had high residual nutrient levels before the 

Dairy made those applications.  I believe the result of these over-

applications is that excess nitrate moved deeper into the soil 

column with additional irrigation, application, snowmelt, and 

precipitation, eventually discharging to groundwater.   

b. Cow Palace continued to make manure applications to Field 6 

                                                
280 COWPAL000408-409.   
281 See, e.g., COWPAL009274-77.   
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when the ground was “bare” between March 15-April 2 (82 loads 

at 4000 gallon/load = 328,000 gallons) and April 1-April 8, 2010 

(1,260,000 gallons).282  Corn was seeded on May 1, 2010.283  In my 

opinion, these applications were unnecessary and not agronomic.  

Field 6 had substantially more nitrogen and phosphorus in the soil 

than Cow Palace’s corn crop could utilize as fertilizer, even based 

on the unrealistic DNMP estimates.  The field already had 458 

lbs./ac nitrogen and 246 ppm phosphorus per the fall, 2009 soil 

test; corn is expected to utilize a maximum of 250 lbs./ac nitrogen 

and 95 lbs./ac phosphorus per the DNMP.284  There was simply no 

agronomic need or reason for the field to have additional fertilizer 

applied to it for the corn crop except to dispose of excess manure. 

c. In 2010, Field 6 was increased to 92 acres, per Cow Palace’s 

records.285  According to Cow Palace’s summary spreadsheet, the 

Dairy calculated there to be a 193.6 nitrogen deficit at the end of 

the application year.286  If this were true, then I would expect to see 

                                                
282 COWPAL000406-08.   
283 COWPAL000406.   
284 COWPAL000015.   
285 COWPAL000407. 
286 COWPAL000276.  The Dairy again used a 1.5 lbs. of nitrogen/1000 gallon figure for 
calculating agronomic rates, and used 6 lbs. of N/1000 gallon for the “honey wagon” 
applications.  I have not seen a manure nutrient sample from the honey wagons for this 
timeframe.   
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little, if any, residual nitrogen in the field at the end of the growing 

season.  Cow Palace tested Field 6 on September 29, 2010; the 

field had 158 lbs./ac nitrate, 17 lbs./ac ammonium, and 74 ppm 

phosphorus in the top foot, and 178 lbs./ac nitrate and 18 lbs./ac 

ammonium in the second foot, for a total of 371 lbs./ac available 

nitrogen.287  In my opinion, this is a high, post-harvest soil sample, 

indicating that Cow Palace’s manure applications to Field 6 were 

not agronomic because a large portion of the nutrients that the 

Dairy applied went unused by the corn crop as fertilizer.  The 

excess nitrate likely moved deeper into the soil column with 

additional irrigation, application, snowmelt, and precipitation, 

eventually discharging to groundwater.   

d. Even after receiving this high, post-harvest soil test, Cow Palace 

applied manure to a “bare” Field 6 between October 25-November 

11, 2010, putting down 62 honey wagon loads at 4,000 gallons a 

piece, or 248,000 gallons of manure.288  Considering how much 

residual nitrogen and phosphorus was already in the field – far 

more than what a corn crop is expected to uptake as fertilizer –

these applications were not agronomic.  The same is true for Cow 

                                                
287 COWPAL000652.   
288 COWPAL000405-06. 
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Palace’s honey wagon applications to a “bare” Field 6 between 

February 22-April 11, 2011, which applied another 111 loads for a 

total of 444,000 gallons.289  The Dairy’s summary spreadsheet for 

Field 6 states that these applications deposited 255.7 lbs. of 

nitrogen per acre, resulting in a nitrogen balance of “-6.”290  This 

means that Cow Palace itself calculated that it over-applied 6 

lbs./ac nitrogen to this field.  If this were true, I would expect there 

to be only marginal excess nutrients in Cow Palace’s fall, post-

harvest soil sample.  The winter application may also cause 

problems with leaching and runoff; there was no mention of 

whether these applications were incorporated or not. 

e. Cow Palace tested the soils in Field 6 on September 28, 2011.  

“Field 6 S” had 128 lbs./ac nitrate, 18 lbs./ac ammonium, and 134 

ppm phosphorus in the 0-12 inch soil column depth, and 186 

lbs./ac nitrate, 13 lbs./ac ammonium, and 69 ppm phosphorus at 

the 12-24 inch depth, for a total residual available nitrogen content 

of 345 lbs./ac.  “Field 6 N” had 180 lbs./ac nitrate, 18 lbs./ac 

ammonium, and 86 ppm phosphorus in the 0-12 inch soil column 

depth, and 206 lbs./ac nitrate, 10 lbs./ac ammonium, and 35 ppm 

                                                
289 Id. 
290 COWPAL000283.   
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phosphorus in the 12-24 inch depth, for a total residual available 

nitrogen content of 414 lbs./ac.291 These are high post-harvest soil 

sample results.  They show that Cow Palace applied manure to 

Field 6 in excess of agronomic rates, placing more nitrogen and 

phosphorus into the soil than the corn crop could utilize as 

fertilizer.  The excess nitrate likely moved deeper into the soil 

column with additional irrigation, application, and precipitation, 

eventually discharging to groundwater.  Despite receiving this high 

soil test, the Dairy applied manure on October 27, 2011, to a 

“bare” Field 6.292  This was not an agronomic application, and 

likely caused excess nitrate to leach further into the soil, past crop 

root zones and toward groundwater. 

f. Cow Palace continued applying manure to Field 6 without regard 

to agronomic rates in 2012.  The Dairy applied 3,840,000 gallon to 

“bare” ground from April 12-20.293  Again using a generic, 1.5 

lbs./1000 gallon nitrogen content for its manure, Cow Palace’s 

summary spreadsheet for Field 6 calculated that there would be a 

                                                
291 COWPAL000643-644.   
292 COWPAL000402. 
293 COWPAL000401; COWPAL000290.   

Carter Declaration 
Exhibit 1 - Page 145

Case 2:13-cv-03016-TOR    Document 237-2 ***NOT ON PUBLIC DOCKET***    Filed 12/01/14



 146 

181 nitrogen deficit in the soil at the end of the crop year.294  If this 

were true, I would expect there to be little, if any, residual nitrogen 

in the soil.  The October 10, 2012 soil sample for Field 6 “North” 

had 183 lbs./ac nitrate, 21 lbs./ac ammonium, and 100 ppm 

phosphorus in the 0-12 inch soil column depth, and 175 lbs./ac 

nitrate and 16 lbs./ac ammonium in the 12-24 inch depth, for a 

total residual nitrogen content of 395 lbs./ac nitrogen.  Field 6 

“South” had 120 lbs./ac nitrate, 23 lbs./ac ammonium, and 123 

ppm phosphorus in the 0-12 inch depth, and 171 lbs./ac nitrate and 

9 lbs./ac ammonium in the 12-24 inch depth, for a total residual 

nitrogen content of 323 lbs./ac.295 These are, again, high post-

harvest residual nitrogen and phosphorus numbers, showing that 

Cow Palace’s 2011-2012 manure applications to Field 6 were not 

agronomic.  Excess nitrate likely leached further into the soil with 

additional irrigation, precipitation, and application, moving past 

the crop root zone and toward groundwater. 

g. Cow Palace planted a triticale crop on Field 6 on October 4, 

                                                
294 COWPAL000290.  Cow Palace sampled the manure from the “Lagoon Main” on 
October 2, 2012, after applications to Field 6 had already been made.  The result was 2.3 
lbs. of nitrogen/1000 gallons.  COWPAL009248.   
295 COWPAL000267-68. 
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2012.296  Based on the high post-harvest soil samples from October 

2012, there was no need to apply additional nitrogen or phosphorus 

for the triticale crop – it already had more than it could possibly 

uptake as fertilizer.  Nonetheless, Cow Palace applied 

approximately 1,857,000 gallons of manure to Field 6 between 

March 1-14, April 4-10, May 17, and May 21, 2013.297  In my 

opinion, these applications were not agronomic – the triticale crop 

did not need, nor could use, any additional fertilizer.  In its 

summary spreadsheet, the Dairy calculated that there would be 181 

lbs./ac nitrogen deficit at the end of the season.298  This was not the 

case, as the September 17, 2013 soil sample from Field 6 showed 

227 lbs./ac nitrate, 5 lbs./ac ammonium, and 105 ppm phosphorus 

in the top foot of the soil column; 183 lbs./ac nitrate in the second 

foot; and 115 lbs./ac nitrate in the third foot, for at total residual 

nitrogen content of 530 lbs./ac.299  This is a high post-harvest soil 

sample, again showing that Cow Palace over-applied manure to 

Field 6 without regard to agronomic rates.  I believe that the excess 
                                                
296 COWPAL000400.   
297 COWPAL000399-400; COWPAL009290.   
298 COWPAL009290.  The Dairy again used its 1.5 lbs. nitrogen/1000 gallon figure.  No 
2013 sample was taken before these applications occurred.  A sample was obtained on 
September 11, 2013 from “CP-Lagoon 1,” and had a nitrogen content of 3.76 lbs./1000 
gallons.  COWPAL009388.   
299 DAIRES008811.   
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nitrate found in the soil test, especially in the 12-24 inch and 24-36 

inch depth, is highly likely to leach deeper into the soil column 

with additional irrigation, application, snowmelt, and precipitation, 

eventually discharging to groundwater.   

h. Despite the fact that there was 530 lbs./ac residual nitrogen in Field 

6 for Cow Palace’s triticale crop – over double the nitrogen content 

that the DNMP estimates a triticale crop will use as fertilizer – 

Cow Palace applied 3,258,000 gallons of manure to Field 6 

between October 8-12, 15-16, and 18-21, 2013.300  These 

applications were not agronomic.  There was no additional 

nitrogen need for Cow Palace’s triticale crop – the Field already 

had more nitrogen than the crop could uptake as fertilizer before 

the applications were made.  These applications, in conjunction 

with precipitation, irrigation, and snowmelt, likely caused excess 

nitrate to leach deeper into the soil, past crop root zones and 

toward groundwater.   

i. Cow Palace sampled Field 6 again on May 13, 2014.  The results 

showed 294 lbs./ac of available nitrate in the top two feet of the 

soil column, and 140 ppm available phosphorus in the top foot.  

                                                
300 COWPAL015796.   
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This is, again, well above crop needs.  While the surface soil 

sample had lower residual nitrate levels, it also had a higher 

phosphorus level than that documented in the fall soil test (105 

ppm compared to 140 ppm in the May, 2014 test).301  There is not 

an explanation for this, as a winter crop would have removed 

nitrogen and phosphorus, not one or the other.  As a result, I 

believe the decrease in nitrate is likely due to additional leaching 

losses, along with some nitrogen uptake from the triticale crop, but 

nowhere near the 250 lbs./ac nitrate removal rate estimated by the 

DNMP.  

j. Even though this soil test shows that there was more than enough 

nitrogen to fertilize Cow Palace’s 2014 corn crop, which, per the 

DNMP, can use up to 250 lbs./ac nitrogen as fertilizer, Cow Palace 

applied an additional 120,000 gallons of manure to Field 6 on May 

22, 2014.302  This application, along with additional irrigation and 

precipitation, likely caused excess nitrate to leach deeper into the 

soil column, past crop root zones and toward groundwater.  

k. In sum, I believe that Cow Palace consistently over-applied 

manure to Field 6 without regard to agronomic rates.  The records 

                                                
301 COWPAL015746.   
302 COWPAL015796. 
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shows that Cow Palace did not obtain information necessary for 

calculating an agronomic rate and did not, in fact, ever undertake 

an agronomic rate calculation.  As a result, the post-harvest soil 

samples showed high residual nitrate and phosphorus in the soil, 

indicative of over-applications of manure.  Even after learning of 

these high numbers, Cow Palace continued to apply manure to 

Field 6, making applications that had no chance of fertilizing the 

crop and, in most instances, making applications where no crop 

was planted.  The excess nitrate observed in Field 6’s soil was not 

utilized by crops as fertilizer, but rather leached past crop root 

zones with irrigation, application, snowmelt, and precipitation, 

eventually discharging to groundwater. 

159. Overall, the records I have reviewed show that Cow Palace has 

applied manure to its fields, as discussed in detail above, in quantities 

that well exceed agronomic rates.  I believe that Cow Palace’s history 

of consistently applying manure without regard to crop uptake, crop 

yields, or residual soil nutrient levels have caused excess nitrate to 

move below crop root zones and into groundwater.  Cow Palace also 

fails to take any nutrient credits for soil mineralization of organic 

matter, or alfalfa credits for past manure applications.  The 
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excessively high phosphorus values also pose a serious threat to 

surface water that should be investigated.  Excessive levels of soil 

potassium are a further indication of over-application of nutrients in 

excess of what crops were able to use. 

OTHER SOURCES OF NITROGEN LOADING AT THE COW 
PALACE DAIRY FACILITY 

 
160. Besides its application fields, I also believe that there are substantial 

sources of nitrogen loading at the Cow Palace Dairy facility itself.   

161. Cow Palace Dairy has several manure storage lagoons located at the 

Dairy facility.  I have reviewed the limited information available 

about these lagoons, and understand that they are not lined with any 

geosynthetic liner.  Instead, the Dairy’s lagoons are earthen 

impoundments constructed into the ground.  David Erickson, one of 

Plaintiffs’ experts, discusses the Dairy’s lagoons at length in his 

expert report.  For purposes of my report, I rely upon Mr. Erickson’s 

opinions and conclusions that the Dairy’s lagoons leak manure into 

the ground in large quantities.  

162. In addition to the calculations provided in Mr. Erickson’s report, 

Plaintiffs conducted their own sampling around one of Cow Palace’s 

“stormwater” ponds, in the composting area, and in one of Cow 

Palace’s confinement pens.  Figure 1, supra at page 72, shows the 
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locations where Plaintiffs’ sampled, at CP-SB-04, CP-SB-12, and CP-

SB-10, respectively.   

163. Plaintiffs obtained one boring sample using a Geoprobe from Cow 

Palace’s manure composting area, CP-SB-12.  The composting area is 

not lined in any way; composting occurs on native soils.  The results 

of Plaintiffs’ sampling are depicted in the table below:
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Sample ID Sample Date Depth pH, SU Phosphorus
ppm 

Nitrate 
ppm 

Ammonium-
N, ppm 

Total 
Nitrogen/Solid, 
mg/kg 

CP-SB-12-0-1 5/19/2014 0-1 8.9 330 12.3 100 2170 
CP-SB-12-1-2 5/19/2014 1-2 8 270 5.5 70 1680 
CP-SB-12-2-3 5/19/2014 2-3 7.6 51.6 1 20 869 
CP-SB-12-3-4 5/19/2014 3-4 7.6 59.4 0.9 14 8210 
CP-SB-12-4-5 5/19/2014 4-5 7.5 35.3 49.6 4.5 602 
CP-SB-12-5-6 5/19/2014 5-6 7.7 20.2 1.6 12 450 
CP-SB-12-6-7 5/19/2014 6-7 7.7 26.4 1 100 818 
CP-SB-12-7-8 5/19/2014 7-8 8.6 462 0.9 95 2600 
CP-SB-12-8-9 5/19/2014 8-9 8.7 1970 6.8 180 5720 
CP-SB-12-10-11 5/19/2014 10-11 8 161 1.6 83 1930 
CP-SB-12-11-12 5/19/2014 11-12 8.2 65.2 4.2 19 832 
CP-SB-12-12-13 5/19/2014 12-13 7.6 5.1 8.4 5.9 276 
CP-SB-12-15-16 5/19/2014 15-16 8.1 7.2 5.1 5.2 133 
CP-SB-12- 16-17 5/19/2014 16-17 7.9 2.9 2.1 3.5 < 100 
CP-SB-12-17-18 5/19/2014 17-18 7.8 1.5 4.3 2.5 < 100 
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164. In my opinion, these results show that Cow Palace’s composting area 

is another significant source of nitrogen loading from the Dairy, and is 

responsible for excess nitrate moving deeper into the soil and toward 

groundwater.  At the 4-5 foot depth, there was a “slug” of nitrate 

contamination observed at 49.6 ppm.  This nitrate has nowhere to go but 

groundwater; there is no crop to utilize it, and the soils are not suitable for 

denitrification.  The ammonium levels are also excessively high.  The 100 

ppm level at 6-7 feet and the 180 ppm level at 8-9 feet indicate a significant 

source of contamination in the different layers of soil.  The presence of 

nitrate all the way down through 18 feet indicates that there is oxygen 

present in the soil, and therefore there is no opportunity for denitrification to 

occur.  The high ammonia amounts will eventually be converted to nitrate 

under these conditions.  The excessively high phosphorus result of 1970 

ppm obtained in the 9-10 foot depth also confirms that significant 

contamination is present in the soil in the composting area.  Phosphorus is 

much less mobile than is nitrate, yet the fact that it was found in higher 

concentrations underlying the composting area than in any of the field 

samples is evidence of significant seepage.  

165. In conclusion, these boring results demonstrate that Cow Palace’s 

composting area is a significant source of nitrogen loading at the Dairy.  
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That excess nitrate and phosphorus were present well beneath the 

composting area show that Cow Palace’s manure and composting manure, 

including the valuable plant nutrients contained in them, such as nitrate and 

phosphorus, are being leached through the permeable soils upon which 

composting occurs, moving into the ground where they cannot be used as 

fertilizer, either by Cow Palace or the recipients of Cow Palace’s exported 

compost.  

166. Plaintiffs also obtained two borings in Cow Palace’s cow confinement 

pens using the Geoprobe.  I have personally observed that the cows 

contained in these pens defecate and urinate onto the ground, and that they 

are covered in manure while in the pens.  See, e.g., Exhibit 3 (photographs 

taken during Plaintiffs’ fall 2013 site inspection at Cow Palace).  I 

understand from the depositions of Cow Palace’s personnel, including Jeff 

Boivin, that the pens are only scraped during the winter months, and that the 

manure in the pens is left to accumulate during summer, where it is 

susceptible to leaching through the ground.303   

167. The results of Plaintiffs’ sampling of the cow pens are contained in 

the table below:

                                                
303 Boivin Trans. 76:7-77:4. 
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Sample ID Sample 
Date Depth pH, SU Phosphorus, 

ppm 
Nitrate, 
ppm 

Ammonium-N, 
ppm 

Total 
Nitrogen/Solid, 
mg/kg 

CP-SB-10-0-1 5/19/2014 0-1 8.2 82 29.9 60 1060 

CP-SB-10-1-2 5/19/2014 1-2 7.8 6.5 94.9 8.5 470 

CP-SB-10-2-3 5/19/2014 2-3 7.6 5.5 92.1 0.8 295 

CP-SB-10-3-4 5/19/2014 3-4 7.9 18.2 40 1.8 358 

CP-SB-10-4-5 5/19/2014 4-5 7.9 9.1 8.5 2.4 153 

CP-SB-10-5-6 5/19/2014 5-6 8.2 1.5 4.8 3.4 106 

CP-SB-10-6-7 5/19/2014 6-7 8.4 1.9 4.7 2.4 126 

CP-SB-10-7-8 5/19/2014 7-8 8.5 3.1 2.9 7.1 161 

CP-SB-10-9-10 5/19/2014 9-10 8.5 6.5 5.5 2.2 128 

CP-SB-11-0-1 5/20/2014 0-1 7.9 39.2 1.9 29 676 

CP-SB-11-1-2 5/20/2014 1-2 8.1 75 1.6 160 1090 

CP-SB-11-2-3 5/20/2014 2-3 8.7 25.4 14.2 130 591 
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168. These results demonstrate that cow manure constituents have leached 

through Cow Palace’s pens into the soil, where they are destined to reach 

groundwater.  The results from the first three feet of the boring CP-SB-10 

are most telling.  There, nitrate was observed in the 0-1 foot depth at 29.9 

ppm, at the 1-2 foot depth at 94.9 ppm, and at the 2-3 foot depth at 92.1 

ppm.  Four feet down, there was 40 ppm nitrate observed in the soil.  

Because there are no crops planted in the pens, and the soils underneath are 

not suitable for denitrification, there is no place for this excess nitrate to go 

but groundwater.  This data also suggests that phosphorus and ammonia are 

moving deeper into the soil profile, providing further corroborating evidence 

that leaching is occurring, and that manure constituents, including nitrate, 

will eventually result in groundwater contamination. 

169. Cow Palace apparently took its own samples from its confinement 

pens on January 21, 2002.  Those samples showed that in Pen #9, there was 

360 lbs./ac nitrate in the top foot, and 190 lbs./ac nitrate in the third foot.  In 

Pen 18, there was 310 lbs./ac nitrate in the top foot, and 95 lbs./ac nitrate in 

the three foot range.304  These are very high nitrate numbers, indicating that 

substantial amounts of contaminants had penetrated the soil and were 

making their way downward with water movement.  Because there are no 

                                                
304 COWPAL010641. 
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crops grown in Cow Palace’s pens, and the soils are not suitable for 

denitrification, there is no place for this excess nitrate to go but groundwater.   

170. It is my opinion that results from these borings, and Cow Palace’s 

own samples, demonstrate that Cow Palace’s cow pens are a contributing 

source of nitrogen loading from the Dairy facility.  The fact that excess 

nitrate and phosphorus were present beneath the pens show that Cow 

Palace’s manure, including nitrate and phosphorus, are being leached 

through the permeable soils upon which the pens are situated, moving into 

the ground where they cannot be used as fertilizer by Cow Palace.  Further 

remedial investigation is required to determine the extent of the loadings 

from the pens.  The results indicate that further testing is required to 

determine the preferential flow pathways in the pens.  My own research and 

scientific literature305 suggest greatest leaching to occur where hoof 

compaction is the least, such as along the edges of pens or where ponding 

occurs within the pens.  The large volume of urine (5.8 gallons per day306) 

produced per animal unit adds greatly to the leaching potential of pens with 

                                                
305 B. Shaw, N. Turyk, 1992. Effects of Barnyard Management Practices on Groundwater 
Quality in Central Sands of Wisconsin. Final Report to WI DNR, Groundwater 
Management Section; Gillham, R.W., and L.R. Weber, 1969.  Nitrogen contamination of 
groundwater by leachates. Journal WPCF, Vol. 41 No.10; Bowen, B. D., 1987. Potential 
for Nitrogen Groundwater Contamination from Animal confinement Areas in Central WI. 
MS Thesis, Univ. WI Stevens Point. 
306 ASAE 2005, 'Manure Production and Characteristics', ASAE Standard, D384.2, 
American Society of Agricultural Engineers, St. Joseph, Michigan, USA.  This document 
uses value of 22 KG/cow per day, which is equal to 5.8 gallons urine per day. 
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high animal densities and the large areas covered with the pens.  

171. Finally, Plaintiffs obtained a Geoprobe sample from between two of 

Cow Palace’s impoundments, a stormwater catch basin that receives 

stormwater runoff and manure from Cow Palace’s pens and other areas and 

the silage pit which gets run-off from the silage area and other areas.  Just 

like the rest of Cow Palace’s lagoons, these lagoons have no geosynthetic 

liner to prevent the migration of contaminants such as nitrate into the ground 

and groundwater.   

172. The results of Plaintiffs’ sampling are depicted in the table below: 
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CP-SB-04C-8-10 5/22/2014 8-10 7.7 38 20.3 1.1 270 

CP-SB-04C-10-12 5/22/2014 10-12 7.7 5.1 18.2 0.9 887 

CP-SB-04C-13-15 5/22/2014 13-15 7.8 4.9 14.4 0.8 < 100 

CP-SB-04C-15-16 5/22/2014 15-16 7.7 5.9 27 1.2 138 

CP-SB-04-17.8-
18.2 5/19/2014 17.8-

18.2 7.2 10.7 22 4.4 112 

CP-SB-04-19.5-20 5/19/2014 19.5-20 8 < 1.4 2.9 2 < 100 

CP-SB-04C-20-23 5/22/2014 20-23 7.8 < 1.4 7.8 0.5 < 100 

CP-SB-04C-27-30 5/22/2014 27-30 7.6 2.1 6.1 0.6 < 100 

CP-SB-04C-45.5-
47 5/22/2014 45.5-47 7.8 < 1.4 1.2 7.5 < 100 

Sample ID Sample 
Date Depth pH, SU Phosphorus, 

ppm 
Nitrate, 
ppm 

Ammonium-N, 
ppm 

Total 
Nitrogen/Solid, 
mg/kg 
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173. The results of Plaintiffs’ sampling, even though the sample was not 

directly below the lagoons, show that contaminant sources are present.  The 

exact cause of the contamination, because Plaintiffs were only allowed one 

boring around the Cow Palace lagoons, requires further investigation.  There 

are no crops to make use of the nutrients contained therein and there are no 

soils suitable for denitrification present.  Between depths of 8 and 18.2 feet 

below the lagoon, nitrate was observed at levels twice the maximum 

contaminant level, and was documented at 22 ppm between 17.8 and 18.2 

feet.  At 45.5-47 feet below ground surface, ammonium-N was present at 7.5 

ppm, a result that I would not expect to find unless there was a nitrogen 

source located above-surface.    

174. In summary, Cow Palace’s lagoons, pens, and composting area are 

contributory nitrogen loading sources at Cow Palace Dairy.  Plaintiffs’ 

sampling information demonstrates that manure and manure nutrients, such 

as nitrogen and phosphorus, are being leached through the soil and through 

the bottom of unlined lagoons and catch basins.  Because Cow Palace does 

not plant crops in the Dairy facility itself, and given that the soils underlying 

the facility are not suitable for denitrification, the nitrogen observed in 

Plaintiffs’ sampling will ultimately be discharged to groundwater.  These 

sources must be more fully investigated to determine their respective 

Carter Declaration 
Exhibit 1 - Page 161

Case 2:13-cv-03016-TOR    Document 237-2 ***NOT ON PUBLIC DOCKET***    Filed 12/01/14



 162 

loadings contributions to the overall nitrate contamination in the area.  

COW PALACE’S MANURE MANAGEMENT, STORAGE, AND 
APPLICATION PRACTICES HAVE CONTRIBUTED TO AND 

CONTINUE TO CONTRIBUTE TO THE NITRATE 
CONTAMINATION OF THE GROUNDWATER 

 
175. As discussed above, nitrate is highly mobile and, consequently, 

manure, which has significant amounts of nitrogen that convert to nitrate, 

must be carefully managed to prevent leaching to groundwater.  Cow 

Palace’s manure application records show that the Dairy has not carefully 

managed its nitrate loadings, placing massive amounts of excess nitrate into 

the soil.  When this nitrate is not used by a crop as fertilizer, it moves deeper 

into the soil with water movement, migrating below crop root zones and 

eventually to groundwater.  Because the soils underlying Cow Palace Dairy 

are not suitable for denitrification, see Para. 22, supra, the only likely fate of 

excess nitrate applied to Cow Palace’s fields is eventual discharge to 

groundwater.  The same is true for the excess nitrate found near Cow 

Palace’s stormwater catch basin, composting area, and confinement pens.  

There is simply no other place for this nitrate to go but to groundwater. 

176. The travel time of nitrate – that is, how long it takes for excess nitrate 

found in soil to migrate to groundwater – is highly variable.  As discussed 

above, the geologic conditions in the vicinity of Cow Palace contain 

preferential pathways of water migration, due to the differing densities of 
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subsurface soils.  This means that excess nitrate may travel to groundwater 

via a shorter path in one location than it would in another.  Importantly, 

however, and as discussed supra, the soil conditions around Cow Palace 

Dairy show that the soils are not suitable for denitrification.  It is, therefore, 

a virtual certainty that the excess nitrate observed in and around the 

subsurface of Cow Palace will discharge to groundwater.  

177. The dominant soils in the area of Cow Palace include the Warden soil 

series, which is characterized as a well-drained soil with silt loam surface 

texture originating from wind blown loess.  The subsoil grades from the 

loess to alluvial deposits, originating from soil erosion in the nearby Rattle 

Snake Hills, many of which are highly permeable.  The combination of well-

drained, moderate to high permeability soils with coarse subsoil layers 

makes ideal conditions for rapid movement of nitrate and other contaminants 

to groundwater.  Both the NRCS soil survey and the EPA reports indicate a 

high leaching potential from these soils and the need for careful irrigation 

and soil management to avoid groundwater contamination. 

178. Estimating groundwater recharge and chemical transport by soil 

hydraulic conductivity alone often over-estimates the travel time for transfer 

to groundwater.  This is largely due to preferential flow paths that occur in 

most soils, such as those found in and around Cow Palace Dairy.  A 
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combination of macro pores, soil structure properties, and overlapping lenses 

of soils with different porosities often results in a rapid transport time from 

soil surfaces to groundwater.  One study found that flow became more 

preferential with depth; at depths of six meters, the flow was moving 

through less than 1 % of the whole soil matrix.  This means that 99% of the 

soil had insignificant amount of flow compared to the 1 percent where 

virtually all of the flow occurred.  Based on the soil types found in the 

vicinity of Cow Palace Dairy, I believe similar flow patterns exist.307  The 

process of unsaturated flow is summarized by Nimmo, J.R., 2005, 

Unsaturated Zone Flow Processes Encyclopedia of Hydrological Sciences 

Part. 13—Groundwater: Chichester, UK, Wiley, v.4, pp. 2299-2392. 

179. The rate of nitrate movement is determined by the rate of water 

movement through the vadose zone, which in turn is determined by the soil 

texture and amount of water escaping the root zone of a field.  The amount 

of water moving vertically through the vadose zone and recharging 

groundwater in the Yakima area is largely dependent on, among other 

                                                
307 Kung, K.J.S. 1990.  Preferential flow in a sandy vadose zone. Geoderma, pp. 46, 51-
58. 1990-049956.  Other references that discuss and indicate the potential for preferential 
flow in a wide range of soil conditions include: Sandra M. Eberts, Mary Ann Thomas, 
and Martha L. Jagucki, “Factors Affecting Public-Supply-Well Vulnerability to 
Contamination: Understanding Observed Water Quality and Anticipating Future Water 
Quality;” “Estimating areas contributing recharge to wells,” USGS circular 1174, page 
14; and “Recharge rates and chemistry beneath playas of the high plains aquifer” USGS 
2008/5156. 
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factors, irrigation management.308  This means that Cow Palace’s irrigation 

practices have a strong effect on the rate that water and, correspondingly, 

nitrates, move through the soil matrix.  

180. Groundwater contamination by nitrates in the Yakima Valley has been 

studied by EPA and Washington State Department of Ecology.  These 

studies indicate that the likely source of high nitrates is most closely tied to 

recent agricultural activities.309  The USGS has also documented the strong 

interface in the Lower Yakima Valley between shallow groundwater and 

nearby surface waters, including the Yakima River.  In particular, USGS 

researchers found that young, shallow groundwater had the greatest 

interconnectedness with surface waters.310  Shallow groundwater is most 

likely to be the first groundwater negatively impacted by agricultural 

activities, such as Cow Palace’s over-application of manure to agricultural 

fields.  Consequently, surface water quality can be detrimentally affected by 

contamination entering the shallow groundwater from anthropogenic 

sources.   

                                                
308 J.J. Vaccaro and T.D. Olsen, “Estimates of Ground-Water Recharge to the Yakima 
River Basin Aquifer System, Washington, for Predevelopment and Current Land-Use and 
Land-Cover Conditions,” USGS 2009, p. 24.   
309 Quality of Ground Water in Private Wells in the Lower Yakima Valley, 2001-02 
Ecology Publication 02-10-074, pp. 14, 34; Lower Yakima Valley Groundwater Quality: 
Preliminary Assessment, Ecology Publication 10-10-009.   
310 River-Aquifer Exchanges in the Yakima River Basin, Washington, USGS Scientific 
Investigations Report 2011-5026, pp. 86-87.  
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181. While surface waters can be impacted by discharges from 

interconnected shallow groundwater, another cause for concern is the threat 

of runoff to surface waters from overloaded application fields.  Manure 

nutrients, especially phosphorus, have a strong tendency to runoff fields with 

over-application, over-irrigation, and precipitation.  The likelihood that 

nutrient runoff reaches surface waters is directly related to the degree to 

which the fields have been overloaded; in Cow Palace’s case, the Dairy’s 

application fields have very high levels of nitrate and phosphorus, placed 

there by a history of consistent manure over-application.  I believe there is a 

strong chance that some of the nutrients have already made their way to 

nearby surface waters.   

182. I have reviewed the well installation reports and data, well logs, 

general lithology, sampling results, data usability reports, and the EPA 

study, including its tables and appendices, in analyzing whether Cow Palace 

Dairy’s manure application practices have contributed and are contributing 

to the nitrate contamination observed in the groundwater beneath and nearby 

the Dairy.   

183. Cow Palace’s contractor for completion of the AOC activities, 

Arcadis, has developed a site model that corresponds to my opinion about 

whether Cow Palace’s manure management practices have contributed to the 
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nitrate contamination of the groundwater.  Arcadis’s “conceptual site model” 

is reproduced below:
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SDWA-10-2013-0080 
\WA03FP01\Data\Yakima Valley Dairies\00003\Figures 03242014 

The information included on this graphic representation has been compiled from a variety of sources and is subject to change without notice. ARCADIS makes no representations or warranties, 
express or implied, as to accuracy, completeness, timeiness, or rights to the use of such information. This document is not intended for use as a land. survey product nor is it designed or intended 
as a construction design document. The use or misuse of the infonnation contained on this graphic representation is at the soe risk of the party using or misusing the information. 

ANIMAL PENS LAGOONS COMPOST 
STORAGE CROP FIELDS DRINKING 

WATER 

IRRIGATION FROM LAGOONS 

RUNOFF TO LAGOONS RUNOFF TO LAGOONS 

I I 
I 

REPRESENTATION ONLY- NOT TO SCALE YAKIMA VALLEY DAIRIES 
SDWA-1 0-2013-0080 

QUARERLY GROUNDWATER MONITORING 

CONCEPTUAL SITE MODEL 

FIGURE ARCADIS 5 

DAI Rl ES009799 
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184. Arcadis’ model indicates that nitrate contamination comes from multiple 

sources: Cow Palace’s unlined manure storage lagoons, its application of manure 

to cropland in quantities that exceed agronomic rates, animal pen infiltration, and 

infiltration from compost areas.  If the conceptual model is correct, and Cow 

Palace’s manure management practices can be said to have caused or contributed 

to the nitrate contamination observed in the groundwater, then I would expect to 

see the following: 

a. Few or no hydrologically upgradient nitrogen sources near Cow 

Palace Dairy; 

b. Upgradient monitoring wells that have lower nitrate numbers and little 

to no other significant levels of tracer chemicals associated with cow 

manure; and 

c. Higher levels of nitrate and tracer chemicals associated with cow 

manure, and possibly dairy related pharmaceuticals found in the 

groundwater hydrologically downgradient of Cow Palace Dairy and 

its application fields. 

185. There are many “tracer” chemicals associated with cow manure that appear 

in groundwater.  The presence of these chemicals, along with the presence of 

nitrate, can establish whether the nitrate observed in groundwater is from cow 
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manure or some other potential source.  Parameters such as chloride, sodium, 

potassium, phosphorus, sulfate, magnesium, calcium, bicarbonate or alkalinity, and 

ammonia are some of the types of tracers that can be used to “trace” the source of 

nitrate contamination.   

186. In addition, the presence of dairy pharmaceuticals in downgradient 

monitoring wells can provide further support that the source of nitrate 

contamination is dairy-related.  In this case, the EPA tested downgradient wells 

from Cow Palace for the presence of dairy-related pharmaceuticals, including 

monensin, which is used by Cow Palace.311  The results of EPA’s pharmaceutical 

sampling are produced below:  

                                                
311 Boivin Trans. at 105:12-106:4.   
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187. I have also reviewed excerpts of Cow Palace manger Jeff Boivin’s testimony 

   
    

 
    

  

 
     

 

       

   
      
      
      

   
      
      
      
      
      
      
      
      
      
      
      

    
      
      
      
      
      
      
      
      

   
      
      
      
      
      
      

    
   

      
   

    

Relation Between Nitrate in Water Wells and 
Potential Sources in the Lower Yakima Valley September 2012 

Table 21: Dairy Cluster – Concentrations of Five Veterinary Pharmaceuticals in Wells, 
Lagoons, Manure Piles, and Application Fields 

Sample 
Locationa Chlortetracycline Monensin Tetracycline Tylosin Virginiamycin 

Upgradient Water Well (reported as µg/L) 

WW-06 ND ND 0.051 (J) ND ND 

Dairy Supply Wells (reported as µg/L) 
WW-07 ND 0.109 0.041 (J) ND 0.023 (J) 
WW-08 ND ND 5.17 ND ND 
WW-09 ND 0.023 ND ND ND 

Dairy Lagoons (reported as µg/L) 
LG-05 0.075 (J) 430.2 (J) 4.48 (J) 1.7(J) 0.334 (J) 
LG-06 ND 463.8 (J) 5.41 (J) 10.22(J) R 
LG-07 R R 0.442 (J) 0.184 (J) R 
LG-08 R 449.6 (J) 6.07 (J) R R 
LG-09 R 337.7 (J) 3.6 (J) 1.07 (J) R 
LG-10 0.079 (J) 2.24 (J) 6.55 (J) R 0.816 (J) 
LG-11 R 85 (J) 1.76 (J) R 0.413 (J) 
LG-12 R 135 (J) 1.91 (J) R 0.314 (J) 
LG-13 R 662 (J) 10.3 (J) 0.139 (J) 0.184 (J) 
LG-14 R 498 (J) 8.6 (J) R R 
LG-15 R 426 (J) 7.55 (J) R 1.0 (J) 

Dairy Manure Piles and Dairy Application Fields (reported as µg/kg) 
SO-03 0.7 109 954 14.8 ND 
SO-04 0.6 5.1 27.4 2.1 ND 
SO-05 17.7 1329 17.9 ND ND 
SO-06 3.0 5.1 16.5 ND ND 
SO-07 2303 283 2484 21.1 ND 
SO-08 13.5 7.9 104 ND ND 
SO-09 ND 437 309 ND ND 
SO-10 ND 7 53 ND ND 

Downgradient Water Wells (reported as µg/L) 
WW-10 ND 0.499 ND ND ND 
WW-11 ND ND 0.038 0.029 ND 
WW-13 ND ND ND ND 0.041 
WW-14 ND 0.033 ND ND 0.024 
WW-15 0.119 ND ND ND ND 
WW-17 ND ND 0.049 ND ND 
aWater wells WW-12 and WW-16 had no detections and dairy lagoon sample LG-04 had no detections of  
these five compounds.  
J – the compound was positively identified, but the associated numerical value is an estimate.  
ND – not detected.  
R – the data are unusable for all purposes because of analytical problems with the sample.  

59 
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where he testified that he had spoken with Mr. Freeman from Arcadis and Mr. 

Freeman indicated the potential for Fields 1 and 2, discussed in detail previously, 

to be contributing to the groundwater contamination.312  I not only agree that Fields 

1 and 2, along with other sources, are potential contributors, but that they are past 

and active contributors to the nitrate contamination found in the groundwater. 

188. In coming to my conclusions, I examined whether there are other 

hydrologically upgradient sources that may contribute to the nitrogen loading of 

the soils and, eventually, groundwater.  From the aerial maps I have reviewed, 

there are no major nitrogen loading sources located upgradient from the Cow 

Palace Dairy.  Water flows down from the Rattlesnake Hills, which are higher in 

elevation than the Dairy and located just to the north of the facility.  There are a 

few agricultural fields located north of Cow Palace; given the low nitrate 

concentrations observed in the upgradient wells, however, I do not believe these 

fields to be a major contributor to the nitrate contamination of the groundwater 

found down gradient of Cow Palace facility and fields.  Some of these areas above 

Cow Palace, however, have had manure and/or fertilizer applications in the past, 

and one area has been used by the DeRuyter Dairies for manure storage.313  

189. Cow Palace’s own well information shows that there is a steep drop in 

elevation – both topographically and hydrologically – between its upgradient wells 

                                                
312 Boivin Transcript at 68:6-69:1 and 70:23-71:15. 
313 George DeRuyter Transcript at 52:4-53:9 and Ex. 204. 
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and downgradient wells: 

a. One of Cow Palace’s cross-section maps shows a nearly 230 foot 

difference in surface elevation (feet AMSL) between the top of YVD-02, 

one of the Dairy’s upgradient wells, and the top of YVD-07, a well 

located just east of the Cow Palace Dairy.314  The difference in 

groundwater elevation is similar, in that that water was observed at a 

much lower elevation in YVD-07 than YVD-02.  When drilled, 

weathered basalt was located at YVD-02 at a depth of only twelve feet 

below the top of the wellhead.315   

b. Similarly, the top of upgradient well DC-01 is nearly 80 feet higher in 

elevation than the top of YVD-03; 140 feet higher in elevation than the 

top of YVD-05; approximately 230 feet higher in elevation than the top 

of YVD-09; and nearly 280 feet higher in elevation than YVD-14.  

Again, groundwater elevation was closely related to surface elevation, 

with the top of the groundwater located at DC-01 being nearly 100 feet 

higher in elevation than the water observed in YVD-03 and nearly 200 

feet higher in elevation than the groundwater observed in YVD-17.316 

c. This pattern repeats itself throughout Cow Palace’s cross-sectional 
                                                
314 DAIRIES009811 (Figure 12 of Draft “Final” 3Q2013 groundwater report, dated April 29, 
2014).   
315 DAIRIES10831 (well log for YVD-02, static water level was 20.2 ft. below ground surface or 
“bgs”).   
316 DAIRES009809 (Figure 10).   
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diagrams: groundwater elevation is higher in the topographically 

elevated, upgradient well locations to the north; the surface topographical 

elevation decreases the further south one moves away from the 

Rattlesnake Hills, and the groundwater elevation closely matches the 

change in surface elevation.317  

d. These very steep gradients in the water table translate into very high 

groundwater flow rates in the northern part of the area monitored by this 

project.318  Arcadis estimates the linear flow velocities for groundwater 

flows to be up to 47.7 feet per day in the upslope areas, 14.3 feet/day in 

the central area and 1.0 foot per day in the southern area.319  These are 

only estimates, but are realistic based on the slope and soil materials. 

This means that the groundwater is moving very rapidly in the northern 

part of the site, making it more difficult to monitor local recharge with 

the monitoring system used.   I believe that flow and clean water quality 

from upgradient groundwater will mix with the local contaminated 

recharge due to increasing mixing with the more rapidly flowing water, 

and the fact that 20 foot well screens were used means that the water 

being sampled is from the top 20 feet of the aquifer. or however many 
                                                
317 See, e.g., DARIES009807-13.  The other cross sectional diagrams I have reviewed further 
confirm this analysis.  See DAIRIES010199-205 (cross-sectional diagrams from 2013 4th 
Quarter groundwater monitoring report.   
318 DAIRIES010138.   
319 Id. 
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feet the well screed penetrated into the aquifer.  I also believe that 

relatively small amounts of recharge will occur until the irrigation canal 

and Cow Palace facilities are encountered.   

190. It is a given that water does not naturally flow uphill.  Consequently, the 

groundwater observed in monitoring well YVD-02, which is the highest 

hydrologically and topographically from Cow Palace Dairy, represents the 

condition of the groundwater without any inputs from Cow Palace’s manure 

management practices or other Cow Palace sources.  This well is the only one that 

does not have any agricultural fields upgradient and therefore is the best to 

represent predevelopment groundwater quality; it is, however, located on the edge 

of an agricultural field.  DC-01 is also identified as an upgradient monitoring well; 

that well, however, is approximately 220 feet lower in surface topographical 

elevation than YVD-02, and is likely influenced by some of the agricultural fields 

located above and upgradient of it.   

191. There have been small quantities of nitrate, ammonia, dairy pharmaceuticals, 

or other tracer chemicals associated with cow manure found in the monitoring 

wells upgradient of Cow Palace Dairy.  I have reviewed sampling records for these 

wells, and reached the following conclusions: 

a.   The upgradient well sampled by EPA as part of its Study, “WW-06,” 

reported only 0.71 ppm nitrate when tested, with ammonia not being 
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detected at all in the sampled water.320  Based on this result, I do not 

believe that there are nitrogen loading sources affecting the water 

samples in this well, however, the well screen is not located at the top of 

the water table and would not be sampling the water recharging 

groundwater in the immediate well vicinity.321.  As such, I do not believe 

this well is the best well to be used to evaluate local water quality 

conditions.   

b. Based on groundwater contour maps,322 the only true upgradient well for 

purposes of the AOC is identified as YVD-02.  I believe that this well 

represents the best example of the chemical condition of groundwater 

that is not in most seasons impacted by other human-influenced sources, 

unless the adjacent agricultural field where the well is located has some 

impact such as observed in the March 2014 sample.  YVD-02 is located 

at a ground elevation of 1,285.81 ft. AMSL, with a depth of 35 ft. bgs.  

The static water level is 24.2 ft. bgs.  The water table elevation at YVD-

02 is 1264.8 ft. AMSL.323  From the well log I have seen, YVD-02 

encountered weathered basalt only 12 feet below the surface, which is 

                                                
320 EPA Report at p. 52, Table 20. 
321 DAIRIES000968.   
322 See, e.g., DAIRIES009814 (groundwater contour map, third quarter 2013 sampling report)  
323 DAIRIES010820 (final groundwater monitoring well installation report).   
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consistent with its location near the Rattlesnake Hills.324 From the maps I 

have reviewed, there do not appear to be any upgradient agricultural 

activities near this well; to the north is the Rattlesnake Hills and land that 

does not appear to receive any irrigation.  I have seen the following 

sampling events for that well; I believe the jump in nitrate observed 

during the March 16 sampling event may be due to either lab error or 

nearby fertilizer application, as the June 2 sampling showed the nitrate 

number decreased back down to the level observed previously.   

Well  Well Depth     
(ft bgs) 

Water Table Elevation                  
(ft AMSL) (reported once 

in well installation rpt) 

AOC-upgradient/ 
AOC-downgradient/ 

Background 
YVD-02 35 1264.8 ft.  Background 

 

Date DTW  
(ft bTOC) 

Chloride 
(mg/l) 

Calcium 
(mg/l) 

Nitrate 
(mg/l) 

Phosphorus 
(mg/l) 

Sodium 
(mg/l) 

Sulfate 
(mg/l) 

Magnesium 
(mg/l) 

09/24/13 25.09 3.85 20.4 0.41 0.124 J 8.56 5.77 5.89 
03/16/14 unavailable 3.93 90.8 5.3 U 0.06 88.6 66.9 71.7 
06/02/14 unavailable 2.75 62.7 <0.200 U 3.80 J 23.0 3.12 48.7 

 

c. Another well identified by Cow Palace Dairy as upgradient is YVD-03.  

YVD-03 is located at a ground elevation of 1118.15 ft. AMSL, with a 

total well depth of 200.1 ft. bgs.  The static water level in the well is 

189.7 ft. bgs, and the well is screened – that is, the depth that it allows 

                                                
324 DAIRIES010831. 
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water into the well – between 180.1 ft. bgs to 199.6 ft. bgs.325  I have seen 

the following sampling events for that well: 

Well  Well Depth     
(ft bgs) 

Water Table Elevation                  
(ft AMSL) (reported once 

in well installation rpt) 

AOC-upgradient/ 
AOC-downgradient/ 

Background 
YVD-03 200.1 931 AOC - upgradient 

 

Date DTW  
(ft bTOC) 

Chloride 
(mg/l) 

Calcium 
(mg/l) 

Nitrate 
(mg/l) 

Phosphorus 
(mg/l) 

Sodium 
(mg/l) 

Sulfate 
(mg/l) 

Magnesium 
(mg/l) 

09/16/13 198.88 14 57.5 4.75 0.890 43.000 70.7 24.3 
12/10/13 190.42 14.3 48.7 5.96 1.020 40.2 54.8 J 20.4 
03/17/14 unavailable 13.3 51.2 4.75 0.23 37.6 38 18.2 
06/02/14 unavailable 10.7 46.40 3.9 0.300 J 36.8 36.0 16.8 

 

d. Another well identified by Cow Palace Dairy as upgradient is YVD-04.  

YVD-04 is located at a ground elevation of 1116.06 ft. AMSL, with a 

total well depth of 245.2 ft. bgs and a static water level of 223.8 ft. bgs.  

The well is screened between 225.2 ft. to 244.7 ft. bgs.,326 and the top of 

the screen is approximately 1.5 feet below the top of the water table, 

meaning that this well misses the very top part of the saturated zone.  

This well is useful in monitoring the agricultural activity upgradient of its 

location but is not a true background well.  I have seen the following 

sampling events for that well: 

 

                                                
325 DAIRIES010820. 
326 DAIRIES010820. 
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Well  Well Depth     
(ft bgs) 

Water Table Elevation                  
(ft AMSL) (reported once 

in well installation rpt) 

AOC-upgradient/ 
AOC-downgradient/ 

Background 
YVD-04 245.2 894.9 AOC - upgradient 

 

Date DTW  
(ft bTOC) 

Chloride 
(mg/l) 

Calcium 
(mg/l) 

Nitrate 
(mg/l) 

Phosphorus 
(mg/l) 

Sodium 
(mg/l) 

Sulfate 
(mg/l) 

Magnesium 
(mg/l) 

09/16/13 220.55 14.9 37.4 4.45 0.100 U 49.2 39.1 11.2 
12/10/13 223.5 15.0 38.2 4.64 0.112 49.9 42.2 J 11.7 
03/17/14 unavailable 15.1 37.7 4.03 0.078 47.8 35.2 11.6 
06/02/14 unavailable 14.3 36.8 3.78 0.053 J 50.5 36.2 11.5 

 

e. YVD-05 is located just south of the Cow Palace Dairy, at a ground 

elevation of 1052.26 ft. AMSL.  The well was drilled to 182.2 ft. bgs, 

with an observed static water level of 167.5 ft. bgs.  It is screened 

between 162.2-181.7 ft. bgs.327  Cow Palace designated YVD-05 as an 

upgradient well.328  While the well screen is within the parameters of the 

AOC well construction plan, the use of a 20-foot screen means that the 

well is sampling a wide range of groundwater, especially in the northern 

part of the site where flow is fast and upgradient groundwater, including 

seepage from the irrigation canal, is likely making up a significant part of 

the sample.  As a result, the nitrate levels observed are higher than the 

true background of <1mg/L and are probably due to leaching from the 

cow pens upgradient of this well.  The well was sampled on the following 

dates: 
                                                
327 DAIRIES010820. 
328 DAIRES000123 (Groundwater Monitoring Well QAPP).   
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Well  Well Depth     
(ft bgs) 

Water Table Elevation                  
(ft AMSL) (reported once 

in well installation rpt) 

AOC-upgradient/ 
AOC-downgradient/ 

Background 
YVD-05 182.2 884.3 AOC - downgradient 

 

Date DTW  
(ft bTOC) 

Chloride 
(mg/l) 

Calcium 
(mg/l) 

Nitrate 
(mg/l) 

Phosphorus 
(mg/l) 

Sodium 
(mg/l) 

Sulfate 
(mg/l) 

Magnesium 
(mg/l) 

09/17/13 167.41 10.2 66 4.9 1.62 46.2 76.8 31 
12/11/13 166.39 10.0 41.5 4.36 0.462 45.5 68.4 J 17.0 
03/17/14 unavailable 8.40 33.7 3.3 0.14 43.1 52.7 13.5 
06/01/14 unavailable 8.40 30.8 3.00 0.150 J 43.9 50.5 13.2 

 

i. These low nitrate results combined with the presence of low 

cow manure tracer chemicals indicate to me that the water 

being sampled from YVD-05 is from aquifer mixture of 

upgradient water and local recharge from the cow pens.  

f. Another well identified by Cow Palace Dairy as upgradient is DC-01.  

DC-01 is located at a ground elevation of 1,199.64 ft. AMSL, is 160.0 

ft. bgs in depth, and is screened at 140 ft. to 160 ft. bgs.  The static 

water level observed in DC-01 is 150.5 ft. bgs.329  In my opinion, this 

is not an ideal upgradient well, because it is not fully hydrologically 

upgradient from Cow Palace Dairy or other possible sources of 

nitrogen loading, such as the agricultural fields located above and 

north of the well.  Additionally, groundwater contour maps show that 

the flow of groundwater is from the northeast and to the southwest, 

                                                
329 DAIRIES010820. 
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meaning the water observed in DC-01 has likely been impacted by at 

least some surface activities.  One of these activities may be manure 

applications by the D &A Dairy or George DeRuyter & Son Dairy, 

which own the agricultural field upon which YVD-02 is situated – a 

field that is upgradient from DC-01.330  The results of this well are, 

therefore, higher in nitrate than the other upgradient wells. This well 

does not represent groundwater that is not impacted by agricultural 

activity and is not suited for representing true background water 

quality conditions. 

Well  Well Depth     
(ft bgs) 

Water Table Elevation                  
(ft AMSL) (reported once 

in well installation rpt) 

AOC-upgradient/ 
AOC-downgradient/ 

Background 
DC-01 160 1048.7 AOC - upgradient 

 

Date DTW  
(ft bTOC) 

Chloride 
(mg/l) 

Calcium 
(mg/l) 

Nitrate 
(mg/l) 

Phosphorus 
(mg/l) 

Sodium 
(mg/l) 

Sulfate 
(mg/l) 

Magnesium 
(mg/l) 

01/04/13 150.5     9.8         
09/24/13 15.47* 44 88.9 11.1 0.123 J 43 223 32.5 
12/11/13 150.49 47.8 91.4 11.5 0.186 41.9 280 J 32.6 
03/17/14 unavailable 48.2 90.5 11.2 0.079 40.2 250 31.4 
06/02/14 unavailable 41.4 <1.00 J 10 <0.050 J <0.500 

J 
224 31.9 

* appears to be a transposition error. 
 

 

192. In my opinion, the upgradient monitoring well results documented thus far 

                                                
330 See, e.g., DAIRIES009814 (groundwater contour map from Third Quarter 2013 sampling 
event, showing groundwater flow moving across DeRuyter’s application field and toward DC-
01).   
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demonstrate that there is little nitrogen loading occurring from any sources 

upgradient of Cow Palace Dairy.  While DC-01 is being affected by some nitrogen 

source, the rest of the upgradient wells show that the groundwater quality and 

chemistry is quite different –including lower nitrate and chloride contamination – 

than that observed in wells downgradient from the facilities.    

193. There are downgradient monitoring wells located both on the Cow Palace 

Dairy, the other Defendants’ facilities, and on land located downgradient from 

Cow Palace.  Below is a map showing the location of the relevant wells, along with 

surface land use activities.   
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194. From the results that have been obtained thus far, the predominant 

groundwater flow in the vicinity of Cow Palace Dairy is from the northeast and to 

the southwest, with some localized variations being more north-south.  Two 

groundwater contour maps showing this flow are reproduced below:   
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195. I have reviewed the sampling information obtained from these wells, and 

discuss the relevant parts in the paragraphs that follow.  Produced below are tables 

summarizing the results of sampling events from both upgradient and 

downgradient wells.    

196. YVD-06 is located within the Cow Palace Dairy facility, just south of a 

lagoon and east of confinement pens.  The well is located at a ground elevation of 

1053.88 ft. AMSL and was drilled to a total depth of 169 ft. bgs.  The static water 

level in the well was observed at 110.7 ft. bgs, and the well was screened between 

149-168.5 ft. bgs.331  This means the top of the well screen is 39 feet below the top 

of the water table and is not sampling groundwater originating near this well site, 

but rather most likely groundwater originating some distance to the north.  I 

believe this well was drilled and screened within the deeper part of the aquifer in 

the area, and is not capable of showing nitrate contributions from Cow Palace 

Dairy to the shallower part of the aquifer, especially considering that the 

predominant groundwater flow in the area shows that this well is likely 

intercepting deep groundwater flowing from the northeast. 

197. I believe that the sampling results for YVD-06, along with the well 

screening depth, show that the groundwater intercepted by the well has not been 

impacted by Cow Palace Dairy’s manure management practices.  The well was 

                                                
331 DAIRIES010820. 
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sampled on the following dates: 

Well  Well Depth     
(ft bgs) 

Water Table Elevation                  
(ft AMSL) (reported once 

in well installation rpt) 

AOC-upgradient/ 
AOC-downgradient/ 

Background 
YVD-06 169 942.8 Background 

 

Date DTW  
(ft bTOC) 

Chloride 
(mg/l) 

Calcium 
(mg/l) 

Nitrate 
(mg/l) 

Phosphorus 
(mg/l) 

Sodium 
(mg/l) 

Sulfate 
(mg/l) 

Magnesium 
(mg/l) 

09/17/13 110.67 3.13 46 0.51 0.410 17.600 8.140 12.8 
12/09/13 108.21 2.73 31.2 J 0.49 J 0.0600 U 13.0 J 8.53 5.27 J 
3/16/2014* unavailable 3.470 40.1 0.61 0.13 16.20 8.33 7.59 
06/01/14 unavailable 2.88 37.8 0.51 0.057 J 16.7 7.59 6.50 
*labeled as "field blank," duplicate labeled YVD-D1 

 

198. These low nitrate results combined with the presence of low to no cow 

manure tracer chemicals indicate to me that the water being sampled from YVD-06 

is from the areas upgradient of the agricultural area and should be considered a 

good example of upgradient water quality that is not presently impacted by Cow 

Palace’s manure management practices.   

199. YVD-09 is located on the Henry Bosma Dairy facility, which itself is due 

south of Cow Palace Dairy and southwest of Cow Palace’s application fields.   The 

well is located at a ground elevation of 964.28 ft. AMSL, and was drilled to a 

depth of 122.3 ft. bgs.  The static water level is identified as 110 ft. bgs, and the 

well is screened between 102.3-121.8 ft. bgs.332  Based on the location of this well, 

which is downgradient from Cow Palace’s application fields, and the sampling 

results discussed below, Cow Palace’s manure management practices have 
                                                
332 DAIRIES010820.   
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contributed to the nitrate contamination observed in the groundwater intercepted 

by this well.  While this well may also be influenced by surface activities at the 

Henry Bosma Dairy facility, its location downgradient from Cow Palace’s 

application fields means that Cow Palace is a likely contributor to the 

contamination found in the well.  

200. The sampling results for YVD-09 show that the groundwater intercepted by 

the well has likely been impacted by both Bosma Dairy and Cow Palace.  The well 

was sampled on the following dates: 

Well  Well Depth     
(ft bgs) 

Water Table Elevation                  
(ft AMSL) (reported once 

in well installation rpt) 

AOC-upgradient/ 
AOC-downgradient/ 

Background 
YVD-09 122.3 856.8 AOC - downgradient 

 

Date DTW  
(ft bTOC) 

Chloride 
(mg/l) 

Calcium 
(mg/l) 

Nitrate 
(mg/l) 

Phosphorus 
(mg/l) 

Sodium 
(mg/l) 

Sulfate 
(mg/l) 

Magnesium 
(mg/l) 

09/19/13 110.00 96.3 J 107 74.7 0.232 J 189 236 39.3 
12/12/13 109.93 87.2 109 64.4 0.647 176 193 42 
03/19/14 unavailable 104.00 J 109.00 62.40 0.53 173.00 214.00 

J  
40.80 

06/03/14 unavailable 89.80 113.0 57.1 0.720 193 214 44.5 
  

201. These values indicate that the water intercepted by YVD-09 is impacted by 

manure management practices, likely primarily from Bosma Dairy, but may be in 

part impacted by Cow Palace, including over-application of manure to fields, 

leaking lagoons, and pen and compost area infiltration, which have caused excess 

nitrate to move through the soil and into groundwater, and that that excess nitrate is 

contributing to the nitrate contamination observed in YVD-09.  The nitrate values 
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observed in the well, as well high levels of manure tracers such as sodium, 

chloride, and sulfate levels, lead me to this conclusion.  

202. YVD-10 is located due south of Cow Palace Dairy and south of Cow 

Palace’s application fields.   The well is located at a ground elevation of 955.45 ft. 

AMSL, and was drilled to a depth of 103.1 ft. bgs.  The static water level is 

identified as 90.4 ft. bgs, and the well is screened between 83.1 to 102.6 ft. bgs.333  

Based on the location of this well, which is immediately downgradient from and in 

a direct groundwater flow path from Cow Palace’s application fields, and the 

sampling results discussed below, Cow Palace’s manure management practices 

have contributed to and are the main cause of the nitrate contamination observed in 

the groundwater intercepted by this well.  While this well may also be influenced 

by surface activities at the George DeRuyter & Son facility, its location 

immediately downgradient from Cow Palace’s application fields means that Cow 

Palace is a major contributor to the contamination found in the well. 

203. The sampling results for YVD-10 show that the groundwater intercepted by 

the well has been impacted by Cow Palace Dairy’s manure management practices, 

especially its consistent over-applications to agricultural fields located south of the 

Dairy and north of the well.  The well was sampled on the following dates: 
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Well  Well Depth     
(ft bgs) 

Water Table Elevation                  
(ft AMSL) (reported once 

in well installation rpt) 

AOC-upgradient/ 
AOC-downgradient/ 

Background 
YVD-10 103.1 867.6 AOC - downgradient 

 

Date DTW  
(ft bTOC) 

Chloride 
(mg/l) 

Calcium 
(mg/l) 

Nitrate 
(mg/l) 

Phosphorus 
(mg/l) 

Sodium 
(mg/l) 

Sulfate 
(mg/l) 

Magnesium 
(mg/l) 

09/17/13 90.23 95.4 216 95 0.148 104 199 51.8 
12/12/13 89.2 91.4 202 86.9 1.4 102 174 55.6 
03/19/14 unavailable 86.80 J 218.00 77.60 0.77 96.80 163.00 54.00 
06/03/14 unavailable 94.3 232 J 86.1 0.800 J 103 J 188 58.6 

 

204. These values indicate that the water intercepted by YVD-10 is impacted by 

Cow Palace’s manure management practices. Cow Palace’s history of applying 

manure to its upgradient fields in quantities exceeding agronomic rates, along with 

the other mentioned manure loading sources, have caused excess nitrate to move 

through the soil and into groundwater, and that excess nitrate is contributing to the 

nitrate contamination observed in YVD-10.  The nitrate values observed in the 

well, in addition to the presence of higher amounts of tracer chemicals associated 

with cow manure, lead me to this conclusion.    

205. YVD-14 is located to southwest of Cow Palace Dairy and its application 

fields, and is south of the Henry Bosma Dairy.   The well is located at a ground 

elevation of 917.64 ft. AMSL, and was drilled to a depth of 91 ft. bgs.  The static 

water level is identified as 77.2 ft. bgs, and the well is screened between 71-90.5 ft. 

bgs.334  Based on the location of this well, which is downgradient from Bosma 

                                                
334 DAIRIES010820.   
Carter Declaration 
Exhibit 1 - Page 191

Case 2:13-cv-03016-TOR    Document 237-2 ***NOT ON PUBLIC DOCKET***    Filed 12/01/14



 192 

Dairy and Cow Palace’s application fields, and the sampling results discussed 

below, I believe that Cow Palace’s manure management practices may have 

contributed to the nitrate contamination observed in the groundwater intercepted 

by this well.   While this well is influenced by surface activities at the Henry 

Bosma Dairy facility, its location downgradient from Cow Palace’s application 

fields, as depicted in Arcadis’ groundwater contour map, means that Cow Palace is 

a likely contributor to the contamination found in the well.  

Well  Well Depth     
(ft bgs) 

Water Table Elevation                  
(ft AMSL) (reported once 

in well installation rpt) 

AOC-upgradient/ 
AOC-downgradient/ 

Background 
YVD-14 91 843 AOC - downgradient 

 

Date DTW  
(ft bTOC) 

Chloride 
(mg/l) 

Calcium 
(mg/l) 

Nitrate 
(mg/l) 

Phosphorus 
(mg/l) 

Sodium 
(mg/l) 

Sulfate 
(mg/l) 

Magnesium 
(mg/l) 

09/18/13 77.31 118 260 112 0.100 U 110 213 65.4 
12/12/13 76.97 104 249 105 0.060 U 108 186 85.6 
03/19/14 unavailable 108.00 J 248.00 101.00 0.05 U 102.00 190 J 64.50 
06/04/14 unavailable 109 240 J 102 0.078 J 112 J 191 63.2 

 

206. These values indicate that the water intercepted by YVD-14 may be 

impacted by Cow Palace’s manure management practices (along with the practices 

at the Henry Bosma Dairy facility).  Cow Palace’s history of applying manure to 

its upgradient fields in quantities exceeding agronomic rates, along with the other 

mentioned manure loading sources, have caused excess nitrate to move through the 

soil and into groundwater, and that excess nitrate is contributing to the nitrate 

contamination observed in YVD-14.  The degree to which Cow Palace is 
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contributing to the likely loading from Henry Bosma Dairy requires further 

investigation.  In any case, the nitrate values observed in the well, in addition to the 

presence of higher amounts of tracer chemicals associated with cow manure, lead 

me to the conclusion that manure is causing the problem at this well. 

207. YVD-15 is located to the south of Cow Palace Dairy and its application 

fields.   The well is located at a ground elevation of 938.08 ft. AMSL, and was 

drilled to a depth of 105.1 ft. bgs.  The static water level is identified as 91.4 ft. 

bgs, and the well is screened between 85.1-104.6 ft. bgs.335  The location of this 

well is immediately downgradient from Cow Palace’s application fields and entire 

Cow Palace Dairy, and is therefore a very good well for evaluating the 

groundwater impacts from this CAFO.  Based on this location and the sampling 

results discussed below, I believe that Cow Palace’s manure management practices 

have contributed to the nitrate contamination observed in the groundwater 

intercepted by this well.   

208. In my opinion, the sampling results for YVD-15 show that the groundwater 

intercepted by the well has been impacted by Cow Palace Dairy’s manure 

management practices, especially its consistent over-applications to agricultural 

fields located south of the Dairy and north of this well.  The well was sampled on 

the following dates: 
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Well  Well Depth     
(ft bgs) 

Water Table Elevation                  
(ft AMSL) (reported once 

in well installation rpt) 

AOC-upgradient/ 
AOC-downgradient/ 

Background 
YVD-15 105.1 849.2 AOC - downgradient 

 

Date DTW  
(ft bTOC) 

Chloride 
(mg/l) 

Calcium 
(mg/l) 

Nitrate 
(mg/l) 

Phosphorus 
(mg/l) 

Sodium 
(mg/l) 

Sulfate 
(mg/l) 

Magnesium 
(mg/l) 

09/17/13 90.16 62.8 125 72.5 0.100 U 127 51.5 51.6 
12/12/13 90.49 120 131 71.2 0.238 114 114 59.4 
03/19/14 unavailable 54.90 J 124.00 47.40 0.22 93.50 44.70 57.90 
06/03/14 unavailable 82.5 138 88.1 0.310 110 39.0 64.7 

  

209. In my opinion, these values indicate that the water intercepted by YVD-15 is 

impacted by Cow Palace’s manure management practices.  I believe Cow Palace’s 

history of applying manure to its upgradient fields in quantities exceeding 

agronomic rates has caused excess nitrate to move through the soil and into 

groundwater, and that that excess nitrate is contributing to the nitrate 

contamination observed in YVD-15.  The nitrate values observed in the well, in 

addition to the presence of higher amounts of trace chemicals associated with cow 

manure, lead me to this conclusion.  

210. DC-14 is one of the EPA wells located south of the Cow Palace Dairy 

facility and just north of Lagoons 3, 4, and 5.  The well is located at a ground 

elevation of 1036.92 ft. AMSL, and was drilled to a depth of 151 ft. bgs.  The 

static water level is identified as 130 ft. bgs, and the well is screened between 

128.5-148.5 ft. bgs.336  18 feet of the well screen is below the water table, meaning 
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this well is likely mixing with a significant amount of upgradient groundwater and 

leachate from Cow Palace.  I believe this well is situated in an area where it is 

likely to show whether contamination from the Dairy facility itself is impacting 

groundwater.  Based on the sampling results discussed below, I believe that Cow 

Palace’s manure management practices – including lagoons that leak manure, cow 

pens that have substantial nitrate build-up, and potentially the composting area – 

have contributed to the nitrate contamination observed in the groundwater 

intercepted by this well. 

211. In my opinion, the sampling results for DC-14 show that the groundwater 

intercepted by the well has likely been impacted by Cow Palace Dairy’s manure 

management practices.  The well was sampled on the following dates: 

Well  Well Depth     
(ft bgs) 

Water Table Elevation                  
(ft AMSL) (reported once 

in well installation rpt) 

AOC-upgradient/ 
AOC-downgradient/ 

Background 
DC-14 151 906.6 AOC - downgradient 

 

Date DTW  
(ft bTOC) 

Chloride 
(mg/l) 

Calcium 
(mg/l) 

Nitrate 
(mg/l) 

Phosphorus 
(mg/l) 

Sodium 
(mg/l) 

Sulfate 
(mg/l) 

Magnesium 
(mg/l) 

01/03/13 130.61     26         
09/17/13 131.21 80.2 121 12 0.199 94.9 34.2 32.3 
12/11/13 131.1 64.4 91.2 5.8 0.167 94 33.9 J 23.9 
03/18/14 unavailable 71.8 107 10.6 0.26 87 35.7 28.4 
06/02/14 unavailable 56.1 <0.100 J 6.46 <0.050 J <0.500 

J 
24.2 26.3 

 

212. In my opinion, these values indicate that the water intercepted by DC-14 is 

impacted by Cow Palace’s manure management practices. I believe Cow Palace’s 
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storage of manure in unlined earthen lagoons, composting of manure on unlined 

surfaces, and keeping of animals in unlined confinement pens, where manure is 

allowed to accumulate, has caused nitrate to enter the ground, and that that nitrate 

is contributing to the contamination observed in DC-14.  The nitrate values 

observed in the well, in addition to the presence of trace chemicals associated with 

cow manure, especially chloride and sodium, lead me to this conclusion.  The 

fluctuation of water quality values at this location is likely due to the rapid 

groundwater flow rate in this part of the project area.  There may also be seasonal 

impacts from the irrigation canal, which would only recharge groundwater during 

the irrigation season, while lagoons and pens would have leaching potential year-

round.  

213. DC-3 is one of the EPA wells located south of the Cow Palace Dairy facility 

and south of the Henry Bosma Dairy.  The well is located at a ground elevation of 

911.04 ft. AMSL, and was drilled to a depth of 85 ft. bgs.  The static water level is 

identified as 72.4 ft. bgs, and the well is screened between 62.5-82.5 ft. bgs.337  

DC-03 is a shallow well, intended to intercept groundwater found in the shallower 

level of the aquifer.  Based on the sampling results discussed below, I believe that 

Bosma Dairies and Cow Palace’s manure management practices, including the 

over-application of manure to Cow Palace’s fields located upgradient from DC-03, 
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have contributed to the nitrate contamination observed in the groundwater 

intercepted by this well. 

214. The sampling results for DC-03 show that the groundwater intercepted by 

the well has potentially been impacted by Cow Palace Dairy’s manure 

management practices, although Henry Bosma Dairy is likely the major source.  

The well was sampled on the following dates: 

Well  Well Depth     
(ft bgs) 

Water Table Elevation                  
(ft AMSL) (reported once 

in well installation rpt) 

AOC-upgradient/ 
AOC-downgradient/ 

Background 
DC-03 85 838.2 AOC - downgradient 

 

Date DTW  
(ft bTOC) 

Chloride 
(mg/l) 

Calcium 
(mg/l) 

Nitrate 
(mg/l) 

Phosphorus 
(mg/l) 

Sodium 
(mg/l) 

Sulfate 
(mg/l) 

Magnesium 
(mg/l) 

01/02/13 72.4     190         
09/18/13 72.2 176 J 284 166 0.100 UJ 173 176 73.7 
12/12/13 72.55 172 280 174 0.244 172 176 75 
03/19/14 unavailable 159.00 J  261.00 195.00 0.06 165.00 189 J 66.80 
06/04/14 unavailable 201 259 J 234 0.120 J 177 J 214 67.7 

 

215. In my opinion, these values indicate that the water intercepted by DC-03 is 

impacted by both Bosma Dairies’ and Cow Palace’s manure management 

practices.  Even though DC-03 is located close to the Bosma Dairies, another 

nitrogen loading source, Cow Palace’s consistent over-application of manure to 

fields upgradient of DC-03 has caused nitrate to enter the ground, and that that 

nitrate is likely contributing to the contamination observed in DC-03.  The very 

high nitrate values observed in the well, in addition to the presence of tracer 

chemicals associated with cow manure such as chloride, calcium, sodium, and 
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sulfate lead me to this conclusion.   

216. DC-03D is located adjacent to DC-03.  The well is located at a ground 

elevation of 908.83 ft. AMSL, and was drilled to a depth of 116.1 ft. bgs.  The 

static water level is identified as 73 ft. bgs, and the well is screened between 106.1-

115.6 ft. bgs.338  DC-03D is considered a “deep” well pair to DC-03.  Based on the 

sampling results discussed below, Cow Palace’s manure management practices, 

including the over-application of manure to fields located upgradient from DC-

03D, may have contributed to the nitrate contamination observed in the 

groundwater intercepted by this well.  Similar to DC-03, Bosma Dairies’ 

operations are also a contributor to the water quality observed in this well.   

217. The sampling results for DC-03D show that the groundwater intercepted by 

the well has likely been impacted by Cow Palace Dairy’s manure management 

practices.  The well was sampled on the following dates: 

Well  Well Depth     
(ft bgs) 

Water Table Elevation                  
(ft AMSL) (reported once 

in well installation rpt) 

AOC-upgradient/ 
AOC-downgradient/ 

Background 
DC-03D 116.1 838.3 AOC - downgradient 

 

Date DTW  
(ft bTOC) 

Chloride 
(mg/l) 

Calcium 
(mg/l) 

Nitrate 
(mg/l) 

Phosphorus 
(mg/l) 

Sodium 
(mg/l) 

Sulfate 
(mg/l) 

Magnesium 
(mg/l) 

09/18/13 72.87 56 J 198 46.4 0.100 UJ 62.1 101 44 
12/12/13 73.16 67.9 J 194 38.9 0.0600 U 59.7 99.1 43.3 
03/19/14 unavailable 65.90 J 200.00 42.50 0.05 U 57.50 106 J 43.90 
06/03/14 unavailable 65.5 <1.00 J 42.0 <0.050 J <0.500 

J 
103 40.9 
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218. These values indicate that the water intercepted by DC-03D is likely 

impacted, in part, by Cow Palace’s manure management practices along with those 

of Henry Bosma Dairy.  Cow Palace’s consistent over-application of manure to 

fields upgradient of DC-03 has caused nitrate to enter the ground, and that nitrate is 

contributing to the contamination observed in DC-03D.  The exact contribution 

from Cow Palace Dairy and Bosma Dairies cannot be fully determined without 

further investigation, but each are significant contributors.  The high nitrate values 

observed in the well, in addition to the presence of tracer chemicals associated with 

cow manure similar to those found in the shallow well, lead me to this conclusion.  

219. DC-04 is located south and slightly southwest of Cow Palace Dairy and its 

application fields.  The well is located at a ground elevation of 877.62 ft. AMSL, 

and was drilled to a depth of 51 ft. bgs.  The static water level is identified as 32.6 

ft. bgs, and the well is screened between 29.5-49.5 ft. bgs.339  Based on the 

sampling results discussed below, I believe that Cow Palace’s manure management 

practices, including the over-application of manure to fields located upgradient 

from DC-04, have contributed to the nitrate contamination observed in the 

groundwater intercepted by this well. 

220. The sampling results for DC-04 show that the groundwater intercepted by 
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the well has likely been impacted by Cow Palace Dairy’s manure management 

practices.  The well was sampled on the following dates: 

Well  Well Depth     
(ft bgs) 

Water Table Elevation                  
(ft AMSL) (reported once 

in well installation rpt) 

AOC-upgradient/ 
AOC-downgradient/ 

Background 
DC-04 51 844.6 AOC - downgradient 

 

Date DTW  
(ft bTOC) 

Chloride 
(mg/l) 

Calcium 
(mg/l) 

Nitrate 
(mg/l) 

Phosphorus 
(mg/l) 

Sodium 
(mg/l) 

Sulfate 
(mg/l) 

Magnesium 
(mg/l) 

01/03/13 32.68     26         
09/20/13 32.21 39.4 141 NA 0.100 U 32.1 93.6 25.5 
09/24/13 NL NA NA 31.7 NA NA NA NA 
12/12/13 32.6 41.1 148 J  36.7 0.104 31.7 110 28.4 
03/18/14 unavailable 42.00 J 153.00 37.30 0.13 30.40 107 J 28.00 
06/03/14 unavailable 36.2 <1.00 J 36.4 <0.050 J <0.500 

J 
104 28.9 

  

221. These values indicate that the water intercepted by DC-04 is impacted by 

Cow Palace’s manure management practices, and possibly DeRuyter Dairies’ 

fields as well. Cow Palace’s consistent over-application of manure to fields 

upgradient of DC-04, particularly Fields 4A and 4B, have caused nitrate to enter 

the ground, and that nitrate is contributing to the contamination observed in DC-4.  

The nitrate values observed in the well, in addition to the presence of tracer 

chemicals associated with cow manure, lead me to this conclusion.  

222. I have also reviewed the well installation and sampling information data for 

DC-07, which is located at the south end of Liberty Dairy, close to the southwest 

corner of Cow Palace Field 2.  I understand that Cow Palace pipes water that runs 

onto its property from nearby neighbors through its fields, down to the corner of 

Carter Declaration 
Exhibit 1 - Page 200

Case 2:13-cv-03016-TOR    Document 237-2 ***NOT ON PUBLIC DOCKET***    Filed 12/01/14



 201 

Field 2, where it is discharged into a drainage system.  Based on the location of 

DC-07, the sampled water chemistry from the well and the adjacent tailwater 

recovery pond, and the fact that excess irrigation water is being discharged nearby, 

I believe that the groundwater intercepted by this well has been diluted and mixed 

with cleaner water, thereby influencing the water quality of DC-07.  Plaintiffs 

obtained a water quality sample from the tailwater recovery pond on October 30, 

2013, during their site inspection.  The chemistry of that water showed, in relevant 

part, that it had 11 mg/L chloride, 5 mg/L sulfate, 0.34 mg/L nitrate as nitrogen, 

3.2 mg/L nitrogen as ammonia, 4.51 mg/L total phosphorus, 38 mg/L calcium, 12 

mg/L magnesium, and 12 mg/L sodium.340  This chemistry is similar to what has 

been observed in DC-07.  That well, which is drilled to 61 ft. bgs and screened 

between 38.5 and 58.5 bgs., has a static water table of 44.1 ft. bgs.341  The sampling 

data, presented in the chart below, contains similar water chemistry results to that 

observed in the tailwater recovery pond: 

 

 

 

 

                                                
340 Laboratory Analytical Report from Energy Laboratories, dated November 27, 2013, Lab ID 
H13110003-003. 
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Well  Well Depth     
(ft bgs) 

Water Table Elevation                  
(ft AMSL) (reported once 

in well installation rpt) 

AOC-upgradient/ 
AOC-downgradient/ 

Background 
DC-07 61 845.2 AOC - downgradient 

 

Date DTW  
(ft bTOC) 

Chloride 
(mg/l) 

Calcium 
(mg/l) 

Nitrate 
(mg/l) 

Phosphorus 
(mg/l) 

Sodium 
(mg/l) 

Sulfate 
(mg/l) 

Magnesium 
(mg/l) 

01/03/13 44.11     2.8         
09/18/13 44.7 30.5 122 4.3 0.100 U 45.7 168 18.4 
12/10/13 44.15 31.0 27.5 J 4.7 J 0.0648 38.4 J 117 11.5 J 
03/16/14 unavailable 26.5 88.4 4.72 0.11 33.5 78.9 15.4 
06/02/14 unavailable 28.2 93.70 <0.800 U 0.120 36.3 105.000 16.500 

 

223. The results show that the water intercepted by DC-07 is being impacted by 

several sources.  Based on the similarity in water chemistry between the well and 

the water in the tailwater recovery pond, including low nitrogen, nitrate, chloride, 

and phosphorus levels, I believe that the well is significantly influenced by seepage 

from the tailwater recovery pond and from the drainage ditch into which excess 

irrigation water is discharged.  As such, I do not believe DC-07 is a representative 

well to evaluate nitrogen contributions from upgradient sources, such as Cow 

Palace Dairy. 

224. The EPA also sampled a number of downgradient wells from Cow Palace as 

part of their study.  The results of those samples are discussed below: 

a. WW-11.  This downgradient well, located southwest of Cow Palace and 

its application fields, and south and west of Henry Bosma Dairy 

operations, had 23 mg/L nitrate (noted in terms of parts-per-million or 

“ppm”).  Recent sampling of this well found 64 ppm nitrate N. 
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b. WW-12.  This downgradient well, located to the south-southwest of Cow 

Palace and south of Henry Bosma Dairy, had 46.7 mg/L nitrate. 

c. WW-13.  This downgradient well, located to the south-southwest of Cow 

Palace and Henry Bosma Dairy, had 44.4 mg/L nitrate. 

d. WW-14.  This downgradient well, located to the south-southwest of Cow 

Palace and Henry Bosma Dairy, had 43.4 mg/L nitrate. 

e. WW-15.  This downgradient well, located to the south of Cow Palace and 

its application fields, had 30.2 mg/L nitrate. 

f. WW-16.  This downgradient well, located to the south of Cow Palace and 

adjacent to Cow Palace application fields, had 23.4 mg/L nitrate. 

g. WW-17.  This downgradient well, located to the south of Cow Palace and 

adjacent to Cow Palace application fields, had 22.7 mg/L nitrate.342 

225. These high, downgradient results for nitrate, along with the data that has 

been collected by Cow Palace under the AOC, demonstrate that Cow Palace’s 

manure management, storage, and application practices have contributed to the 

nitrate contamination of the groundwater.    

226. I have also reviewed laboratory results from water samples collected from 

wells at Cow Palace employee housing during the fall of 2012.343  I understand that 

those samples were provided to Plaintiffs by The Dolsen Companies, a member of 
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Cow Palace, LLC, in response to Plaintiffs’ subpoena for certain documents.344  All 

but one of those samples showed levels of nitrate above 10 mg/L; those results are 

produced below: 

Sample	  Location	  	   Date	   Nitrate	  	   Units	  
41	  Knowles	  Rd	   9/11/12	   72.8	   mg/L	  
51	  Knowles	  Rd	   9/11/12	   14.5	   mg/L	  
101	  Knowles	  Rd	   9/11/12	   31.4	   mg/L	  
461	  Knowles	  Rd	   9/11/12	   40	   mg/L	  
510	  Arms	  Rd.	  
(illegible	  
handwritten	  note)	  

9/11/12	   34.2	   mg/L	  

3905	  Isabella	  Way	  
(street	  name	  
crossed	  out;	  no	  
other	  street	  name	  
listed)	  

9/11/12	   59.5	   mg/L	  

3770	  E.	  Zillah	  Dr.	  	   9/11/12	   30.6	   mg/L	  
6891	  East	  Zillah	  Dr.	  	   9/11/12	   9.18	   mg/L	  

     

227. Overall, based on the totality of groundwater sampling data I have reviewed, 

and considering that data with reference to Cow Palace’s history of manure over-

applications, storage of manure in unlined lagoons, and composting and keeping of 

cows on permeable soils, Cow Palace’s manure management, storage, and 

application practices have caused and contributed to the nitrate contamination of 

the groundwater.  Groundwater observed from wells hydrologically upgradient 

from Cow Palace has very little nitrate and chemical tracers associated with cow 

manure.  On the other hand, the groundwater observed downgradient from Cow 
                                                
344 I understand that there are various entities related to Cow Palace, including The Dolsen 
Companies and Three D Properties, who may own some of the residential properties on which 
Cow Palace dairy employees reside. 
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Palace shows high levels of nitrate and the elevated concentrations of chloride, 

calcium, magnesium, sodium, sulfate, and other chemical tracers associated with 

cow manure.  In light of all this data, there is no reasonable question that Cow 

Palace has caused or contributed to the nitrate contamination of the groundwater.   

228. Based on the groundwater contour maps I have seen and the general flow 

pattern observed, it is likely that Cow Palace Dairy’s manure management, storage, 

and application practices have also impacted other wells identified in the AOC 

study area.  The exact contributions cannot be determined without further 

investigation. 

RECOMMENDATIONS ON REMEDIAL EFFORTS AT COW PALACE 
DAIRY 

 
229. I have concluded above that Cow Palace Dairy has consistently over-applied 

manure to its fields and, as a result, caused or contributed to the nitrate 

contamination observed in local groundwater.  In order to remedy these problems, 

I propose the following solutions. 

230. First, given the number of residential homes located near the facility that 

rely upon groundwater for drinking water, Cow Palace Dairy should be required to 

provide and maintain alternative water supplies to any home within a three mile 

radius of the facility that has a well which tests higher than 5 mg/L nitrate.  This 

could include the installation of a reverse osmosis and activated carbon machine 

maintained by a third party contractor or the provision of clean, bottled water.  The 
Carter Declaration 
Exhibit 1 - Page 205

Case 2:13-cv-03016-TOR    Document 237-2 ***NOT ON PUBLIC DOCKET***    Filed 12/01/14



 206 

presence of several trace organics indicates that both nitrate removal and activated 

carbon treatment should be used.  Cow Palace should be required to test the well of 

any residence which accepts an alternative water supply twice per year, and should 

continue to provide an alternative water supply until the levels of nitrate are 

consistently less than 5 mg/L (at least three tests consecutively).  All outreach, 

communication, testing, and provision of alternative water supplies should be 

completed by a neutral third-party.  These treatment systems should be maintained 

and water supplies sampled until the area’s groundwater drops below 5 mg/l. 

231. Second, the parties should work cooperatively to specifically identify and 

remediate all sources of contributions of contaminants to the groundwater.  This 

includes application fields, pens, lagoons, composting areas, tailwater ponds, and 

any other possible nitrogen and related contaminant sources.  Cow Palace should 

be required to work cooperatively with Plaintiffs and their experts throughout this 

investigation, including agreement about assessment completion and remedial 

action and implementation.  

232. Third, because they are an obvious contributor to the nitrate found in the 

groundwater, Cow Palace should be required to line all manure storage 

impoundments (excepting concrete impoundments already in existence) with an 

appropriate double-lined synthetic liner with leak detection system.  Given the 

amount of manure generated by Cow Palace, I believe it would be appropriate for 
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Cow Palace to line its lagoons, beginning with the oldest first, at a rate of three per 

year.  

233. Fourth, to address the major issues with Cow Palace’s manure application 

practices, Cow Palace should be required to develop an independent, scientifically-

based nutrient management plan that requires the following: 

a. Accurately sample and analyze all nutrient sources, including lagoons, 

honeywagon manure, compost, and other fertilizers, before application 

occurs, and apply the appropriate nutrient credits for each. Each lagoon 

should be thoroughly mixed prior to collecting manure samples. 

b. Accurately measure the amount of each crop harvested, including total 

tons per acre, moisture content, and total nitrogen and total phosphorus 

content.  Use this data to quantify nutrients removed from each field for 

future application planning.   

c. Before any manure is applied to a field, calculate the actual nitrogen and 

phosphorus expected to be removed by the new crop, based on yield data 

over the past 5 years, and subtract from this the available nutrients 

already in the top two feet of the field based on pre-application soil 

sampling, the amount of nitrogen that would be released from soil 

organic matter mineralization, and the amount of nitrogen that should be 

credited from past manure and alfalfa credits. Only if this results in 
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additional needs for nitrogen or phosphorus should any additional 

manure or fertilizer be applied to the field and only at amounts needed by 

the next crop. 

d. Manure applications are to be timed as close as possible to the stage 

when the crop will use the nutrients.  No liquid manure shall be applied 

to frozen soil or during the months of December, January, or February. 

e. All manure shall be incorporated within 3 days of application unless 

applied to a growing crop. 

f. An irrigation schedule designed to minimize the leaching of nutrients 

from application fields, with stringent record-keeping requirements.   

g. No manure or other fertilizer is to be applied to fields that exceed 25 ppm 

nitrate plus ammonium at the 0”-24” level or 30 ppm phosphorus at the 

0”- 12” level.  Soil samples should be taken by agreed-upon third-party at 

Defendants’ expense, with Plaintiffs retaining access to all samples.  

h. A requirement that the Dairy have one acre of land per animal unit for 

manure applications in the future once nutrient levels in fields have been 

satisfactorily reduced.  Alternatively, Cow Palace could compost and 

export all manure produced above the one acre per animal amounts to 

facilities that can use manure safely, within agronomic rates.  In order to 

ensure that such facilities are capable of using the manure safely, 
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publicly-available export logs shall be kept identifying:  

i. Name and address of recipient;  

ii. Date of shipment;  

iii. Quantity shipped; 

iv. Certification that recipient shall use manure safely;  

v. Nitrate test results shall not exceed 25 ppm at 0”-24” level;  

vi. Phosphorus test results shall not exceed 30 ppm at 0”-12” level; 

vii. Results of nitrate, ammonium, total nitrogen, and total 
phosphorus content in each shipment, identifying the source of 
manure (e.g., lagoon, compost system, separator); 

viii. Confirmation the recipient has not been found in violation of 
land application laws within the last 5 years.  

234. In addition, Cow Palace should be required to compost on a lined pad 

constructed of concrete or similarly impervious material.  This will ensure that the 

transport of nitrate through leaching is minimized.  The maximum permeability of 

the material shall not exceed 1x10-9 cm/second, all joints must be watertight 

(using waterstop devices or similar), and the design must include provisions to 

collect leachate and runoff from lined areas and stored in a lined lagoon until land 

spread.  Plaintiffs should have access to Cow Palace’s construction plans and 

specifications for review and approval prior to construction, along with Defendants 

construction QA/QC testing results.  Cow Palace should also be required to 

provide access during construction so that independent, third-party QA/QC testing 
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may be conducted.  

235. Furthermore, Cow Palace should be required to line its cow pens at a rate of 

at least two per year until complete.  This will ensure that the transport of nitrate 

through leaching from the cow pens is minimized.   The maximum permeability of 

the material shall not exceed 1x10-9 cm/second, all joints must be watertight 

(using waterstop devices or similar), and the design must include provisions to 

collect leachate and runoff from lined areas.  Plaintiffs should have access to Cow 

Palace’s construction plans and specifications for review and approval prior to 

construction, along with Defendants construction QA/QC testing results.  Cow 

Palace should also be required to provide access during construction so that 

independent, third-party QA/QC testing may be conducted. 

236. Finally, Cow Palace should be required to obtain the General National 

Pollutant Discharge Elimination System Permit CAFO permit (individual if desired 

or required).  The CAFO permit contains record-keeping and nutrient management 

requirements that will work to minimize the amount of excess nitrogen that enters 

Cow Palace’s fields.  Because the current permit is set to be replaced, I believe 

Cow Palace should be required to obtain the current permit and any newly-issued 

permit by the Washington Department of Ecology.   

 

Dated: September 22, 2014 
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Byron H. Shaw, Ph.D. 
Curriculum Vitae 
September 2014 

 
Education 

• Bachelor of Science, soil science, University of Wisconsin, Madison (1964). 
• Master of Science, soil science, University of Wisconsin, Madison (1966). 
• Ph.D., soil science (major), water chemistry (minor), University of Wisconsin, Madison 

(1968). 
 
Experience 

• Soil and water Consultant (2000-present). 
• Emeritus Professor Water Resources, University of Wisconsin-Stevens Point, College of 

Natural Resources (2001). 
• Professor of soil and water science, University of Wisconsin-Stevens Point, College of 

Natural Resources (1978-Present). 
• Associate Professor (1973-78), Assistant Professor (1968-73), University of Wisconsin-

Stevens Point, College of Natural Resources. 
• Discipline Coordinator, Water Resources, University of Wisconsin-Stevens Point, 

College of Natural Resources (1983-86). 
• Water Resource Specialist, University of Wisconsin-Extension (1977-2000). 
• Director, Environmental Task Force Program, University of Wisconsin-Stevens Point, 

College of Natural Resources (1973-2000).  
• Major Professor to over 50 MS graduate students (1971-2000). 

 
Courses Taught (last 5 years at University of Wisconsin-Stevens Point) 

• Water 492/692 - Advanced Techniques of Environmental Analysis 
• Water 350 - Current Issues in Water Resources 
• Water 475/675 - Groundwater Management 
• Water 381 - Internship - Supervise about 40 interns/semester in ETF Lab 
• Water 499 - Special Studies 
• Water 799 - Thesis, advise four-six graduate students/semester 
• Water 385/585 - Techniques in Hydrogeology 
• NR 475 - International Environmental Studies 

 
Publications (past 10 years) 

• Russelle, M.P., J.F.S. Lamb, M.B. Turyk, B.H. Shaw and B. Peterson. 2007. Managing 
Nitrogen Contaminated Soils: Benefits of N2-Fixing Alfalfa. Agron. J. 99:738-746. 
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Consulting activities (past 4 years) 
Byron Shaw Soil and Water Consulting, LLC 

• Midwest Environmental Advocates: reviewed and commented on nutrient management 
plan and related documents relative to a dairy CAFO expansion and potential 
environmental impacts; testified at hearing in February, 2014 (2012-2014). 

 
• Law Offices of Charles M. Tebbutt: reviewed documents and presented opinion relative 

to groundwater pollution from dairies in Yakima Valley, WA (2013). 
 

• Cornelli Law Group: reviewed data and depositions in case Preisler v. Kuettel’s Septic 
Service, Inc.; produced report on likely source of nitrate to groundwater (2012). 

 
• Nick Karris, Nekoosa Farms: reviewed application material for proposed Golden Sands 

Dairy and Comment Letter to DNR for EIS development (2012). 
 

• Monterey Coastkeeper: reviewed and commented on nutrient management plan for Gallo 
Farms, Monterey CA (2010). 

 
• Law Offices of Charles M. Tebbutt: reviewed groundwater data and proposed 

groundwater monitoring program for Faria Dairy CAFO in central WA (2009-10). 
 

• Town of Little Black, Taylor Co., WI: reviewed and commented on environmental 
adequacy of nutrient management plan for a proposed 5000+ head dairy operation (2009-
10). 

 
• Town of Magnolia: reviewed Nutrient Management Plan and evaluated environmental 

impacts from a large dairy operation; testified at several town Board hearings (2007-10). 
 
Depositions and trials (past 4 years) 

• In the Matter of the Wisconsin Pollutant Discharge Elimination System Permit No. WI-
0059536-03-0 (WPDES Permit) Issued to Kinnard Farms, Inc., Case No. IH-12-071: 
testified in administrative law hearing on case involving dairy expansion (Feb. 2014). 

 
• Community Association for Restoration of the Environment, Inc. (CARE) vs. Nelson 

Faria Dairy, Case No. CV-04-3060-LRS (E.D. Wash.): testified on nutrient contributions 
to groundwater and need for groundwater monitoring (2011). 

 
Presentations (past 10 years) 

• Keynote presentation: “Do Current Laws and Policies Protect Wisconsin’s Water 
Resources?,” Wisconsin Association of Land Conservation Employees annual meeting, 
2007. 
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Committees and boards (past 10 years) 
• Phosphorus Standards Advisory Committee, Wisconsin Dept. of Natural Resources 

(2008-2010). 
• River Alliance of Wisconsin, Member-Board of Directors (2002 to 2010). 

 
Awards 

• Wisconsin Clean Water Achievement Award. Wisconsin  Dept. of Natural Resources 
(2002). 

• Emeritus Professor, Water Resources, University of Wisconsin Stevens Point (2001) 
• Distinguished Service Award, American Water Resources Association-Wisconsin chapter 

(2000). 
• Distinguished Service Award, University of Wisconsin Stevens Point (2000). 

Professional Licenses 
Wisconsin Professional soil scientist #104-112 
Wisconsin Professional Hydrologist #162-111 
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Date Depth NO3-N NH4-N Unit P K Unit OM Unit
10/14/98 1 ft 36 16 #/ac 21 115 ppm N/L N/A
10/14/98 1 ft 40 18 #/ac 25 221 ppm N/L N/A

South 8/16/01 1 ft 132 18 #/ac 212 796 ppm N/L N/A
North 8/16/01 1 ft 202 11 #/ac 311 866 ppm N/L N/A

3/6/02 1 ft 260 12 #/ac 190 1010 ppm N/L N/A
10/21/03 2 ft 94 14 #/ac 203 1300 ppm N/L N/A

9/25/03 1 ft 150 13 #/ac 223 1135 ppm N/L N/A
3/2/05 1 ft 320 14 #/ac 204 1,392 ppm 3.0 %

3/31/04 1 ft 150 17 #/ac 201 1152 ppm N/L N/A
3/31/04 2 ft 198 N/L #/ac N/L N/L N/A N/L N/A
6/23/05 0-12" 300 3 @ 24" #/ac 141 2,478 mg/kg 2.5 %
6/23/05 13-24" 248 N/L #/ac N/L N/L N/A N/L N/A
9/27/06 1 ft 96 18 #/ac 266 1,298 ppm 4.1 %
9/27/06 2 ft 122 14 #/ac N/L N/L N/A N/L N/A
5/15/06 1 ft 90 31 #/ac 208 1,174 ppm 2.8 %
5/15/06 2 ft 77 27 #/ac N/L N/L N/A N/L N/A
2/27/07 0-12" 214 42 #/ac 216 956 ppm 3.42 %
2/27/07 12-24" 190 34 #/ac N/L N/L N/A N/L N/A

10/17/07 0-12" 188 20 #/ac 158 1,022 ppm 2.70 %
10/17/07 12-24" 200 16 #/ac N/L N/L N/A N/L N/A

9/8/08 0-12" 238 21 #/ac 156 1384 ppm 3.09 %
9/8/08 12-24" 12 N/L #/ac N/L N/L N/A N/L N/A
9/3/09 1 ft 159 25 #/ac 134 1,295 ppm 2.75 %
9/3/09 2 ft 152 16 #/ac N/L N/L N/A N/L N/A

10/14/10 1 ft 118 29 #/ac 116 1,050 ppm 3.55 %
10/14/10 2ft 121 22 #/ac N/L N/L ppm N/L N/A

9/30/11 0-12" 83 29 #/ac 131 1,207 ppm 2.42 %
9/30/11 12-24" 89 14 #/ac 108 1,090 ppm 1.23 %
9/27/12 0-12" 280 32 #/ac 190 1,521 ppm 3.09 %
9/27/12 12-24" 245 9 #/ac N/L N/L N/A N/L N/A
9/24/13 1 ft 304 2 #/ac 290 1474 ppm 3.0 %
9/24/13 2 ft 221 N/L #/ac N/L N/L N/A N/L N/A
9/24/13 3 ft 229 N/L #/ac N/L N/L N/A N/L N/A
5/13/14 1 ft 103 4 #/ac 264 1456 ppm 2.7 %
5/13/14 1 ft DUP 106 4 #/ac 261 1490 ppm 2.8 %
5/13/14 2 ft 124 N/L #/ac N/L N/L N/A N/L N/A

N/L = Not listed

Cow Palace Dairies -- soil sampling data, Field 1
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Date Depth NO3-N NH4-N Unit P K Unit OM Unit
10/14/98 1 ft 22 17 #/ac 36 263 ppm N/L N/A
10/14/98 1 ft 26 16 #/ac 10 254 ppm N/L N/A

South 8/16/01 1 ft 73 18 #/ac 132 394 ppm N/L N/A
North 8/16/01 1 ft 121 16 #/ac 203 557 ppm N/L N/A

3/8/02 1 ft 71 9 #/ac 97 403 ppm N/L N/A
10/21/03 2 ft 115 7 #/ac 46 489 ppm N/L N/A
9/25/03 1 ft 234 14 #/ac 140 514 ppm N/L N/A
3/2/05 1 ft 96 19 #/ac 79 687 ppm 2.1 %

3/31/04 1 ft 141 14 #/ac 106 609 ppm N/L N/A
3/31/04 2 ft 177 N/L #/ac N/L N/L N/A N/L N/A
6/23/05 0-12" 60 1 @ 24" #/ac 210 1,317 mg/kg 1.9 %
6/23/05 13-24" 24 N/L N/L N/L N/L N/L N/A
9/27/06 1 ft 45 17 #/ac 138 833 ppm 2.2 %
9/27/06 2 ft 32 7 #/ac N/L N/L N/A N/L N/A
5/15/06 1 ft 125 23 #/ac 136 922 ppm 2.4 %
5/15/06 2 ft 109 15 #/ac N/L N/L N/A N/L N/A
2/27/07 0-12" 70 28 #/ac 96 645 ppm 1.63 %
2/27/07 12-24" 64 21 #/ac N/L N/L N/A N/L N/A

10/17/07 0-12" 66 33 #/ac 92 456 ppm 1.71 %
10/17/07 12-24" 48 9 #/ac N/L N/L N/A N/L N/A

9/8/08 0-12" 232 28 #/ac 140 1,282 ppm 2.38 %
9/8/08 12-24" 10 N/L #/ac N/L N/L N/A N/L N/A
9/3/09 1 ft 94 19 #/ac 55 609 ppm 1.64 %
9/3/09 2 ft 132 20 #/ac N/L N/L N/A N/L N/A
9/9/10 1 ft 149 25 #/ac 99 729 ppm 2.74 %
9/9/10 2 ft 192 15 #/ac N/L N/L N/A N/L N/A

9/30/11 0-12" 94 38 #/ac 136 970 ppm 2.30 %
9/30/11 12-24" 112 13 #/ac 65 460 ppm 1.14 %
9/27/12 0-12" 235 20 #/ac 164 1,201 ppm 2.68 %
9/27/12 12-24" 212 10 #/ac N/L N/L N/A N/L N/A
9/27/13 1 ft 226 4 #/ac 27 886 ppm 2.5 %
9/27/13 2 ft 179 N/L #/ac N/L N/L N/A N/L N/A
9/27/13 3 ft 196 N/L #/ac N/L N/L N/A N/L N/A
5/14/14 1 ft 102 2 #/ac 138 1062 ppm 2.2 %
5/14/14 2 ft 113 N/L #/ac N/L N/L N/A N/L N/A
5/14/14 3 ft 115 N/L #/ac N/L N/L N/A N/L N/A

N/L = Not listed

Cow Palace Dairies -- soil sampling data, Field 2
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Date Depth NO3-N NH4-N Unit P K Unit OM Unit
South 8/16/01 1 ft 49 12 #/ac 175 449 ppm N/L N/A
North 8/16/01 1 ft 64 9 #/ac 169 375 ppm N/L N/A

3/8/02 1 ft 34 9 #/ac 105 339 ppm N/L N/A
10/21/03 2 ft 13 7 #/ac 29 283 ppm N/L N/A

9/25/03 1 ft 30 14 #/ac 128 444 ppm N/L N/A
3/7/05 1 ft 275 16 #/ac 102 600 ppm 2.2 %

3/31/04 1 ft 109 11 #/ac 107 464 ppm N/L N/A
3/31/04 2 ft 99 N/L #/ac N/L N/L N/A N/L N/A
6/23/05 0-12" 348 2 @ 24" #/ac 90 550 mg/kg 2.1 %
6/23/05 13-24" 188 N/L #/ac N/L N/L N/A N/L N/A
9/27/06 1 ft 70 11 #/ac 75 888 ppm 3.0 %
9/27/06 2 ft 141 9 #/ac N/L N/L N/A N/L N/A

5/9/06 1 ft 93 43 #/ac 209 1,210 ppm 2.9 %
5/9/06 2 ft 160 26 #/ac N/L N/L N/A N/L N/A

2/27/07 0-12" 175 44 #/ac 184 817 ppm 2.63 %
2/27/07 12-24" 195 25 #/ac N/L N/L N/A N/L N/A

10/17/07 0-12" 226 22 #/ac 138 658 ppm 3.21 %
10/17/07 12-24" 236 17 #/ac N/L N/L N/A N/L N/A

10/6/08 0-12" 171 26 #/ac 125 1,033 ppm 3.03 %
10/6/08 12-24" 173 8 #/ac N/L N/L N/A N/L N/A
12/2/09 1 ft 178 27 #/ac 174 869 ppm 3.74 %

10/13/10 1 ft 64 25 #/ac 102 633 ppm 3.47 %
10/13/10 2 ft 158 19 #/ac N/L N/L N/A N/L N/A

9/30/11 0-12" 127 26 #/ac 135 650 ppm 2.73 %
9/30/11 12-24" 103 15 #/ac 97 445 ppm 1.37 %
9/14/12 0-12" 146 18 #/ac 162 919 ppm 2.78 %
9/14/12 12-24" 141 5 #/ac 99 424 ppm 1.50 %
9/27/13 1 ft 168 5 #/ac 134 803 ppm 2.5 %
9/27/13 2 ft 152 N/L #/ac N/L N/L N/A N/L N/A
9/27/13 2 ft (DUP) 160 N/L #/ac N/L N/L N/A N/L N/A
9/27/13 3 ft 215 N/L #/ac N/L N/L N/A N/L N/A

5/6/14 1 ft 111 2 #/ac 134 678 ppm 2.40 %
5/6/14 2 ft 117 N/L #/ac N/L N/L N/A N/L N/A

N/L	  =	  Not	  listed

Cow Palace Dairies -- soil sampling data, Field 3
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Date Depth NO3-N NH4-N Unit P K Unit OM Unit
10/19/98 N/L 174 18 #/ac 130 273 ppm N/L N/A

3/8/02 1 ft 27 11 #/ac 120 377 ppm N/L N/A
10/21/03 2 ft 82 7 #/ac 58 650 ppm N/L N/A

9/25/03 1 ft 41 13 #/ac 188 369 ppm N/L N/A
3/2/05 1 ft 45 26 #/ac 118 428 ppm 2.4 %

3/31/04 1 ft 59 10 #/ac 137 441 ppm N/L N/A
3/31/04 2 ft 56 N/L #/ac N/L N/L N/A N/L N/A
6/23/05 0-12" 48 1 @ 24" #/ac 112 440 mg/kg 2.1 %
6/23/05 13-24" 24 N/L N/L N/L N/L N/A N/L N/A
9/27/06 1 ft 51 9 #/ac 207 353 ppm 2.7 %
9/27/06 2 ft 38 9 #/ac N/L N/L N/A N/L N/A
5/9/06 1 ft 61 24 #/ac 121 375 ppm 2.2 %
5/9/06 2 ft 90 30 #/ac N/L N/L N/A N/L N/A

2/27/07 0-12" 68 30 #/ac 118 406 ppm 1.86 %
2/27/07 12-24" 94 18 #/ac N/L N/L N/A N/L N/A

10/17/07 0-12" 179 43 #/ac 108 470 ppm 2.33 %
10/17/07 12-24" 161 9 #/ac N/L N/L N/A N/L N/A

N/L = Not listed

Cow Palace Dairies -- soil sampling data, Field 4 (through 2007)
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Date Depth NO3-N NH4-N Unit P K Unit OM Unit
8/16/01 1 ft 66 11 #/ac 253 607 ppm N/L N/A
9/19/08 0-12" 189 26 #/ac 105 409 ppm 2.76 %
9/19/08 12-24" 144 24 #/ac N/L N/L N/A N/L N/A
9/16/09 1 ft 178 28 #/ac 182 663 ppm 3.04 %
9/16/09 2 ft 124 18 #/ac N/L N/L N/A N/L N/A
9/30/10 1 ft 198 40 #/ac 122 505 ppm 4.10 %
9/30/10 2 ft 179 20 #/ac N/L N/L ppm N/L N/A
9/28/11 0-12" 118 24 #/ac 139 489 ppm 2.11 %
9/28/01 12-24" 103 12 #/ac 84 345 ppm 0.89 %

10/10/12 0-12" 136 24 #/ac 148 748 ppm 3.42 %
10/12/12 12-24" 86 12 #/ac N/L N/L N/A N/L N/A

9/17/13 1 ft 68 7 #/ac 162 450 ppm 2.9 %
9/17/13 2 ft 52 N/L #/ac N/L N/L N/A N/L N/A
9/17/13 3 ft 63 N/L #/ac N/L N/L N/A N/L N/A
5/23/14 1 ft 61 9 #/ac 144 640 ppm 3.4 %
5/23/14 2 ft 46 N/L #/ac N/L N/L N/A N/L N/A

N/L = Not listed

Cow Palace Dairies -- soil sampling data, Field 4N

Shaw Report 
Exhibit 2
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Date Depth NO3-N NH4-N Unit P K Unit OM Unit
8/16/01 1 ft 53 19 #/ac 184 322 ppm N/L N/A
10/6/08 0-12" 149 27 #/ac 94 495 ppm 2.63 %
10/6/08 12-24" 106 8 #/ac N/L N/L N/A N/L N/A

10/28/09 1 ft 60 53 #/ac 116 401 ppm 2.3 %
10/14/10 1 ft 56 45 #/ac 80 420 ppm 2.76 %
10/14/10 2 ft 39 18 #/ac N/L N/L ppm N/L N/A

10/5/11 0-12" 42 37 #/ac 79 236 ppm 2.41 %
10/5/11 12-24" 20 32 #/ac 49 192 ppm 1.18 %
9/14/12 0-12" 212 14 #/ac 120 694 ppm 1.9 %
9/14/12 12-24" 183 9 #/ac 90 354 ppm 1.74 %
9/17/13 1 ft 52 10 #/ac 116 860 ppm 1.9 %
9/17/13 2 ft 135 N/L #/ac N/L N/L N/A N/L N/A
9/17/13 3 ft 224 N/L #/ac N/L N/L N/A N/L N/A
5/23/14 1 ft 50 2 #/ac 211 703 ppm 2.4 %
5/23/14 1 ft 51 2 #/ac 223 791 ppm 2.3 %
5/23/14 2 ft 86 N/L #/ac N/L N/L N/A N/L N/A

N/L = Not listed

Cow Palace Dairies -- soil sampling data, Field 4S

Shaw Report 
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Date Depth NO3-N NH4-N Unit P K Unit OM Unit
3/8/02 1 ft 44 13 #/ac 189 254 ppm N/L N/A

10/21/03 2 ft 24 8 #/ac 63 499 ppm N/L N/A
9/25/03 1 ft 25 14 #/ac 177 461 ppm N/L N/A
3/2/05 1 ft 29 21 #/ac 89 414 ppm 2.0 %

3/31/04 1 ft 34 9 #/ac 86 212 ppm N/L N/A
3/31/04 2 ft 40 N/L #/ac N/L N/L N/A N/L N/A
6/23/05 0-12" 24 1 @ 24" #/ac 159 498 mg/kg 1.5 %
6/23/05 13-24" 16 N/L #/ac N/L N/L N/A N/L N/A
9/27/06 1 ft 35 13 #/ac 123 215 ppm 2.3 %
9/27/06 2 ft 32 10 #/ac N/L N/L N/A N/L N/A
5/15/06 1 ft 64 18 #/ac 80 287 ppm 1.8 %
5/15/06 2 ft 58 14 #/ac N/L N/L N/A N/L N/A
2/27/07 0-12" 40 29 #/ac 86 200 ppm 1.95 %
2/27/07 12-24" 40 18 #/ac N/L N/L N/A N/L N/A

10/17/07 0-12" 42 18 #/ac 62 127 ppm 1.97 %
10/17/07 12-24" 31 11 #/ac N/L N/L N/A N/L N/A

10/6/08 0-12" 132 25 #/ac 78 595 ppm 2.59 %
10/6/08 12-24" 47 9 #/ac N/L N/L N/A N/L N/A
9/16/09 1 ft 184 28 #/ac 146 645 ppm 2.14 %
9/16/09 2 ft 176 11 #/ac N/L N/L N/A N/L N/A

10/14/10 1 ft 28 43 #/ac 102 17 ppm 2.67 %
10/14/10 2 ft 43 8 #/ac N/L N/L ppm N/L N/A

9/30/11 0-12" 45 21 #/ac 119 798 ppm 2.10 %
9/30/11 12-24" 34 11 #/ac 65 317 ppm 1.29 %
10/5/12 0-12" 39 28 #/ac 111 1243 ppm 1.88 %
10/5/12 12-24" 7 11 #/ac N/L N/L ppm N/L N/A
9/17/13 1 ft 39 11 #/ac 133 735 ppm 2.3 %
9/17/13 2 ft 17 N/L #/ac N/L N/L N/A N/L N/A
9/17/13 3 ft 17 N/L #/ac N/L N/L N/A N/L N/A
5/23/14 1 ft 98 7 #/ac 140 984 ppm 2.2 %
5/23/14 2 ft 73 N/L #/ac N/L N/L N/A N/L N/A
5/23/14 2 ft 69 N/L #/ac N/L N/L N/A N/L N/A

N/L = Not listed

Cow Palace Dairies -- soil sampling data, Field 5

Shaw Report 
Exhibit 2
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Date Depth NO3-N NH4-N Unit P K Unit OM Unit
8/16/01 1 ft 100 15 #/ac 296 530 ppm N/L N/A

N/L = Not listed

Cow Palace Dairies -- soil sampling data, Field 5N (2001)
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Date Depth NO3-N NH4-N Unit P K Unit OM Unit
8/16/01 1 ft 61 12 #/ac 234 718 ppm N/L N/A

N/L = Not listed

Cow Palace Dairies -- soil sampling data, Field 5S (2001)
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Date Depth NO3-N NH4-N Unit P K Unit OM Unit
10/19/99 N/L 231 17 #/ac 81 411 ppm N/L N/A

3/8/02 1 ft 50 10 #/ac 114 280 ppm N/L N/A
10/21/03 2 ft 207 5 #/ac 24 117 ppm N/L N/A

9/25/03 1 ft 72 11 #/ac 86 325 ppm N/L N/A
9/16/09 1 ft 198 40 #/ac 246 1037 ppm 3.44 %
9/16/09 2 ft 202 18 #/ac N/L N/L N/A N/L N/A
9/30/10 1 ft 158 17 #/ac 74 357 ppm 2.61 %
9/30/10 2 ft 178 18 #/ac N/L N/L N/A N/L N/A

10/01/1013 1 ft 227 5 #/ac 105 934 ppm 1.9 %
10/01/1013 2 ft 183 N/L #/ac N/L N/L N/A N/L N/A
10/01/1013 3 ft 115 N/L #/ac N/L N/L N/A N/L N/A

5/13/14 1 ft 123 7 #/ac 140 725 ppm 2.5 %
5/13/14 2 ft 171 N/L #/ac N/L N/L N/A N/L N/A

N/L = Not listed

Cow Palace Dairies -- soil sampling data, Field 6

Shaw Report 
Exhibit 2
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Date Depth NO3-N NH4-N Unit P K Unit OM Unit
10/11/12 0-12" 183 21 #/ac 100 625 ppm 2.00 %
10/11/12 12-24" 175 16 #/ac N/L N/L N/A N/L N/A
9/28/11 0-12" 180 18 #/ac 86 541 ppm 1.36 %
9/28/11 12-24" 206 10 #/ac 35 234 ppm 0.74 %

N/L = Not listed

Cow Palace Dairies -- soil sampling data, Field 6N

Shaw Report 
Exhibit 2
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Date Depth NO3-N NH4-N Unit P K Unit OM Unit
10/11/12 0-12" 120 23 #/ac 123 652 ppm 2.4 %
10/11/12 12-24" 171 9 #/ac N/L N/L N/A N/L N/A
9/28/11 0-12" 128 18 #/ac 134 643 ppm 1.67 %
9/28/11 12-24" 186 13 #/ac 69 306 ppm 1.02 %

Cow Palace Dairies -- soil sampling data, Field 6S

N/L = Not listed
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Date Depth NO3-N NH4-N Unit P K Unit OM Unit
1/31/02 1 ft 360 N/L #/ac 14 N/L ppm N/L N/A
1/31/02 3 ft 190 N/L #/ac 5 N/L ppm N/L N/A

N/L = Not listed

Cow Palace Dairies -- soil sampling data, Pen 9

Shaw Report 
Exhibit 2

Page 13

Carter Declaration 
Exhibit 1 - Page 227

Case 2:13-cv-03016-TOR    Document 237-2 ***NOT ON PUBLIC DOCKET***    Filed 12/01/14



Date Depth NO3-N NH4-N Unit P K Unit OM Unit
1/31/02 1 ft 310 N/L #/ac 8 N/L ppm N/L N/A
1/31/02 3 ft 96 N/L #/ac 3 N/L ppm N/L N/A

N/L = Not listed

Cow Palace Dairies -- soil sampling data, Pen 18

Shaw Report 
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Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)

YVD-02 35 1264.8 ft. Background 09/24/13 25.09 3.85 20.4 0.41 0.124 J 8.56 5.77 5.89
03/16/14 unavailable 3.93 90.8 5.3 U 0.06 88.6 66.9 71.7
06/02/14 unavailable 2.75 62.7 <0.200 U 3.80 J 23.0 3.12 48.7

Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)

YVD-03 200.1 931 AOC - upgradient 09/16/13 198.88 14 57.5 4.75 0.890 43.000 70.7 24.3
12/10/13 190.42 14.3 48.7 5.96 1.020 40.2 54.8 J 20.4
03/17/14 unavailable 13.3 51.2 4.75 0.23 37.6 38 18.2
06/02/14 unavailable 10.7 46.40 3.9 0.300 J 36.8 36.0 16.8

Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)

YVD-04 245.2 894.9 AOC - upgradient 09/16/13 220.55 14.9 37.4 4.45 0.100 U 49.2 39.1 11.2
12/10/13 223.5 15.0 38.2 4.64 0.112 49.9 42.2 J 11.7
03/17/14 unavailable 15.1 37.7 4.03 0.078 47.8 35.2 11.6
06/02/14 unavailable 14.3 36.8 3.78 0.053 J 50.5 36.2 11.5

Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)

YVD-05 182.2 884.3 AOC - downgradient 09/17/13 167.41 10.2 66 4.9 1.62 46.2 76.8 31
12/11/13 166.39 10.0 41.5 4.36 0.462 45.5 68.4 J 17.0
03/17/14 unavailable 8.40 33.7 3.3 0.14 43.1 52.7 13.5
06/01/14 unavailable 8.40 30.8 3.00 0.150 J 43.9 50.5 13.2

Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)

DC-01 160 1048.7 AOC - upgradient 01/04/13 150.5 9.8
09/24/13 15.47* 44 88.9 11.1 0.123 J 43 223 32.5
12/11/13 150.49 47.8 91.4 11.5 0.186 41.9 280 J 32.6
03/17/14 unavailable 48.2 90.5 11.2 0.079 40.2 250 31.4
06/02/14 unavailable 41.4 <1.00 J 10 <0.050 J <0.500 J 224 31.9

Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)

YVD-06 169 942.8 Background 09/17/13 110.67 3.13 46 0.51 0.410 17.600 8.140 12.8
12/09/13 108.21 2.73 31.2 J 0.49 J 0.0600 U 13.0 J 8.53 5.27 J
3/16/2014* unavailable 3.470 40.1 0.61 0.13 16.20 8.33 7.59
06/01/14 unavailable 2.88 37.8 0.51 0.057 J 16.7 7.59 6.50

*appears to be a transposition error

AOC groundwater sampling results at and near Cow Palace Dairies

*labled as "field blank;" duplicate labeled YVD-D1
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Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)

YVD-09 122.3 856.8 AOC - downgradient 09/19/13 110.00 96.3 J 107 74.7 0.232 J 189 236 39.3
12/12/13 109.93 87.2 109 64.4 0.647 176 193 42
03/19/14 unavailable 104.00 J 109.00 62.40 0.53 173.00 214.00 J 40.80
06/03/14 unavailable 89.80 113.0 57.1 0.720 193 214 44.5

Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)

YVD-10 103.1 867.6 AOC - downgradient 09/17/13 90.23 95.4 216 95 0.148 104 199 51.8
12/12/13 89.2 91.4 202 86.9 1.4 102 174 55.6
03/19/14 unavailable 86.80 J 218.00 77.60 0.77 96.80 163.00 54.00
06/03/14 unavailable 94.3 232 J 86.1 0.800 J 103 J 188 58.6

Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)

YVD-14 91 843 AOC - downgradient 09/18/13 77.31 118 260 112 0.100 U 110 213 65.4
12/12/13 76.97 104 249 105 0.060 U 108 186 85.6
03/19/14 unavailable 108.00 J 248.00 101.00 0.05 U 102.00 190.00 J 64.50
06/04/14 unavailable 109 240 J 102 0.078 J 112 J 191 63.2

Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)

YVD-15 105.1 849.2 AOC - downgradient 09/17/13 90.16 62.8 125 72.5 0.100 U 127 51.5 51.6
12/12/13 90.49 120 131 71.2 0.238 114 114 59.4
03/19/14 unavailable 54.90 J 124.00 47.40 0.22 93.50 44.70 57.90
06/03/14 unavailable 82.5 138 88.1 0.310 110 39.0 64.7

Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)

DC-14 151 906.6 AOC - downgradient 01/03/13 130.61 26
09/17/13 131.21 80.2 121 12 0.199 94.9 34.2 32.3
12/11/13 131.1 64.4 91.2 5.8 0.167 94 33.9 J 23.9
03/18/14 unavailable 71.8 107 10.6 0.26 87 35.7 28.4
06/02/14 unavailable 56.1 <0.100 J 6.46 <0.050 J <0.500 J 24.2 26.3

Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)

DC-03 85 838.2 AOC - downgradient 01/02/13 72.4 190
09/18/13 72.2 176 J 284 166 0.100 UJ 173 176 73.7
12/12/13 72.55 172 280 174 0.244 172 176 75
03/19/14 unavailable 159.00 J 261.00 195.00 0.06 165.00 189.00 J 66.80
06/04/14 unavailable 201 259 J 234 0.120 J 177 J 214 67.7

Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)
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DC-03D 116.1 838.3 AOC - downgradient 09/18/13 72.87 56 J 198 46.4 0.100 UJ 62.1 101 44
12/12/13 73.16 67.9 J 194 38.9 0.0600 U 59.7 99.1 43.3
03/19/14 unavailable 65.90 J 200.00 42.50 0.05 U 57.50 106.00 J 43.90
06/03/14 unavailable 65.5 <1.00 J 42.0 <0.050 J <0.500 J 103 40.9

Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)

DC-04 51 844.6 AOC - downgradient 01/03/13 32.68 26
09/20/13 32.21 39.4 141 NA 0.100 U 32.1 93.6 25.5
09/24/13 NL NA NA 31.7 NA NA NA NA
12/12/13 32.6 41.1 148 J 36.7 0.104 31.7 110 28.4
03/18/14 unavailable 42.00 J 153.00 37.30 0.13 30.40 107.00 J 28.00
06/03/14 unavailable 36.2 <1.00 J 36.4 <0.050 J <0.500 J 104 28.9

Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)

DC-07 61 845.2 AOC - downgradient 01/03/13 44.11 2.8
09/18/13 44.7 30.5 122 4.3 0.100 U 45.7 168 18.4
12/10/13 44.15 31.0 27.5 J 4.7 J 0.0648 38.4 J 117 11.5 J
03/16/14 unavailable 26.5 88.4 4.72 0.11 33.5 78.9 15.4
06/02/14 unavailable 28.2 93.70 <0.800 U 0.120 36.3 105.000 16.500
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EXPERT REPORT 

OF 

DAVID J. ERICKSON 

 

Community Association for Restoration of the Environment, Inc.  

and Center for Food Safety, Inc.,  

v.  

Cow Palace, LLC  

(E.D. Wash. No. CV-13-3016-TOR) 

 

Prepared for: 

Law Offices of Charles M. Tebbutt, P.C. 
941 Lawrence Street 
Eugene, OR  97401 

 
Public Justice 

1825 K Street, NW Suite 200 
Washington, D.C.  20006 

 
Center for Food Safety, Inc. 

303 Sacramento Street, 2nd Floor 
San Francisco, CA  94111 

 

 

 

This Expert Report contains information designated by Defendant Cow Palace, LLC, as 

“CONFIDENTIAL” under the Stipulated Protective Order (ECF No. 82) 
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 2 

INTRODUCTION 

1. I, David J. Erickson, have been retained by Plaintiffs in the above-

captioned matter to provide expert testimony about the manure management 

and storage practices of Defendant Cow Palace Dairy, LLC (“Cow Palace” 

or “Defendant”), including whether these activities have caused 

contamination of soils and groundwater.   

2. I have worked in the in the Hydrogeology/Geology field for 26 years. 

I am currently the President/Principal Hydrogeologist of Water & 

Environmental Technologies, PC in Butte, Montana.  I have been in this 

position for over 14 years.  I am a registered Professional Geologist in Utah 

and Wyoming and a Certified Professional Geologist with the American 

Institute of Professional Geologists.  I graduated with a degree in Geological 

Engineering from Montana Tech.  

3. During my 26 years of professional experience, my main focus has 

been on contaminant hydrogeology: identification of contaminant behavior 

in the subsurface and remediation of the impacts.  I have been responsible 

for investigation and remediation of many Underground Storage Tank and 

Hazardous Waste Sites with contaminants including: fuels, solvents, wood 

treating compounds, metals, pesticides, herbicides, fungicides, and fertilizers. 

4. As Project Manager/Principal Hydrogeologist, I have supervised, 
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designed, installed, and monitored various types of remedial technologies or 

remedial methods including air stripping, air sparging, vapor extraction, 

bioventing, bio-cell treatment, biostimulation, Non-Aqueous Phase Liquid 

(NAPL) recovery, in-situ and ex-situ bioremediation, natural attenuation, 

barrier wall technology, pump & treat, and excavation & off-site disposal. 

5. I have extensive experience working with waste storage 

impoundments.  For instance, I was involved in the hydrogeologic 

investigation and characterization of groundwater contamination at a 

Wyoming power facility, where large settling ponds containing coal ash and 

flue gas desulfurization liquor were leaking, resulting in impacts to 

groundwater.  The investigation included geochemical modeling to identify 

contaminant fingerprints and a geostatistical model of the alluvium/bedrock 

contact.  After investigating and characterizing the site, I was responsible for 

the installation of a monitoring system, and, later the development of a 

groundwater flow and contaminant transport model.   

6. During my career, I have looked at over 100 waste lagoons and 

impoundments.  A vast majority have impacted groundwater due to seepage 

through earthen liners. 

7. Water & Environmental Technologies is responsible for installing or 

operating remedial systems at several locations.  Recently, we have installed 
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or operated: 

a. A pumpback system for a major industrial waste pond in 

Wyoming. 

b. A dewatering system for a waste pond in central Wyoming. 

c. A capture system for seepage of waste from a waste 

impoundment and landfill in Utah. 

d. A pump and treat system for a leaking pond at a Coal Fired 

Generator Site in Kemmerer, Wyoming. 

e. A free product recovery system to remediate a 250,000 gallon 

diesel spill at a county shop in Montana. 

f. An air sparging/vapor extraction system with oxygen injection 

for gasoline contamination in Colorado. 

g. Installation and optimization of free product recovery by 

installing interceptor trenches in Wyoming. 

h. A multi-million dollar restoration project involving excavation, 

vapor extraction and multi-phase extraction at a refinery in 

Sunburst, Montana. 

8. I have also completed work on several cases involving nitrate 

contamination caused by both individual wastewater treatment systems and 

agricultural activities. These projects include remedial activities at 12 
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fertilizer distribution facilities and investigation work at both hog and dairy 

CAFOs.  With respect to wastewater treatment and septic discharges, WET 

has completed an eight-year study of septic system impacts to groundwater 

and developed a patented treatment system (SepticNET) to remove both 

nitrate and phosphorous from individual and small community septic 

discharges.  

9. The development of the SepticNET involved several years of 

sampling and characterizing septic discharges from both individual and 

community treatment systems, delineating the extent and magnitude of 

septic impacts to groundwater, and evaluating the hydrogeologic 

characteristics of multiple areas where nitrate impacts have degraded 

groundwater above drinking water standards.        

10. My curriculum vitae is attached hereto as Exhibit A.  It contains a list 

of my prior work history and activities. 

11. I am being compensated at a rate of $175/hour for the time I have 

spent on this report.  This fee is doubled for depositions and trial testimony.   

12. I have reviewed numerous documents about Cow Palace, the other 

“Cluster Dairies” and the Haak Dairy, the Yakima Valley, and resource 

information for Yakima County.  This information includes: 

a. The Dairy Nutrient Management Plan (“DNMP”) for Cow 
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Palace, along with all appendices and attached information; 

b. Inspection reports prepared by the Washington Department of 

Agriculture about Cow Palace; 

c. Cow Palace’s soil sampling information provided to Plaintiffs 

during discovery, dating from 1998 to the present, including 

information obtained pursuant to the Administrative Order on Consent 

(“AOC”); 

d. Cow Palace’s lagoon and manure sampling information 

provided to Plaintiffs during discovery, including information 

obtained pursuant to the AOC; 

e. Cow Palace’s field application summary logs; 

f. Cow Palace’s hand-written field application logs; 

g. Cow Palace’s crop yield information, where available; 

h. Cow Palace’s statements about the Dairy’s herd size; 

i. Well sampling information for wells sampled by the United 

States Environmental Protection Agency, including the wells 

described in the publication titled “Relation Between Nitrate in Water 

Wells and Potential Sources in the Lower Yakima Valley, 

Washington” EPA-910-R-13-004 (the “EPA Report”); 

j.  Well installation and sampling information obtained by Cow 
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Palace and the other Cluster Dairies pursuant to the AOC, including 

but not limited to Cow Palace’s quarterly monitoring reports, the 

groundwater monitoring well installation report, and well logs from 

well installation; 

k. Residential well sampling information obtained by Cow Palace 

and the other Cluster Dairies pursuant to the AOC; 

l. Documents, records, sampling data, my own personal 

observations, and other information obtained during Plaintiffs’ 

October 2013 and May 2014 Rule 34 inspections of Cow Palace Dairy 

and the other Cluster Dairies; 

m. Records, sampling data, and other information obtained during 

Plaintiffs’ May 2014 inspection of the now-abandoned manure storage 

lagoons at the Haak Dairy; 

n. Natural Resource Conservation Service Soil Survey Report for 

Yakima County, Washington; 

o. Several studies and reports from the Washington State 

Department of Ecology, including: Carey, Barbara, Effects of Land 

Application of Manure on Groundwater at Two Dairies over the 

Sumas-Blaine Surficial Aquifer, 2002, Washington State Dept. of 

Ecology Publication No. 02-03-007; Erickson, Denis R., Effects of 
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Leakage from four Dairy Waste Storage Ponds on Groundwater 

Quality, Final Report, 1994, Washington State Dept. of Ecology 

Publication No. 94-109; E.S. Marx, J. Hart and R.G. Stevens, Soil 

Test Interpretation Guide, Oregon State Extension Service EC 1778. 

1999; Vaccaro, J.J., Jones, M.A., Ely, D.M., Key, M.E., Olsen, T.D., 

Welch, W.B., and Cox, S.E., 2009, Hydrogeologic Framework of the 

Yakima River Basin Aquifer System, Washington: U.S. Geological 

Survey Scientific Investigations Report 2009-5152, 106 p. 

p. The deposition testimony of Jeff Boivin, Cow Palace employee 

and manager, and the deposition testimony of Daniel McCarty, a dairy 

inspector for the Washington State Department of Agriculture. 

13. All opinions expressed herein are to a reasonable degree of scientific 

certainty, unless otherwise specified.  I reserve the right to modify or 

supplement this report based on information obtained by Plaintiffs after the 

date of this report.   

14. Generally, I have been requested by Plaintiffs to render an opinion 

about whether Cow Palace’s manure management and storage practices have 

resulted in nitrogen, phosphorus, and other contaminants found in cow 

manure and compounds used in the Dairy such as antibiotics or hormones 

being leached through the ground and into groundwater.  Specifically, I have 
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been asked to render an opinion about whether Cow Palace’s lagoons, pens, 

composting areas, and other areas at the dairy facility are responsible for the 

release of nitrogen and other compounds into soils and groundwater.  Based 

on my review of the available information and pertinent literature, I 

conclude that Cow Palace’s manure management and storage practices are 

one of the primary contributing sources of the nitrogen (in the form of 

nitrate) contamination observed in the groundwater.   

15. Infiltration of wastes and associated contaminants occurs from lagoon 

seepage, from animal operations and from overapplication of manure to the 

fields. 

16. I have also been asked to render an opinion as to what measures Cow 

Palace could reasonably take that would reduce nitrogen loading from the 

Dairy and would remediate the nitrate contamination currently in 

groundwater.  I discuss these options at the end of this report.   

SCIENTIFIC AND FACTUAL BACKGROUND 

17. The Cow Palace Dairy is a concentrated animal feeding operation or 

“CAFO” located near 1631 North Liberty Road, Granger, WA 98932.  As of 

2012, Cow Palace had 7,372 milking cows, 897 dry cows, 243 springers, and 

3,095 calves housed at the facility, for a total herd size of 11,607 animals.1  

                                                
1 COWPAL002097. 
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According to Cow Palace’s DNMP, much of the waste generated from these 

animals is directed into two settling basins, where solids are settled from the 

liquid, and then into a series of liquid storage lagoons.2  Liquid manure from 

these lagoons is land-applied to Cow Palace’s agricultural fields, totaling 

533 acres in size per the DNMP.3 

18. A farm with 2,500 dairy cattle is estimated to create a similar waste 

load as a city of 411,000 people, due to the large volume of waste produced 

by an average dairy cow compared with that produced by a person, and due 

to the fact that human waste is treated before discharge into the environment, 

whereas waste from CAFOs has no such requirement and, therefore, is not 

treated, or treated minimally, before reaching the environment.4  Based on 

this estimate, the Cow Palace’s milking cows produce a similar waste load 

as a human population of 1,211,957 people (411,000/2500*7372).  The 

additional cows and calves add substantially more waste.   

19. Septic discharges from a single family home average approximately 

60 gallons per person per day with an average concentration of total nitrogen 

of 75 ppm, prior to the nitrate attenuation that occurs in the drainfield. The 

discharge of nitrates and other nutrients to groundwater, if any, occurs 

                                                
2 COWPAL000010. 
3 COWPAL000005. 
4 EPA Report at 46.   
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beneath the drainfield and results in a groundwater mixing zone or 

groundwater impacts within 300-500 feet of the drainfield.  Septic systems 

can cause elevated nitrates in groundwater under specific conditions, such as 

housing densities less than 1.5 acres/house, locations with poor topsoil for 

secondary treatment, locations with bedrock aquifers of low permeability, 

and locations with a shallow groundwater table (i.e., less than 4 feet below 

ground surface or “bgs”). 

20. Cow Palace is located in the northern end of the Lower Yakima 

Valley, and is bounded to the north by basalt hills known as the “Rattlesnake 

Hills.”5  There are only a handful of agricultural fields located north of Cow 

Palace Dairy, as is readily apparent based on our site visits or by looking at 

any aerial photographs of the area, such as those available on Google Maps.6   

21. There are two main aquifer types in the area.  The first is a surficial 

unconfined to semi-confined alluvial aquifer.  This aquifer is composed of 

highly layered alluvial material with predominantly silt, sand and cobbles 

and, according to USGS, has a total thickness of up to 500 feet.  Based on 

groundwater monitoring well information provided by the Defendants, the 

depth to groundwater at Cow Palace ranges from approximately 88 to 185 

bgs.  However, perched groundwater was encountered during Plaintiffs’ 

                                                
5 EPA Report at p. 127, Figure 7.   
6 See also EPA Report at 46. 
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May 2014 inspection of a now-decommissioned waste lagoon at depths of 

approximately 7 and 45 feet bgs at the Haak lagoon.  Subsurface lithology at 

the Cow Palace was observed to be similar to the lithology at the Haak 

location. Therefore, perched groundwater is likely present beneath the Cow 

Palace as well.  The second aquifer is an extensive basalt aquifer of great 

thickness underlying the surficial aquifer described above.  The basalt 

aquifer is believed by the USGS to be semi-isolated from the surficial 

aquifer and stream systems.  Natural groundwater flow within the shallower, 

surficial aquifer generally follows topography, but may be locally influenced 

by irrigation practices, ponds, lagoons, drains, ditches, and canals.7  

Groundwater in this shallower aquifer generally flows to the south, down the 

valley, and is used locally for residential water supply and eventually feeds 

the Yakima River.8  

22. The Lower Yakima Valley is filled with sediments eroded from 

nearby highlands, such as the Rattlesnake Hills, and those deposited in the 

valley bottom by the Yakima River.9  The alluvial sediments were deposited 

by area rivers and streams and provide a preferential flowpath horizontally 

along the depositional direction (i.e., the permeability down the valley (Kx) 
                                                
7 Id. at 7.   
8 Vaccaro, J.J., Jones, M.A., Ely, D.M., Key, M.E., Olsen, T.D., Welch, W.B., and Cox, 
S.E., 2009, Hydrogeologic Framework of the Yakima River Basin Aquifer System, 
Washington: U.S. Geological Survey Scientific Investigations Report 2009-5152, 106 p. 
9 Id.   
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is greater than the longitudinal permeability across the valley (Ky) and up to 

100 times greater than the vertical permeability (Kz), which is typical of 

most alluvial systems).  This typically results in flow in perched aquifers, 

especially near lagoons and irrigation ditches, where water is introduced at 

the surface, infiltrates until reaching a less permeable layer, and flows 

horizontally until a conduit is found to allow the fluid to migrate vertically. 

Water wells drilled in this depositional environment can penetrate the 

perched layer and provide a conduit for contaminant migration into the water 

table aquifer.   As a result, a well that is located along a preferential flow 

path may capture a substantial portion of its water from a particular surface 

source, whereas a neighboring well located along a different flow path may 

exhibit entirely different contaminant characteristics.    

23. Shallower wells located in the Lower Yakima Valley are more likely 

to be contaminated with nitrates than deeper wells, because the sources of 

the nitrogen loading to the groundwater are man-made and occur on the 

land’s surface.  These activities include land-application of solid or liquid 

manure, transmission of liquids in contact with manure, and storage of 

manure in unlined, earthen lagoons or composting areas.  The EPA Report, 

along with other earlier studies, document more contaminated wells 

screened within the shallower aquifer than the deeper, basalt aquifer; in fact, 
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the highest levels of nitrate generally occur in the shallow alluvial aquifer, 

especially in the upper portion of the alluvial aquifer.10   

24. Even the deeper aquifer, although believed by the USGS to be semi-

isolated from the surficial aquifer, may be susceptible to impacts from the 

shallower aquifer when large scale pumping occurs in a preferential vertical 

flowpath.   Appendix A of the EPA Report contains sample data collected 

from 3 wells completed in the deeper basalt aquifer (EPA Phase 3 well 

numbers WW-02, WW-07, and WW-09).  One of these wells, well WW-02 

is a dairy supply well for the Haak Dairy, is completed in the basalt aquifer, 

and exhibited a groundwater nitrate concentration of 3.12 ppm.  Natural 

background nitrogen concentrations are generally less than 2 ppm in 

groundwater (caused by fixation of nitrogen gas in the atmosphere and by 

breakdown of organic matter).11  

25. Within the approximate property boundary of the Cow Palace, six soil 

units have been mapped by the NRCS.  All six soil units have a silt loam 

texture with a “well-drained” classification.  Three of these soil units 

(Esquatzel, Shano, and Warden) represent approximately 81 percent of the 

surface area.  These units have a saturated hydraulic conductivity in the 

                                                
10 Id. at 8.   
11 U.S. Geological Survey Circular 1136 Nutrients in the Nation's Waters--Too Much of a 
Good Thing? By David K. Mueller and Dennis R. Helsel. 
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range of 1.1 to 4.0 feet per day, which is characterized as “moderately high 

to high” in their capacity to transmit water.  Two of the soil units (Burke and 

Scoon) represent approximately 19 percent of the surface area and have a 

saturated hydraulic conductivity less than 0.12 feet per day which is 

characterized as “very low to moderately low.” One of the soil units (Finlay) 

represents less than 1 percent of the surface area and has a saturated 

hydraulic conductivity of 4 to 11.9 feet per day, which is characterized as 

“high.”12   

26. These soil types were confirmed during some of the soil borings taken 

during the May 2014 site inspection.  Soils were collected and analyzed 

from 57 locations during the May investigation activities, with soil 

descriptions generally ranging from silt with sand to sand in shallow borings 

(total depths of 5-10 feet) in agricultural fields and cow pens, and from silt 

with sand to sandy gravel in deeper borings (total depths of 20-47 feet) near 

lagoons and compost areas.   

27. Manure contains two primary forms of nitrogen: ammonium and 

organic nitrogen.  The organic form of nitrogen is nearly immobile; 

however, it becomes mobile, and available to crops as fertilizer, through 

mineralization.  Mineralization is the process by which soil microbes 

                                                
12 EPA Report, Appendix B at B-3. 
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decompose organic nitrogen into ammonium, which is then available as 

fertilizer for crops.  By tilling manure into the subsurface to depths of 4-5 

feet, plant uptake is eliminated and mineralization results in elevated 

ammonium in the subsurface.  The rate of mineralization varies with soil 

temperature, soil moisture, and the amount of oxygen in the soil.  After 

mineralization, microorganisms within the soil convert ammonium into 

nitrate.  This process, called nitrification, occurs most rapidly when the soil 

is warm, moist, and well-aerated.  Nitrates are the most plant-available form 

of nitrogen for fertilization purposes, but as described above, are highly 

mobile and susceptible to leaching loss to groundwater, especially when 

tilled below the root zone or over applied to the fields.   

28. The predominant soils underlying and in the vicinity of Cow Palace 

Dairy present little potential for any loss of nitrate through denitrification.13  

Denitrification is the conversion of nitrate to nitrogen gas by bacteria.  It can 

only occur in poorly drained, anoxic conditions or organic soils where 

oxygen is depleted in the root zone.  In the absence of denitrification, nitrate 

moves with the groundwater through natural processes until the groundwater 

is discharged to surface water, or extracted from a well.   

29. Because denitrification is limited in the soils underlying Cow Palace 

                                                
13 EPA Report, Appendix B at B-4. 
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Dairy, any excess nitrate located in the ground where no crops are located 

will continue to migrate downward with water movement, eventually 

reaching groundwater.  

30. The principle that governs fluid movement in lagoons and the 

subsurface is known as Darcy’s Law.  It is the equation that describes how 

fluid moves through porous media.  At its most basic level, Darcy’s Law is 

based on the fact that the amount of fluid movement between two points is 

directly related to the distance between the points, the pressure or head 

difference between them, and the permeability or the hydraulic conductivity 

of the media that the fluid moves through. 

31. In equation form, Darcy’s Law is typically described as Q = KIA, 

where “Q” is equal to the discharge, or volume of liquid per time unit; “K” is 

hydraulic conductivity; “A” is the cross sectional area where flow occurs, 

and “I” is the hydraulic gradient, the change in hydraulic head per unit 

distance.  With knowledge of a few basic hydraulic characteristics, this 

equation can be used to estimate flux through an aquifer or flow through the 

liner of a lagoon. 

DISCUSSION AND OPINIONS: 

COW PALACE’S MANURE STORAGE LAGOONS ARE A MAJOR 
SOURCE OF THE NITRATE CONTAMINATION OBSERVED IN 

THE GROUNDWATER 
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32. I have reviewed the discovery information produced by Cow Palace 

concerning the Dairy’s manure storage facilities, manure management 

practices, and manure handling practices.  I have also twice personally 

visited the Cow Palace Dairy and have viewed, and in some cases sampled, 

the lagoons, pens, and manure composting areas.  

33. There is significant nitrate contamination observed in the groundwater 

found beneath and downgradient of Cow Palace Dairy.  The area impacted 

by nitrate encompasses a very large geographic area, indicating a large 

contaminant source area.  The EPA Report and Cow Palace’s own 

monitoring wells show levels of nitrate below the maximum contaminant 

level (“MCL”) in groundwater upgradient from the facility.  In fact, there are 

few upgradient nitrogen sources from Cow Palace Dairy, as water flows 

down from the Rattlesnake Hills located just north of Cow Palace.  There are 

only a handful of agricultural fields located upgradient from the Dairy, some 

of which receive dairy manure from at least DeRuyter Dairies.14  In 

groundwater downgradient from the facility, nitrate is present at levels that 

exceed the MCL.  The chart below displays the sampling events that have 

occurred at the Cow Palace facility and at nearby monitoring wells in the 

past two years.  

                                                
14 George DeRuyter Transcript at 52:4-53:9 & Ex. 204. 
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Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)

YVD-02 35 1264.8 ft. Background 09/24/13 25.09 3.85 20.4 0.41 0.124 J 8.56 5.77 5.89
03/16/14 unavailable 3.93 90.8 5.3 U 0.06 88.6 66.9 71.7
06/02/14 unavailable 2.75 62.7 <0.200 U 3.80 J 23.0 3.12 48.7

Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)

YVD-03 200.1 931 AOC - upgradient 09/16/13 198.88 14 57.5 4.75 0.890 43.000 70.7 24.3
12/10/13 190.42 14.3 48.7 5.96 1.020 40.2 54.8 J 20.4
03/17/14 unavailable 13.3 51.2 4.75 0.23 37.6 38 18.2
06/02/14 unavailable 10.7 46.40 3.9 0.300 J 36.8 36.0 16.8

Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)

YVD-04 245.2 894.9 AOC - upgradient 09/16/13 220.55 14.9 37.4 4.45 0.100 U 49.2 39.1 11.2
12/10/13 223.5 15.0 38.2 4.64 0.112 49.9 42.2 J 11.7
03/17/14 unavailable 15.1 37.7 4.03 0.078 47.8 35.2 11.6
06/02/14 unavailable 14.3 36.8 3.78 0.053 J 50.5 36.2 11.5

Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)

YVD-05 182.2 884.3 AOC - downgradient 09/17/13 167.41 10.2 66 4.9 1.62 46.2 76.8 31
12/11/13 166.39 10.0 41.5 4.36 0.462 45.5 68.4 J 17.0
03/17/14 unavailable 8.40 33.7 3.3 0.14 43.1 52.7 13.5
06/01/14 unavailable 8.40 30.8 3.00 0.150 J 43.9 50.5 13.2

Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)

DC-01 160 1048.7 AOC - upgradient 01/04/13 150.5 9.8
09/24/13 15.47* 44 88.9 11.1 0.123 J 43 223 32.5
12/11/13 150.49 47.8 91.4 11.5 0.186 41.9 280 J 32.6
03/17/14 unavailable 48.2 90.5 11.2 0.079 40.2 250 31.4
06/02/14 unavailable 41.4 <1.00 J 10 <0.050 J <0.500 J 224 31.9

Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)

YVD-06 169 942.8 Background 09/17/13 110.67 3.13 46 0.51 0.410 17.600 8.140 12.8
12/09/13 108.21 2.73 31.2 J 0.49 J 0.0600 U 13.0 J 8.53 5.27 J
3/16/2014* unavailable 3.470 40.1 0.61 0.13 16.20 8.33 7.59
06/01/14 unavailable 2.88 37.8 0.51 0.057 J 16.7 7.59 6.50

*appears to be a transposition error

AOC groundwater sampling results at and near Cow Palace Dairies

*labled as "field blank;" duplicate labeled YVD-D1
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Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)

YVD-09 122.3 856.8 AOC - downgradient 09/19/13 110.00 96.3 J 107 74.7 0.232 J 189 236 39.3
12/12/13 109.93 87.2 109 64.4 0.647 176 193 42
03/19/14 unavailable 104.00 J 109.00 62.40 0.53 173.00 214.00 J 40.80
06/03/14 unavailable 89.80 113.0 57.1 0.720 193 214 44.5

Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)

YVD-10 103.1 867.6 AOC - downgradient 09/17/13 90.23 95.4 216 95 0.148 104 199 51.8
12/12/13 89.2 91.4 202 86.9 1.4 102 174 55.6
03/19/14 unavailable 86.80 J 218.00 77.60 0.77 96.80 163.00 54.00
06/03/14 unavailable 94.3 232 J 86.1 0.800 J 103 J 188 58.6

Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)

YVD-14 91 843 AOC - downgradient 09/18/13 77.31 118 260 112 0.100 U 110 213 65.4
12/12/13 76.97 104 249 105 0.060 U 108 186 85.6
03/19/14 unavailable 108.00 J 248.00 101.00 0.05 U 102.00 190.00 J 64.50
06/04/14 unavailable 109 240 J 102 0.078 J 112 J 191 63.2

Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)

YVD-15 105.1 849.2 AOC - downgradient 09/17/13 90.16 62.8 125 72.5 0.100 U 127 51.5 51.6
12/12/13 90.49 120 131 71.2 0.238 114 114 59.4
03/19/14 unavailable 54.90 J 124.00 47.40 0.22 93.50 44.70 57.90
06/03/14 unavailable 82.5 138 88.1 0.310 110 39.0 64.7

Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)

DC-14 151 906.6 AOC - downgradient 01/03/13 130.61 26
09/17/13 131.21 80.2 121 12 0.199 94.9 34.2 32.3
12/11/13 131.1 64.4 91.2 5.8 0.167 94 33.9 J 23.9
03/18/14 unavailable 71.8 107 10.6 0.26 87 35.7 28.4
06/02/14 unavailable 56.1 <0.100 J 6.46 <0.050 J <0.500 J 24.2 26.3

Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)

DC-03 85 838.2 AOC - downgradient 01/02/13 72.4 190
09/18/13 72.2 176 J 284 166 0.100 UJ 173 176 73.7
12/12/13 72.55 172 280 174 0.244 172 176 75
03/19/14 unavailable 159.00 J 261.00 195.00 0.06 165.00 189.00 J 66.80
06/04/14 unavailable 201 259 J 234 0.120 J 177 J 214 67.7

Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)
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DC-03D 116.1 838.3 AOC - downgradient 09/18/13 72.87 56 J 198 46.4 0.100 UJ 62.1 101 44
12/12/13 73.16 67.9 J 194 38.9 0.0600 U 59.7 99.1 43.3
03/19/14 unavailable 65.90 J 200.00 42.50 0.05 U 57.50 106.00 J 43.90
06/03/14 unavailable 65.5 <1.00 J 42.0 <0.050 J <0.500 J 103 40.9

Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)

DC-04 51 844.6 AOC - downgradient 01/03/13 32.68 26
09/20/13 32.21 39.4 141 NA 0.100 U 32.1 93.6 25.5
09/24/13 NL NA NA 31.7 NA NA NA NA
12/12/13 32.6 41.1 148 J 36.7 0.104 31.7 110 28.4
03/18/14 unavailable 42.00 J 153.00 37.30 0.13 30.40 107.00 J 28.00
06/03/14 unavailable 36.2 <1.00 J 36.4 <0.050 J <0.500 J 104 28.9

Well Well Depth     
(ft bgs)

Water Table Elevation                  
(ft AMSL) (reported once in 

well installation rpt)

AOC-upgradient/
AOC-downgradient/ 

Background

Date DTW 
(ft bTOC)

Chloride 
(mg/l)

Calcium 
(mg/l)

Nitrate 
(mg/l)

Phosphorus 
(mg/l)

Sodium 
(mg/l)

Sulfate 
(mg/l)

Magnesium 
(mg/l)

DC-07 61 845.2 AOC - downgradient 01/03/13 44.11 2.8
09/18/13 44.7 30.5 122 4.3 0.100 U 45.7 168 18.4
12/10/13 44.15 31.0 27.5 J 4.7 J 0.0648 38.4 J 117 11.5 J
03/16/14 unavailable 26.5 88.4 4.72 0.11 33.5 78.9 15.4
06/02/14 unavailable 28.2 93.70 <0.800 U 0.120 36.3 105.000 16.500
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 22 

 

34. According to its Dairy Nutrient Management Plan or “DNMP,” Cow 

Palace Dairy stores its liquid manure in two settling basins, four waste 

storage ponds, a “safety debris basin,” and several “catch basins,” which 

collect run-off from application fields and cow pens.15  None of these storage 

impoundments has any type of geosynthetic liner preventing the downward 

migration of manure related contaminants.  All impoundments are located on 

an aquifer used for residential drinking water supply and all lagoons have 

subsurface materials with significant sand, gravel and silt mixtures. 

35. Cow Palace does not know whether any of these impoundments were 

constructed to Natural Resource Conservation Service (“NRCS”) 313 

standards for manure storage impoundments, with one exception.  The 

current NRCS standard requires waste storage impoundments to be located 

on soils that have a permeability “that meets all applicable regulation, or the 

pond shall be lined.”16  The soil permeability requirements are that the 

wetted surface of a pond shall not exceed 1 X 10-6 cm/s permeability.  The 

313 standard suggests that a “manure sealing” effect will provide a “liner” 

that results in a permeability of 1 x 10 -7 cm/s, or an order of magnitude 

greater protection.  The standard notes that, “[i]f the permeability rate 

                                                
15 COWPAL000012.   
16 WA313-3.   
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exceeds 1 X 10-6 cm/s, a compacted clay, amended soil liner or synthetic 

liner is required.”17  Ponds should not be placed in locations above an aquifer 

that serves as a domestic water supply.18  If there is no reasonable alternative 

location, then the standard requires operators to provide “additional 

measures of safety from pond seepage,” such as a clay liner, a flexible 

membrane liner over a clay liner, or a “geosynthetic clay liner or a flexible 

membrane liner.”19 

36. The “manure sealing” effect discussed in the NRCS WA313 standard 

is of questionable merit.  While some researchers have found that there is 

some form of “manure sealing,” most also admit that a set of common 

occurrences have the ability to compromise the effectiveness of the seal.  

Such occurrences include, for instance, fracture flow through the unsaturated 

zone beneath the lagoon; disruption of the manure seal during emptying of 

the lagoon with mechanical excavation; soil with permeability greater than 

10-6 cm/s; drying of the exposed subsoil or embankment soil when lagoon 

levels are low; areas where liquid waste is discharged to the lagoon (i.e., 

below the outfall of a conveyance pipe or ditch) can be eroded, resulting in 

damage or removal of a manure seal; gas release from microbial activity in 

                                                
17 WA313-3.   
18 WA313-8 & Table 5. 
19 WA313-8.   
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the soil beneath the seal; and repeated freezing and thawing are all 

conditions that can cause the manure seal to no longer be as effective.20  

Other studies have indicated that improperly sited and constructed lagoons 

may never fully seal, allowing contaminants to seep into groundwater at 

rates faster than those stated.21   

37. From the testimony I have reviewed, the manure “seals” in each of 

Cow Palace’s lagoons frequently dry and crack, and some of Cow Palace’s 

lagoons have been subject to freezing and thawing during the winter 

months.22  Additionally, my own personal observations are that the banks of  

Cow Palace’s lagoons have areas that are substantially eroded and impacted 

by plant and weed growth.  These are the types of conditions that impact the 

effectiveness, if any, of a “manure seal.”  

38. Current scientific literature indicates that the manure sealing effect 

can decrease the permeability between one half and one order of magnitude, 

if the native liner is at least 1x10-6 cm/sec.  At this time, only one lagoon 

appears to meet this standard.  As a result, using standard assumptions, a 

                                                
20 R.J. Nicholson; J. Webb; A. Moore, “A Review of the Environmental Effects of 
Different Livestock Manure Storage Systems, and Suggested Procedure for assigning 
Environmental Ratings,” Jan. 4, 2004 (http://www.prairieswine.com/pdf/3388.pdf).  
21 See Soil Conservation Service, Technical Note: Design and Construction Guidelines 
for Considering Seepage from Agricultural Waste Storage Ponds and Treatment Lagoons 
(Sept. 1993) (http//www.epa.gov/region6/6en/w/cafo/tech716.pdf).   
22 Boivin Trans. 155:4-156:11; 164:21-165:4; 174:17-175:7; 183:10-12; 210:2-4; 216:14-
217:2. 
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1x10-5 cm/sec liner on a 1 acre pond with 12 feet of liquid in the pond 

would leak 4.3 million gallons per year, while a 10-7 cm/sec liner on the 

same pond would leak 438,000 gallons per year.  

39. Even if compliance with the NRCS standard and a one order of 

magnitude manure seal are assumed, the lagoons will still seep significant 

amounts of contaminated water into the ground.   

40. Cow Palace Dairy’s contractor for the Administrative Order on 

Consent has prepared a “Lagoon Evaluation Method Determination Quality 

Assurance Project Plan” or “QAPP.”  In it, Cow Palace proposed to 

determine whether its lagoons meet the current NRCS WA 313 standard by 

using a water balance approach detailed in “Protocols for Measuring Dairy 

Lagoon Seepage Using the Water Balance Method Technical Field 

Guidance,” Luhdorff and Scalmanini, 2012.23    

41. The purpose of the QAPP is to evaluate whether Cow Palace’s 

proposed “water balance” method will accurately evaluate the amount of 

leakage from the Dairy’s lagoons.  To ensure accuracy, Cow Palace intends 

to compare the results obtained from its water balance test to the calculated 

seepage rate established in Appendix 10D of the Agricultural Waste 

                                                
23 DAIRIES010953.   
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Management Field Handbook, Part 651 (“AWMFH”).24  For lagoons 

constructed with soil or clay liners, the AWMFH instructs designers to 

assume a “seepage rate” of 5,000 gallons per acre, per day – a number that is 

intended to take into account a one-half order of magnitude reduction in 

permeability from “manure sealing.”  In particular, the AWMFH states: 

Some States permit a designer to assume that the initial computed 
seepage rate will be reduced in the future by an order of magnitude by 
taking credit for a reduction in permeability resulting from manure 
sealing. Although the State or local regulations should be used in 
design for a specific site, the NRCS no longer recommends assuming 
that manure sealing will result in one order of magnitude reduction. A 
more conservative assumption described previously allows an initial 
seepage rate of 5,000 gallons per acre per day, which for the assumed 
typical site dimensions of 9 feet of liquid and 1 foot thickness of liner, 
assumes a one half order of magnitude reduction.25 

42. Thus, NRCS, the drafter of the AWMFH, has abandoned the 

assumption that a “manure seal” will accomplish an order of magnitude 

reduction in permeability.  Instead, NRCS assumes that a lagoon that 

impounds nine feet of liquid, with a one-foot clay or soil liner, will seep at a 

rate of 5,000 gallons per day, per acre.  This equates to 5,560,000 gallons of 

seepage per year from the Cow Palace lagoon system (assumes 400,000 sq. 

ft. of lagoon surface area per the EPA Report26, full 4 months per year).  The 

                                                
24 The WA NRCS 313 standard specifically references this Handbook for the design 
requirements for lagoons.   
25 AWMFH at Appendix 10D-14.   
26 EPA Report at 48. 
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suggested27 design standard for seepage from lagoons, the NRCS WA 313 

recommended standard for Washington, cautions that lagoons should be 

constructed with at least clay liners, if not a less permeable type of liner, in 

areas where an underlying aquifer serves as a domestic water supply.  The 

goal is to have a discharge that is less than 1 x 10-6 cm/sec.28  This is echoed 

in the AWFMH, which indicates that a constructed liner may be required if 

the proposed lagoon is located where the underlying aquifer is a domestic or 

ecologically vital water supply: 

State or local regulations may prevent locating a waste storage 
impoundment within a specified distance from such features. Even if 
the pond bottom and sides are underlain by 2 feet of naturally low 
permeability soil, if the depth of liquid in the pond is high enough, 
computed seepage losses may be greater than acceptable. The highest 
level of investigation and design is required on sites like those 
described. This will ensure that seepage will not degrade aquifers at 
shallow depth or aquifers that are of vital importance as domestic 
water sources.29 

43. Defendants’ QAPP states, in relevant part: 

“The seepage rates measured using the water balance method 
identified in the Protocols will be evaluated to determine if they 
provide results of sufficient certainty for comparison with the 4.7 
millimeter per day seepage rate requirement. An uncertainty range 
will be calculated using a 95 percent confidence interval for the 
Protocols-derived seepage rates. If the uncertainty range is within 25 
percent of the seepage rate requirement (+/-1.2 millimeters per day) 
then the methodology identified in the Protocols will be determined to 
be sufficient for future lagoon evaluations required under Section 

                                                
27 The NRCS standards are only recommendations.    
28 WA313 Standard, Table 5.    
29 AWFMH at 10D-9.   
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III.F.6 of the AOC SOW.”30 

44. By evaluating the accuracy of its water balance method against this 

number, Cow Palace has essentially conceded that it reasonably expects to 

find that its lagoons leak in the neighborhood of 5,000 gallons per day, per 

acre, or the equivalent of 4.7 mm per day.  If the water balance method does 

not return measurements that are between 3.5 mm and 5.9 mm of seepage 

per day per acre, then the method is considered inaccurate and cannot be 

used by the dairies for evaluating the seepage from their lagoons; that is, the 

results must be in the range of certainty (3.5 mm to 5.9 mm of discharge per 

day) in order to be validated.  This is an admission by Cow Palace that its 

lagoons leak between 3.5 to 5.9 mm of manure per day, per acre of storage.  

Given the acreage of lagoons at Cow Palace (approximately 400,000 sq. ft. 

or 9.2 Acres), that means that Cow Palace leaks over 115,192 gallons of 

manure contaminated water per day, or over 13,823,000 gallons per year 

(assuming conservatively that the lagoons are only full 4 months per year), 

at a minimum using the 3.5 mm/day seepage rate (which itself is likely far 

lower than the actual seepage rate). 

45. The AWMFH instructs that a designer may consider the permeability 

of in situ soils that are to be used for a compacted soil liner bottom in a 

                                                
30 DAIRIES010953.   
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lagoon.  According to the Dairy, the soils in the Cow Palace area primarily 

fall into the ML, SM, and GM group names of the Unified Soil 

Classification System.31  Underlying the Dairy, according to the well drilling 

logs from wells YVD-03, YVD-05, and YVD-06, the soil types are 

primarily ML, SP, SC, and GP, with YVD-03 having some CL.32  The 

AWMFH states that ML, SC, and CL type soils are usually in “Group II,” 

which have an estimated permeability of 5 x 10-6 cm/s to 5 x 10-4 cm/s.33  

Sometimes, ML, SC, and CL type soils can fall into Group III, which have 

an estimated permeability of between 5 x 10-8 cm/s to 1 x 10-6 cm/s.  SP 

and GP fall into Group I, which are highly permeable, having an estimated 

permeability of 3 x 10-3 to 2.34   

46. Based on personal observations during our site visits to the Cow 

Palace and observations of soil samples collected directly from the bottom of 

the now-abandoned waste lagoon at the Haak Dairy, it appears that all waste 

lagoons at Cow Palace were constructed by excavating native soils and 

perhaps compacting disturbed soils, with two exceptions (Lagoon #4 and 

                                                
31 DAIRIES016868-870.  
32 YVD-03 (DAIRIES010833-36) (showing ML, SP, SC, and CL type soils until hitting 
weathered basalt at approximately 185 ft. below ground surface of “bgs”); YVD-05 
(DAIRIES010841-843) (showing ML, SP, and GP soil types all the way down to 208 ft. 
bgs); YVD-06 (DAIRIES010844-846) (showing SP, GP, and ML soil types down to 170 
ft. bgs). 
33 AWFMH Table 10D-4 and Table 10D-5.   
34 Id.   
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Catchment Basin Northeast).  I observed no evidence of any type of liner in 

any other lagoon or basin at Cow Palace.  As discussed previously, based on 

soils encountered during Plaintiffs’ May 2014 inspection, Cow Palace native 

soils predominantly range from silt with sand to sand from approximately 0 

to 10 feet bgs, and silt with sand to sandy gravel from 10 to 47 feet bgs.   

47. The AWMFH goes on to describe how one can calculate the “specific 

discharge” from a designed lagoon.  It uses a mathematical variation of 

Darcy’s law to determine how much a lagoon of specific dimensions and 

characteristics is expected to discharge.  In particular, the AWMFH states 

that: 

The parameters that affect the seepage from a pond with a natural or 
constructed clay liner are: 

• The size of the pond:  The total bottom area and area of the 
exposed sides of the pond holding the stored waste solids and 
liquids. 
 
• The thickness of low permeability soil at the excavation limits 
of the pond:  For design, the thickness of the soil at the bottom 
of the pond is often used because that is where seepage is likely 
to be highest. In some cases, however, seepage from the sides 
of the pond may also be an important factor. Seepage from the 
sides of ponds is best analyzed using finite element flow net 
programs. In some cases, rather than a single horizon, multiple 
horizons may be present. 

• The depth of liquid in the pond:  The depth of liquid at the top 
of the reservoir when pumping should commence is normally 
used. 

• The coefficient of permeability of the soil forming the bottom 
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and sides of the pond[.]35 

48. In the following sections, I use the Darcy Equation (Darcy’s Law) to 

calculate the seepage rates from each of Cow Palace’s manure storage 

lagoons.  These discharges are calculated using either known values or 

conservative estimates of the following parameters: 

• Permeability of the lagoon liner; 

• Hydraulic gradient (head, or pressure drop across the thickness 

of the liner); and  

• Cross-sectional area perpendicular to flow (lagoon bottom) 

The equations and calculation broken down in seepage per acre is provided 

as Exhibit B. 

Lagoon 1 

49. Lagoon 1 at Cow Palace Dairy is 430 ft. x 280 ft. by 30 ft. deep, with 

a calculated storage capacity of approximately 18,266,160 gallons, or 56 

acre feet.36  Cow Palace does not possess any information about whether 

Lagoon 1 can meet the current NRCS WA 313 recommendation standard.37  

Lagoon 1 does not contain any type of geosynthetic liner, but was instead 

constructed into the ground using a native soil-lined bottom.38  Cow Palace 

                                                
35 AWFMH 10D-11.   
36 COWPAL000012; 000038-39. 
37 DAIRIES000910.   
38 Porter Trans. at 35:24-36:6. 
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does not know the depth of the soil liner, but for the purposes of the 

calculations below, I assume it is one foot thick and constructed out of 

native soil.   

50. The photos below represent the condition of Lagoon 1 as it was at the 

time of Plaintiffs’ October, 2013 inspection.  

 

Photo: View to northeast of Lagoon 1.  Erosion caused by Settling Basins 
discharging into Lagoon 1 is visible in background. 
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Photo: View to southwest of Lagoon 1.  Dried, cracked, and eroded manure 
seal is visible in foreground. 
 
51. Visible in the photo is the desiccation of the manure seal and the 

erosion of the manure down to native soil wherever water is discharged into 

the lagoons. 

52. In order to estimate the seepage from this lagoon, the following 

assumptions were made: soil permeability 1x10-5 cm/sec, one foot thick soil 

liner, one order of magnitude manure seal, and an average of 15 feet of 

liquid in the 30 foot deep pond.  Since the pond is much deeper than 15 feet 

(in fact, Dirk Porter, a decades-long employee with Cow Palace, testified 
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that Lagoon 1 was deepened by the Dairy in 1994 or 1995, making one end 

of the lagoon 9-10 feet deeper than the other39), and the soils in the area and 

in the pond footprint are sand, gravel and some silt, these assumptions 

should be conservative. The following table provides a conservative leakage 

estimate for Lagoon 1: 

Q	  =	  KiA	  
K=	   0.000001	   cm/sec	  
i=	   15	   ft	  
A=	   120400	   ft2	  
	  	   	  	   	  	  
Q=	   38,298	   Gallons/day	  
	  	   1,148,930	   Gallons/month	  
	  	   13,978,651	   Gallons/year	  

53. There is no question that Lagoon 1 leaks large amounts of liquid 

manure into the ground. The only variable in the equation that has not been 

directly tested is the in-place permeability of the soil liner. The other 

significant variable that changes over time is the depth of liquid in the 

lagoon which, in this equation, is equal to the head or pressure exerted on 

the liner.  The variable ranges from 0 when the lagoon is empty to 30 feet 

when the lagoon is full. Since this is the first lagoon in the Cow Palace’s 

manure waste management process, it most likely contains liquid during 

most of the year.  Even assuming that the lagoon has a soil liner that is one 

foot thick (although there is no information to support this) and varying the 

                                                
39 Porter Trans. at 33:3-11. 
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liner permeability between 1x10-5 cm/sec and 1x10-6 cm/sec while 

maintaining the lagoon under half full conditions, Lagoon 1 leaks between 

38,298 and 383,000 gallons of manure-contaminated water per day, or 4.6 

million to 46 million gallons per year, assuming that the pond is half full at 

least 4 months of the year. Even assuming a liner permeability of 1 x 10-7 

cm/sec, Lagoon 1 leaks 3,830 gallons of manure-contaminated water per 

day, or 460,000 gallons per year, assuming the pond is half full at least 4 

months of the year.  Given, however, that the soil types in the area are of 

moderate to high permeability, that Cow Palace has not maintained its 

manure seal properly, and that Lagoon 1 was dug deeper to one side, the 

specific discharge amounts are likely on the high end of my calculations.  

The following graph provides seepage estimates for Lagoon 1 with respect 

to liquid level changes from 1’ to 30’ and a range of permeability between 

1x10-5 cm/sec and 1x10-6 cm/sec. 
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54. The lagoon leakage is especially concerning with respect to ground 

water contamination issues.  Once the seepage leaves the bottom of the 

lagoon it will infiltrate into the subsurface, saturate the underlying soil and 

continue to migrate in the subsurface until it encounters ground water. 

Because the leakage occurs below the influence of any plants, there is no 

chance for the nitrate to attenuate due to plant uptake.   

55. Although no samples were collected for analytical testing from 

Lagoon 1 during our site inspections, reasonable estimates can be made 

about the chemical nature of its contents using analytical results from 

lagoons containing similar wastes.  A sample collected from Cow Palace 
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Lagoon 2 in October 2013 exhibited a total nitrogen (sum of organic 

nitrogen, ammonia, nitrite, and nitrate) concentration of 1,600 ppm.  In 

addition, Table 20 of the EPA report provides analytical results of samples 

collected from 12 lagoons in the “Dairy Cluster.”  Total nitrogen 

concentrations detected in these samples ranged from 290 ppm to 1,800 ppm 

and averaged 1,180 ppm. 

56. The most conservative seepage estimates from this lagoon (3,830 

gallons per day) far exceed any estimates of the total septic system 

discharges for all residents within 3 miles of the Cow Palace. 

Settling Basins 

57. There are two “Settling Basins” at Cow Palace Dairy.  Each has an 

outside dimension of 200 ft. x 133 ft. by 10 ft. deep, with a calculated 

storage capacity of approximately 1,521,000 gallons each, for a total of 

3,042,000 gallons, or 9.4 acre feet.40  Cow Palace does not possess any 

information about whether the Settling Basins can meet the current, or even 

any prior, NRCS WA 313 standard.41   The Basins do not contain any type of 

geosynthetic liner, but rather were constructed into the ground using a native 

soil-lined bottom.42  Cow Palace does not know the thickness of the soil 

                                                
40 COWPAL000012; 000038.   
41 DAIRIES000910.   
42 ECF No. 133 at 8 (Answer to Second Amended Complaint).   
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liner, but for the purposes of the calculations below, I assume it is one foot 

thick.  No evidence of a liner was observed during my site visit and it 

appeared that the edges of the pond were constructed out of native soil. 

58. The photos below represent the condition of Settling Basins as they 

were at the time of Plaintiffs’ October, 2013 inspection.   

 

Photo:  View to southwest of west Settling Basin.  Waste being discharged 
from collection sump is visible in foreground. 
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Photo:  View to southeast of east Settling Basin.  Waste being discharged 
from collection sump visible on north end of basin. 
 
59. In order to estimate the seepage from this lagoon, the following 

assumptions were made: soil permeability 1x10-5 cm/sec, 1 foot thick soil 

liner, 1 order of magnitude manure seal, and an average of 10 feet of liquid 

in each basin. The Settling basins are the first part of the lagoon process 

ponds and separate solids by decanting liquids below the upper scum layer, 

requiring full or near full conditions to operate.  Since the pond is 10 feet 

deep and the soils in the area and in the pond footprint are sand, gravel and 

some silt, these assumptions should be conservative. The following table 
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provides a conservative leakage estimate for one of the Settling Basins: 

Q	  =	  KiA	  
K=	   0.000001	   cm/sec	  
i=	   10	   ft	  
A=	   26600	   ft2	  
	  	   	  	   	  	  
Q=	   5,641	   Gallons/day	  
	  	   169,222	   Gallons/month	  
	  	   2,058,871	   Gallons/year	  

60. There is no question that the settling basins leak liquid manure into 

the ground. Assuming that the basins have a soil liner that is one foot thick 

and varying the liner permeability between 1x10-5 cm/sec and 1x10-6 

cm/sec while maintaining the basins under full conditions, each Settling 

Basin leaks between 5,641 and 56,400 gallons of manure-contaminated 

water per day, or 2 million to 20 million gallons per year, assuming that the 

ponds are in use year around.  Even assuming a liner permeability of 1 x 10-

7 cm/sec and half-full conditions year around, each Settling Basin leaks 564 

gallons of manure-contaminated water per day, or 200,000 gallons per year, 

assuming the ponds are in use year around.  Given, however, that the soil 

types in the area are of moderate to high permeability, and that Cow Palace 

has not maintained its manure seal properly, the specific discharge amounts 

are likely on the high end of these calculations. 

61. The Settling Basin leakage is especially concerning with respect to 

ground water contamination issues.  Once the seepage leaves the bottom of 
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the lagoon, it will infiltrate the subsurface, saturate the underlying soil and 

continue to migrate in the subsurface until it encounters ground water. 

Because the leakage occurs below the influence of any plants, there is no 

chance for the nitrate to attenuate due to plant uptake.  

62. Although no samples were collected for analytical testing from the 

settling basins during our site inspections, reasonable estimates can be made 

about the chemical nature of their contents using analytical results from 

lagoons containing similar wastes.  A sample we collected from Cow Palace 

Lagoon 2 in October 2013 exhibited a total nitrogen concentration (sum of 

organic nitrogen, ammonia, nitrite, and nitrate) of 1,600 ppm.  In addition, 

table 20 of the EPA report provides analytical results of samples collected 

from 12 lagoons in the “Dairy Cluster.”  Total nitrogen concentrations 

detected in these samples ranged from 290 ppm to 1,800 ppm and averaged 

1,180 ppm.  The Settling Basins are the first in a series of several waste 

containment structures at the Cow Palace and are designed to contain 

manure with more organic solids than subsequent lagoons.  Therefore, I 

believe the estimates of total nitrogen content listed above to be conservative 

with respect to the actual nitrogen concentrations of the waste contained in 

the Settling Basins.   

Lagoon 2 
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63. Lagoon 2, or “Pond 2,” at Cow Palace Dairy is 300 ft. x 200 ft. by 16 

ft. deep (including one foot of freeboard), with a calculated storage capacity 

of approximately 5,149,980 gallons, or 15.8 acre feet.43  Cow Palace does 

not possess any information about whether Lagoon 2 can meet the current, 

or any prior, NRCS WA 313 standard.44  Lagoon 2 does not contain any type 

of geosynthetic liner, but was instead constructed into the ground using a 

soil lined-bottom.45  Cow Palace does not know the thickness of the soil 

liner, but for the purposes of the calculations below, I assume it is one foot 

thick.   

64. The photo below represents the condition of Lagoon 2 as it was at the 

time of Plaintiffs’ October, 2013 inspection.  

                                                
43 COWPAL000012; 000038; 000040. 
44 DAIRIES000910.   
45 ECF No. 133 at 8 (Answer to Second Amended Complaint).   
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Photo:  View to the west of Lagoon 2.  Dried and cracked manure seal on 
sloped sides of lagoon is visible on south end of lagoon. 
 
65. In order to estimate the seepage from this lagoon, the following 

assumptions were made: soil permeability 1x10-5 cm/sec, 1 foot thick soil 

liner, 1 order of magnitude manure seal, and an average of 8 feet of liquid in 

the 16 foot deep pond.  Since the pond is deeper than 15 feet and the soils in 

the area and in the pond footprint are sand, gravel and some silt, these 

assumptions should be conservative. The following table provides a 

conservative leakage estimates for Lagoon 2: 

Q	  =	  KiA	  
K=	   0.000001	   cm/sec	  
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i=	   7.5	   ft	  
A=	   60000	   ft2	  
	  	   	  	   	  	  
Q=	   9,543	   Gallons/day	  
	  	   286,278	   Gallons/month	  
	  	   3,483,053	   Gallons/year	  

66. There is no question that Lagoon 2 leaks large amounts of liquid 

manure into the ground. The only variable in the equation that has not been 

directly tested is the in-place permeability of the liner. The other significant 

variable that changes over time is the depth of liquid in the lagoon which, in 

this equation, is equal to the head or pressure exerted on the liner.  The 

variable ranges from 0 when the lagoon is empty to 15 feet when the lagoon 

is full; however, since this is the second lagoon in the process, it most likely 

contains liquid during about 6 months per year.  Assuming that the lagoon 

has a soil liner that is one foot thick and varying the liner permeability 

between 1x10-5 cm/sec and 1x10-6 cm/sec while maintaining the lagoon 

under half full conditions, Lagoon 2 leaks between 9,543 and 95,400 gallons 

of manure-contaminated water per day, or 1.7 million to 17 million gallons 

per year, assuming that the pond is half full at least 6 months of the year. 

Even assuming a liner permeability of 1 x 10-7 cm/sec and half full 6 

months of the year, Lagoon 2 leaks 954 gallons of manure-contaminated 

water per day, or 170,000 gallons per year.  Given, however, that the soil 

types in the area are of moderate to high permeability, that Cow Palace has 
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not maintained its manure seal properly, the specific discharge amounts are 

likely on the high end of my calculations.  The following graph provides 

seepage estimates for Lagoon 2 with respect to liquid level changes from 1’ 

to 15’ and a range of permeability between 1x10-5 cm/sec and 1x10-6 

cm/sec. 

 

67. The lagoon leakage is especially concerning with respect to ground 

water contamination issues.  Once the seepage leaves the bottom of the 

lagoon it will infiltrate the subsurface, saturate the underlying soil and 

continue to migrate in the subsurface until it encounters ground water. 
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Because the leakage occurs below the influence of any plants, there is no 

chance for the nitrate to attenuate due to plant uptake.   

68. A sample we collected from Cow Palace Lagoon 2 in October 2013 

exhibited a total nitrogen (sum of organic nitrogen, ammonia, nitrite, and 

nitrate) concentration of 1,600 ppm. 

Lagoon 3 

69. Lagoon 3, or “Pond 3,” at Cow Palace Dairy is 225 ft. x 200 ft. by 21 

ft. deep (including one foot of freeboard), with a calculated storage capacity 

of approximately 4,428,160 gallons, or 13.6 acre feet.46  Cow Palace does 

not possess any information about whether Lagoon 3 can meet the current, 

or any prior, NRCS WA 313 standard.47  Lagoon 3 does not contain any type 

of geosynthetic liner, but was instead constructed into the ground using a 

soil-lined bottom.  Cow Palace does not know the thickness of the soil liner, 

but for the purposes of the calculations below, I assume it is one foot thick.   

70. In order to estimate the seepage from this lagoon, the following 

assumptions were made: soil permeability of 1x10-5 cm/sec, 1 foot thick soil 

liner, 1 order of magnitude manure seal, and an average of 10 feet of liquid 

in the 21 foot deep pond.  Since the pond is much deeper than 10 feet and 

the soils in the area and in the pond footprint are sand, gravel and some silt, 

                                                
46 COWPAL000012; 000038; 000041.   
47 DAIRIES000910.   
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these assumptions should be conservative. The following table provides a 

conservative leakage estimates for Lagoon 3: 

Q	  =	  KiA	  
K=	   0.000001	   cm/sec	  
i=	   10	   ft	  
A=	   45000	   ft2	  
	  	   	  	   	  	  
Q=	   9,543	   Gallons/day	  
	  	   286,278	   Gallons/month	  
	  	   3,483,053	   Gallons/year	  

71. There is no question that Lagoon 3 leaks large amounts of liquid 

manure into the ground. The only variable in the equation that has not been 

directly tested is the in-place permeability of the liner. The other significant 

variable that changes over time is the depth of liquid in the lagoon which, in 

this equation, is equal to the head or pressure exerted on the liner.  The 

variable ranges from 0 when the lagoon is empty to 20 feet when the lagoon 

is full; however, since this is the third lagoon in the process, it most likely 

contains liquid about 4 months per year.  Assuming that the lagoon has a soil 

liner that is one foot thick and varying the liner permeability between 1x10-5 

cm/sec and 1x10-6 cm/sec while maintaining the lagoon under only half-full 

conditions, Lagoon 3 leaks between 9,543 and 95,400 gallons of manure-

contaminated water per day, or 1.16 million and 11.6 million gallons per 

year, assuming that the pond is half-full at least 4 months of the year. Even 

assuming a liner permeability of 1 x 10-7 cm/sec and half-full conditions 
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four months of the year, Lagoon 3 leaks 954 gallons of manure-

contaminated water per day, or 116,000 gallons per year.  Given, however, 

that the soil types in the area are of moderate to high permeability, that Cow 

Palace has not maintained its manure seal properly, the specific discharge 

amounts are likely on the high end of my calculations.  The following graph 

provides seepage estimates for Lagoon 3 with respect to liquid level changes 

from 1’ to 20’ and a range of permeability between 1x10-5 cm/sec and 1x10-

6 cm/sec. 

 

The lagoon leakage is especially concerning with respect to ground water 
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contamination issues.  Once the seepage leaves the bottom of the lagoon it 

will infiltrate the subsurface, saturate the underlying soil and continue to 

migrate in the subsurface until it encounters ground water. Because the 

leakage occurs below the influence of any plants, there is no chance for the 

nitrate to attenuate due to plant uptake.   

72. Although no samples were collected for analytical testing from the 

Lagoon 3 during our site inspections, reasonable estimates can be made 

about the chemical nature of its contents using analytical results from 

lagoons containing similar wastes.  A sample collected from Cow Palace 

Lagoon 2 in October 2013 exhibited a total nitrogen (sum of organic 

nitrogen, ammonia, nitrite, and nitrate) concentration of 1,600 ppm.  In 

addition, table 20 of the EPA report provides analytical results of samples 

collected from 12 lagoons in the “Dairy Cluster.”  Total nitrogen 

concentrations detected in these samples ranged from 290 ppm to 1,800 ppm 

and averaged 1,180 ppm. 

Lagoon 4 

73. Lagoon 4, or “Pond 4,” at Cow Palace Dairy is 265 ft. x 200 ft. by 14 

ft. deep (including one foot of freeboard), with a calculated storage capacity 

of approximately 3,689,704 gallons, or 11.3 acre feet.48  Lagoon 4 does not 

                                                
48 COWPAL000012; 000038; 000041.   
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contain any type of geosynthetic liner, but was instead constructed into the 

ground using a soil-lined bottom.49  

74. Lagoon 4 was brought into operation at the facility sometime after 

August, 2004.50  In designing Lagoon 4, Cow Palace obtained a soil sample 

of the material used to line Lagoon 4, which was described as “silt with trace 

sand.”51  The laboratory permeability testing showed that the wall of the 

constructed lagoon had a permeability of 5.7 X 10-7 cm/sec.52  Cow Palace’s 

contractor, however, only tested the sides of the earthen lagoon, not the 

bottom and performed an insufficient number of tests to characterize the 

liner.53  In addition, the test was a laboratory analysis of the soil used to line 

the lagoon, not an actual test of the in-place liner permeability.  This is 

problematic because it does not present a complete picture of the 

permeability characteristics of the lagoon or significant characterization of 

the actual permeability of the liner.  

75. In order to estimate the seepage from this lagoon, the following 

assumptions were made: soil permeability 5.7x10-7 cm/sec, 1 foot thick soil 

liner, both 0.5 and 1 order of magnitude manure seal, and an average of 6.5 

feet of liquid in the 14 foot deep pond.  Since the pond is much deeper than 
                                                
49 ECF No. 133 at 8 (Answer to Second Amended Complaint).   
50 COWPAL000012.   
51 DAIRIES000921; see also DAIRIES000922.  
52 DAIRIES000921.   
53 DAIRIES000931.   
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6.5 feet and the soils in the area and in the pond footprint are sand, gravel 

and some silt, these assumptions should be conservative. The following table 

provides a conservative leakage estimates for Lagoon 4: 

Q	  =	  KiA	  
K=	   0.000000057	   cm/sec	  
i=	   6.5	   ft	  
A=	   53000	   ft2	  
	  	   	  	   	  	  
Q=	   416	   Gallons/day	  
	  	   12,492	   Gallons/month	  
	  	   151,989	   Gallons/year	  

 

76. There is no question that Lagoon 4 leaks liquid manure into the 

ground. One variable in the equation that has not been directly tested is the 

in-place permeability of the liner with the manure seal, which may decrease 

the permeability by ½ to 1 order of magnitude. The other significant variable 

that changes over time is the depth of liquid in the lagoon which, in this 

equation, is equal to the head or pressure exerted on the liner.  The variable 

ranges from 0 when the lagoon is empty to 13 feet when the lagoon is full; 

however, since this is the fourth lagoon in the process, it most likely contains 

liquid during at least 4 months per year.  Even assuming that the lagoon has 

a soil liner that is one foot thick and varying the liner permeability between 

5.7x10-8 cm/sec and 8.84x10-7 cm/sec while maintaining the lagoon under 

half-full conditions, Lagoon 4 leaks between 416 and 6,458 gallons of 
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manure-contaminated water per day, or 50,600 to 785,000 gallons per year, 

assuming that the pond is half-full at least 4 months of the year. Given, 

however, that the soil types in the area are of moderate to high permeability, 

that Cow Palace has not maintained its manure seal properly, and liquids are 

likely in the pond more of the year, the specific discharge amounts are likely 

on the high end of my calculations.  The following graph provides seepage 

estimates for Lagoon 4 with respect to liquid level changes from 1’ to 13’ 

and a range of permeability between 8.84x10-7 cm/sec and 5.7x10-8 cm/sec. 

 

77. The lagoon leakage is especially concerning with respect to ground 
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water contamination issues.  Once the seepage leaves the bottom of the 

lagoon it will infiltrate the subsurface, saturate the underlying soil and 

continue to migrate in the subsurface until it encounters ground water. 

Because the leakage occurs below the influence of any plants, there is no 

chance for the nitrate to attenuate due to plant uptake.   Based on my 

observations, I do not believe that there is an effective manure seal on 

Lagoon 4 that would prevent liquid manure from leaching through the 

bottom of the lagoon.    

78. Although no samples were collected from Lagoon 4 during our site 

inspections, reasonable estimates can be made about the chemical nature of 

its contents using analytical results from lagoons containing similar wastes.  

A sample we collected from Cow Palace Lagoon 2 in October 2013 

exhibited a total nitrogen (sum of organic nitrogen, ammonia, nitrite, and 

nitrate) concentration of 1,600 ppm.  In addition, table 20 of the EPA report 

provides analytical results of samples collected from 12 lagoons in the 

“Dairy Cluster.”  Total nitrogen concentrations detected in these samples 

ranged from 290 ppm to 1,800 ppm and averaged 1,180 ppm. 

79. Cow Palace does not use manure that leaks from its lagoons as 

fertilizer, nor could it.54  This is reinforced by the fact that the Lagoon’s 

                                                
54 Cow Palace Revised Response to Plaintiffs’ Request for Admission 1.   
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bottom depth is below crop rooting zones, which I observed during our field 

sampling to be typically between two- to three-feet below the surface.  As 

such, the manure that leaks from Lagoon 4 has only one final destination: 

groundwater.   

Safety Debris Basin 

80. The “Safety Debris Basin” at Cow Palace Dairy is 170 ft. x 200 ft. by 

8 ft. deep, with a calculated storage capacity of approximately 2,000,000 

gallons.55  Cow Palace does not possess any information about whether the 

Safety Debris Basin can meet the current, or any prior, NRCS WA 313 

standard.56  The Safety Debris Basin does not contain any type of 

geosynthetic liner, but was instead constructed into the ground using a soil-

lined bottom.  Cow Palace does not know the depth of the soil liner, based 

on my observation while on site, liner material was not noticeable. The 

Basin was designed to store manure-contaminated run-off from the Dairy’s 

pens and other areas, as well as run-off from the silage area.57  Liquid from 

the Safety Debris Basin is applied to agricultural fields after being pumped 

into a spray truck or the settling basins.58 

81. Adjacent to the Safety Debris Basin is another “stormwater catch 

                                                
55 COWPAL000012.   
56 DAIRIES000910.   
57 Boivin Trans., 177:16-18; COWPAL000012.   
58 Boivin Trans., 178:24-181:11.   
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basin,” as it was described to me during the October 2013 inspection of Cow 

Palace Dairy.  This stormwater catch basin is not part of the Cow Palace 

DNMP and not identified as a lagoon for implementation of the AOC, even 

though the basin had stored manure-contaminated water in the past.  I have 

not seen any information about the construction of this basin or its 

dimensions, other than the information gained by personal observation. 

82. The photographs below depict the condition of the Safety Debris 

Basin, adjacent storm water catch basin, and surrounding features as they 

were during Plaintiffs’ October 2013 and May 2014 inspections.  

 

Photo:  View during October 2013 inspection of drop inlet near Safety 

Carter Declaration 
Exhibit 2 - Page 288

Case 2:13-cv-03016-TOR    Document 237-3 ***NOT ON PUBLIC DOCKET***    Filed 12/01/14



 56 

Debris Basin collecting silage leachate.  Leachate was being conveyed 
through a pipe and discharged into Safety Debris Basin. 
 

 
 
Photo:  View during October 2013 inspection of Safety Debris Basin.  A 
sample of silage leachate being discharged into the basin is being collected 
at right. 
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Photo: View to south during May 2014 inspection.  Safety Debris Basin 
visible at left and storm water catch basin at right. 
 
83. There is no question that Safety Debris Basin and the adjacent 

stormwater catch basin discharge liquid into the ground.   

84. My understanding is that Cow Palace does not use liquid that leaks 

from the Safety Debris Basin and the stormwater catch basin as fertilizer.59  

From my observations, there are no crops in that immediate area that could 

use the manure as fertilizer, especially considering that the Safety Debris 

Basin’s bottom depth is below crop rooting zones.  As such, the manure that 

leaks from the Safety Debris Basin has only one final destination: 

                                                
59 Cow Palace Revised Response to Plaintiffs’ Request for Admission 1.   
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groundwater.   

85. My opinions about the Safety Debris Basin are reinforced by sampling 

accomplished by Plaintiffs during their October 2013 and May 2014 site 

visits of Cow Palace Dairy.  During the 2013 visit, I oversaw the collection 

of a sample of silage leachate that was being collected from the base of a 

silage pile into a drop inlet with a grated manhole cover, conveyed in a 

buried pipe, and discharged into the Basin.  The sample contained nitrate at a 

concentration of 29.5 ppm, ammonia at 574 ppm, and a total nitrogen 

content of 2,850 ppm.  Erosion can occur at pipe discharge locations, 

especially when liquid falls some distance from the end of the pipe to the 

discharge point (as depicted in the photographs above), and could potentially 

compromise any manure seal that would otherwise be present in the basin.   

86. During the 2014 visit, I supervised the use of a Geoprobe hydraulic 

probe to collect soil core samples from the dike between the Safety Debris 

Basin and the stormwater catch basin. A table of the results is presented 

below.  Although perched groundwater was not encountered in this boring, 

the lithology was observed to be a highly-layered depositional environment, 

which is typically commensurate with discrete zones of perched water.  

Several of the layers at depths up to 18 feet bgs exhibited elevated nitrate 

concentrations, indicating that contaminated liquid had been in contact with 
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the subsurface soil.  

 

Sample ID Sample 
Date Depth pH, 

SU 
Phosphorus, 
ppm 

Nitrate, 
ppm 

Ammonium
-N, ppm 

Total Nitrogen, 
Solid, mg/kg 

CP-SB-04C-8-10 5/22/14 8-10 7.7 38 20.3 1.1 270 

CP-SB-04C-10-
12 5/22/14 10-12 7.7 5.1 18.2 0.9 887 

CP-SB-04C-13-
15 5/22/14 13-15 7.8 4.9 14.4 0.8 < 100 

CP-SB-04C-15-
16 5/22/14 15-16 7.7 5.9 27 1.2 138 

CP-SB-04-17.8-
18.2 5/19/14 17.8-

18.2 7.2 10.7 22 4.4 112 

CP-SB-04-19.5-
20 5/19/14 19.5-

20 8 < 1.4 2.9 2 < 100 

CP-SB-04C-20-
23 5/22/14 20-23 7.8 < 1.4 7.8 0.5 < 100 

CP-SB-04C-27-
30 5/22/14 27-30 7.6 2.1 6.1 0.6 < 100 

CP-SB-04C-
45.5-47 5/22/14 45.5-

47 7.8 < 1.4 1.2 7.5 < 100 
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87. These results support my opinion that the Safety Debris Basin and the 

stormwater catch basin leak liquid.  That nitrates were present deep in the 

soil shows that these lagoons are leaking liquid manure.  Given Plaintiffs’ 

limited investigatory ability, this area requires further characterization.  

Catch Basin NW 

88. The Catch Basin NW at Cow Palace Dairy is 135 ft. x 242 ft. by 25 ft. 

deep, with a calculated storage capacity of approximately 3,100,100 gallons, 

or 9.4 acre feet.60  The Basin does not contain any type of geosynthetic liner, 

but was instead constructed into the ground using a soil-lined bottom.  

89. The Catch Basin NW is designed to catch stormwater run-off from the 

cow pens that are located nearby, to collect run-off from the compost area, 

and to collect runoff and wastewater from the calf barn.61  The liquid 

contained in the Basin can be pumped to the settling basins, where it can 

later be applied to fields.62 

90. When drilling monitoring well YVD-06 on August 17, 2013, Cow 

Palace’s contractors noticed that there was an “effervescing” in the nearby 

Catch Basin NW.  The bubbling was noticed as the boring was advanced 

from 100 ft. to 128 ft. bgs, where 20 feet of sandy gravel, a very permeable 

                                                
60 COWPAL000012. 
61 Boivin Trans. 192:22-193:5.   
62 Boivin Trans. 194:10-195:5.   
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soil type, was encountered.  The bubbling spot in the lagoon was 50 feet 

north of the edge of the lagoon toward the center of the impoundment.  Cow 

Palace confirmed that the bubbling was only noticed when the air rotary drill 

was in operation.63  The air rotary drilling operation uses high pressure, high 

volume air injection to remove the cuttings from the borehole.  The air 

injection is usually in the range of 900 cubic feet per minute at 300 pounds 

per square inch.  After starting and stopping the air injection, it was verified 

that the air rotary drill was causing bubbling less than 50 feet away. This 

bubbling demonstrates that both the subsurface is very permeable with 

discrete vertical flowpaths and that Catch Basin NW liner was not a 

significant barrier to fluid migration, likely discharging large amounts of 

manure liquid to the ground and groundwater.  The air injection also finds 

the path of least resistance through the subsurface material, directly 

indicating that the subsurface contains preferential flowpaths that can 

transmit significant quantities of fluid to ground water.  At the time, the 

lagoon was approximately 35 percent full of material.64 These data further 

verify our assumption that a majority of the leakage in the lagoons occurs in 

discrete preferential pathways within the footprint of the lagoon.  As a result, 

a more detailed investigation is required to locate and sample those specific 

                                                
63 DAIRIES002890.  
64 Boivin Trans. 199:3-5. 
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migration pathways. Three exploratory borings in the vicinity of over 35 

lagoons on four facilities were all that were allowed during our investigation 

based on the Court Order.  This is not a sufficient investigative effort to 

characterize seepage from the waste handling facilities at this site. 

91. Cow Palace drained the lagoon soon thereafter, re-sloping the sides 

and re-compacting the soil liner.65  No soil permeability tests or core tests 

were taken at this time.66  It is highly suspect why Cow Palace decided not to 

take or report soil permeability tests for the Catch Basin, considering it had 

been completely drawn down, re-sloped, and re-compacted, and that it had 

an obligation under the AOC to demonstrate that its lagoons met the NRCS 

WA 313 standard.  In addition, when we visited the lagoon in the fall of 

2013, it had been emptied and a new liner was placed and compacted.  

Visual observation of the liner and physical inspection (including rubbing 

some of the material between my fingers to determine silt, sand and clay 

concentration), indicated it was a fine sand to silt texture, not a compacted 

clay liner.  At that time, waste water from the calf pens was running into a 

small impoundment in the northwest corner of the lagoon at a rate of 5 to 10 

gallons per minute.  The small impoundment was less than 10’ by 10’ and 2’ 

deep.  During our two day tour, the flow was fairly constant and the small 

                                                
65 Boivin Trans. 198:5-12. 
66 Boivin Trans. 201:5-14.   
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holding area never overflowed, indicating that infiltration was taking place 

at a rate roughly equal to the rate of flow into the bermed area minus a small 

evaporation component. 

 

Photo. View of NW Catchment Basin during October site visit. New liner 

with significant erosion from infall pipes is shown 
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Photo. View of NW Catchment Basin. Outfall from calf pens with liquid 

infiltrating is shown. 

92. The photos above represent the condition of the Catch Basin NW as it 

was at the time of Plaintiffs’ October 2013 inspection.  As is evident from 

the photographs, Cow Palace had recently completed re-sloping the sides 

and compacting the soil liner.  

93. There is no question that the Catch Basin NW discharges liquid waste 

and manure into the ground, especially considering that operation of an air 

rotary drill 50 feet away provided sufficient air pressure to penetrate the 

liner of the impoundment, even at 35% capacity.  Assuming that the Lagoon 

has a soil liner that is one foot thick and contains liquid during at least six 

month per year, the Basin leaks between 8,314 and 83,100 gallons of manure 
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per day, or between 1.6 million and 16 million gallons/year depending on 

the specific permeability of the soil.  Given, however, that the soil types in 

the area are of moderate to high permeability, and that Cow Palace has not 

maintained its manure seal properly, the specific discharge amounts are 

likely on the high end of my calculations.   

94. Given the location of this Basin and the depth of the bottom of the 

lagoon, once the liquid seeps from the lagoon, there is no opportunity for 

plant uptake of nutrients.  The leakage will migrate through the soil under 

gravity drainage conditions until it encounters a perched water table or the 

ground water table where it will contaminate the ground water. 

Catch Basin NE 

95. The Catch Basin NE at Cow Palace Dairy is 130 ft. x 175 ft. by 8 ft. 

deep, with a calculated storage capacity of approximately 1,100,000 gallons, 

or 3.4 acre feet.67  The Basin does not contain any type of geosynthetic liner, 

but was instead constructed into the ground using a soil-lined bottom. 

96. The Catch Basin NE is designed to catch stormwater run-off from the 

cow pens that are located nearby, to collect run-off from the truck wash 

station, and to collect runoff from the silage area.68  The liquid contained in 

the Basin can be pumped to the settling basins, where it can later be applied 

                                                
67 COWPAL000012. 
68 Boivin Trans. 185:4-7. 
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to fields.69 

97. The photos below represent the condition of the Catch Basin NE as it 

was at the time of Plaintiffs’ October 2013 inspection. 

 

Photo. View of NE Catchment Basin. Note erosion from inflow and lack of 
manure seal. 
 
98. Based on our observations, this basin most likely contains liquid 

during most of the year.  Assuming the basin has 4 feet of liquid, and the 

manure seal provides a one order of magnitude seal, the following table 

summarizes the suspected leakage from the basin. 

Q	  =	  KiA	  
K=	   0.000001	   cm/sec	  
i=	   4	   ft	  
A=	   22750	   ft2	  
	  	   	  	   	  	  

                                                
69 Boivin Trans. 185:17-25.   
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Q=	   1,930	   Gallons/day	  
	  	   57,892	   Gallons/month	  
	  	   704,351	   Gallons/year	  

 

There is no question that the Catch Basin NE discharges liquid manure and 

other liquid wastes into the ground.  Assuming that the Basin has a soil liner 

that is one foot thick, the Lagoon leaks between 1,930 and 19,300 gallons of 

manure per day, which equates to 704,350 to 7.04 million gallons/year, 

depending on the specific permeability of the soil.  Given, however, that the 

soil types in the area are of moderate to high permeability, and that Cow 

Palace has not maintained its manure seal properly, I believe that the specific 

discharge amounts are likely on the high end of my calculations.   

99. The lagoon leakage is especially concerning with respect to ground 

water contamination issues.  Once the seepage leaves the bottom of the 

lagoon, it will infiltrate the subsurface, saturate the underlying soil and 

continue to migrate in the subsurface until it encounters ground water. 

Because the leakage occurs below the influence of any plants, there is no 

chance for the nitrate to attenuate due to plant uptake.   

Stormwater Pumpback Pond / Tailwater Pond / “Tailwater Catching 
Pond” 

 
100. Cow Palace uses three tailwater recovery ponds located to the south of 
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the Dairy and to the south of most of its application fields.70  These ponds 

are designed to catch run-off from the Dairy’s application fields, and contain 

manure nutrients from manure application runoff.71  The ponds do not 

contain any type of geosynthetic liner, but were instead constructed into the 

ground using a soil-lined bottom.72 

101. Plaintiffs sampled one of the tailwater recovery ponds during their 

October Rule 34 inspection of Cow Palace Dairy.  The recovery pond that 

was sampled is located just off Knowles Road, in the southwest corner of 

one of Cow Palace’s application fields.  Nitrogen (Ammonia as N) was 

observed at 90 mg/L; Total Kjeldahl Nitrogen was 128 mg/L; phosphorus 

was 12 mg/L; calcium was reported at 104 mg/L; magnesium at 51 mg/L; 

potassium at 257 mg/L; and sodium at 107 mg/L.  These results confirm that 

the tailwater recovery pond contains substantial amounts of manure related 

nutrients from manure runoff.   

102. Plaintiffs also sampled a tailwater recovery pond at the southwest 

corner of Cow Palace Field 2.  That pond had lower concentrations of 

manure-related contaminants.  Given that the pond has no liner, however, 

these contaminants will contribute, though less than other sources, to the 

                                                
70 DAIRIES000915.   
71 Boivin Trans. 218:23-219:11.   
72 Boivin Trans. 225:3-5.   
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contamination of the groundwater.  

103. Cow Palace pumps the water that is recovered in these ponds back 

into their applications fields once the ponds are approximately two-thirds 

full.  No manure nutrient sampling is conducted before applying liquids 

from these ponds.73 

104. The photos below represent the condition of the southwest tailwater 

recovery pond as it was at the time of Plaintiffs’ October, 2013 inspection.  

 

Photo. Tailwater pond adjacent to Liberty 

105. There is no question that the tailwater recovery ponds discharge 

manure-contaminated water into the ground.  The concentration of the 

                                                
73 Boivin Trans. 222:12-15.   
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discharge is, of course, dependent on the water quality in the tailwater pond, 

but the amount of discharge would still occur.  There was no evidence of 

construction of a liner and since the water is runoff from fields, it does not 

contain the same volume of manure solids as the other process lagoons.  As 

a result, assuming that a manure seal would form is not correct.  These 

ponds appeared to be constructed by placing a berm or dike across the 

downgradient side of the natural drainage, most likely without any 

construction of a liner. Assuming that the recovery ponds have a soil liner 

that is one foot thick that reduce the permeability to 1x10-6 and the ponds 

contain water during most of the year, then the total pond leakage from these 

three ponds is between 6,777 and 67,700 gallons per day, or 2.47 million to 

24.7 million gallons/year depending on the specific permeability of the soil.  

Given, however, that the soil types in the area are of moderate to high 

permeability, and that there are no manure seals on these recovery ponds, the 

specific discharge amounts are likely on the high end of my calculations.   

106. The pond leakage is especially concerning with respect to ground 

water contamination issues.  Once the seepage leaves the bottom of the 

lagoon, it will infiltrate the subsurface, saturate the underlying soil and 

continue to migrate in the subsurface until it encounters ground water. 

Because the leakage occurs below the influence of any plants, there is no 
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chance for the nitrate to attenuate due to plant uptake.   

Haak Dairy Lagoon Cores 

107. While there is some range of uncertainty in the calculations outlined 

supra, as stated above, I believe to a reasonable degree of scientific certainty 

that Cow Palace’s lagoons are and have been seeping manure into the 

ground and groundwater since each came into active operational use.  I 

further believe that the specific discharge rate for each lagoon likely falls 

into the higher range of my estimates, because of the lagoon construction 

methods, the permeable soil beneath the lagoons, the lack of an actual liner, 

the observation of coarse-grained material in the liner footprint, the soil 

sampling results near the lagoons, and an industry standard that allows 

significant seepage. 

108. The opinions expressed above concerning discharges from Cow 

Palace’s lagoons, basins, and recovery ponds are reinforced by the data 

results obtained by Plaintiffs’ from the Haak Dairy’s manure storage lagoon.  
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Photo.  Collecting Geoprobe samples in the Bottom of Haak Lagoon 

109. On May 23, 2014, I supervised the use of the Geoprobe hydraulic drill 

within Haak Dairy’s large manure storage lagoon, which had been 

previously emptied some 7 months earlier in October 2013; mechanically 

excavated and scraped in November, 2013, which removed any type of 

“manure seal” that would have been present, and any other remaining solid 

manure; and then taken out of active service.   

110. From my observations, the Haak lagoon that was tested is, most 

likely, very similar to the lagoons at Cow Palace Dairy, given the age of the 

facility and the similar manure handling processes.  The Haak lagoon has no 

geosynthetic liners, but rather was constructed into the ground using native 

soils with no evidence of construction of a soil liner, just like the Cow 
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Palace impoundments. When investigating the lagoon, areas of a 2-inch 

thick manure “seal” were visible.  Immediately beneath the seal was native 

soil with no evidence of soil different from the native or mechanical 

compaction.  The native soils in the area are nearly identical to the soils 

found at Cow Palace; underlying the Haak Dairy, the predominant soils 

appear to be Warden silt loam,74 which is also similar to Cow Palace.75  

Accordingly, I believe that a core sampling within the Haak Dairy lagoon 

provides a good approximation of what one would expect to find if the same 

tests were conducted in any one of Cow Palace’s lagoons.    

111. The photographs below depict the Haak lagoon that was tested as of 

the date of Plaintiffs’ testing.  

 

                                                
74 HAAK000074-79; HAAK000019-20.   
75 See, e.g., DAIRIES016868-870.   
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Photo: Side of Haak Lagoon with manure cake and native soil exposed.  
Note gravel and cobbles. 
 

 

Photo.  Bottom of Haak lagoon with native soil and wire. 

112. The analytical results of Plaintiffs’ sampling of the Haak Lagoon are 

contained in the chart below.  
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Sample ID Sample Date Depth pH, 
SU 

Phosphorus, 
ppm 

Nitrate, 
ppm 

Ammonium-
N, ppm 

Total 
Nitrogen/Solid, 
mg/kg 

HD-SB-01-0-1 5/23/2014 0-1 8.1 69.7 94.5 750 1310 

HD-SB-01-1-2 5/23/2014 1-2 8.4 12.7 8.4 300 428 

HD-SB-01-2-3 5/23/2014 2-3 8.1 8.1 1.4 16 131 

HD-SB-01-3-4 5/23/2014 3-4 7.8 6.8 1.5 6.2 124 

HD-SB-01-4-5 5/23/2014 4-5 7.4 3.6 0.8 16 < 100 

HD-SB-01-5-6 5/23/2014 5-6 7 5.5 1.2 52 163 

HD-SB-01-6-7 5/23/2014 6-7 7.2 4.6 1.7 33 172 

HD-SB-01-7-8 5/23/2014 7-8 7.1 4.5 1.4 4.9 105 

HD-SB-01-8-9 5/23/2014 8-9 7.4 2.5 J 16.1 2.1 115 

HD-SB-01-9-10 5/23/2014 9-10 7.6 3 3.7 2.6 < 100 

HD-SB-01-10-
11 5/23/2014 10-11 7.4 4.5 1.7 1.8 < 100 
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HD-SB-01-11-
12 5/23/2014 11-12 7.4 3.8 1.8 1.3 < 100 

HD-SB-01-12-
13 5/23/2014 12-13 7.2 4.7 1.6 2.7 < 100 

HD-SB-01-13-
14 5/23/2014 13-14 7.2 3.8 1.5 1.6 < 100 

HD-SB-01-14-
15 5/23/2014 14-15 7.6 5.9 1.7 1.5 < 100 

HD-SB-01-15-
18 5/23/2014 15-18 7.3 4.9 1.6 1.7 < 100 

HD-SB-01-18-
20 5/23/2014 18-20 7.6 4.9 1.7 1.3 113 

HD-SB-01-20-
22 5/23/2014 20-22 7.5 5.7 1.9 1.3 < 100 

HD-SB-01-22-
24 5/23/2014 22-24 7.5 4 2.2 1.5 < 100 

HD-SB-01-26-
28.5 5/23/2014 26-

28.5 7.5 4.7 2.8 1.5 < 100 

HD-SB-01-30-
32 5/23/2014 30-32 7.2 5 2.3 2.6 < 100 
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HD-SB-01-34-
37 5/23/2014 34-37 7.2 5.2 3.1 2.6 106 

HD-SB-01-41-
43 5/23/2014 41-43 7.2 3.9 2.1 1.7 < 100 

HD-SB-01-43-
45 5/23/2014 43-45 7.3 3.6 3.1 3.9 108 
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113. In total, Plaintiffs probed 45 ft. into the soil below the bottom of the 

Haak lagoon. Soil samples were collected throughout the soil profile and 

ground water samples were collected from two perched zones beneath the 

lagoon.  These perched zones are direct evidence of preferential pathways 

beneath the lagoons that transmit water or seepage from the lagoon into the 

subsurface, eventually encountering the ground water table.   

114. There were substantial concentrations of nitrate, phosphorus, and 

ammonium in the first foot underlying the Haak Lagoon.  Nitrate was 

observed at 94.5 ppm, phosphorus at 69.7 ppm, and Ammonium at 750 ppm.  

This is highly indicative that liquid manure was seeping through the bottom 

of the Haak Lagoon.   

115. In the second foot, both phosphorus and nitrate concentrations 

dropped to 12.7 ppm and 8.4 ppm, respectively.  The phosphorus is adsorbed 

to the soil and only continues to migrate as the capacity of the soil is 

saturated. 

116. More interesting is the conversion from Ammonium to Nitrate that 

occurs as the liquid seeps into the more oxygen rich soil.  Once nitrate is 

formed, it is both highly soluble and highly mobile in the soil moisture.  

With a partitioning coefficient near zero, nitrate migrates in the water and is 

flushed through the soil very quickly with little attenuation. The 
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concentration of nitrate in the soil is more related to soil moisture conditions 

than soil absorption capacities. 

117. When a permeable flowpath is encountered near the bottom of the 

lagoon, this leachate is transmitted along that flowpath and migrates deeper 

into the subsurface.  The soil data shows evidence of this migration in the 5-

6’ zone, where the ammonium concentration increases.   

118. While levels of nitrate and phosphorus drop off after the first two feet, 

the fact that they are present in the soils underlying the lagoon, and 

considering that there are no other immediate nitrate or phosphorus sources, 

demonstrate that the Haak Lagoon, and lagoons of a similar construction, are 

sources of nitrate contamination. Under unsaturated flow conditions, 

seepage will find the more permeable sand and gravel zones and a majority 

of the liquid discharge will migrate in a few locations.  Because we did only 

two borings in the lagoon, finding the preferential flow path in an area that 

large is somewhat akin to trying to find a needle in a haystack.  Further time-

consuming assessment would be needed to identify the flow path(s). 

119. Overall, the data obtained from the Haak Lagoon boring further 

supports my conclusions that the lagoons at Cow Palace Dairy are leaking 

liquid manure into the ground and groundwater, and are therefore an 

additional source of the nitrate contamination observed in monitoring wells 

Carter Declaration 
Exhibit 2 - Page 312

Case 2:13-cv-03016-TOR    Document 237-3 ***NOT ON PUBLIC DOCKET***    Filed 12/01/14



 80 

downgradient. 

COW PALACE’S ANIMAL HOLDING PENS ARE ANOTHER 
SOURCE OF THE NITRATE CONTAMINATION OBSERVED IN 

THE GROUNDWATER 
 

120. Another source of nitrate loading to groundwater is the Cow Palace’s 

animal holding pens.  I have personally observed the pens at Cow Palace 

twice, in October 2013 and in May 2014.  Each time, I observed significant 

amounts of liquid manure, solid manure, and urine accumulated within the 

pens.  The photographs below fairly depict the pens as I observed them in 

October 2013 and May 2014. 
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Photo.  View to north-northwest of Cow Palace holding pen.  Milking parlor 
visible in background. 
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Photo. Note pooled liquid at bottom left. 
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Photo:  View of Cow Palace holding pen during May 2014 inspection.  Note 
saturated manure and soil. 
 
121. I understand from the depositions of Cow Palace’s personnel, 

including Jeff Boivin, that the pens are only scraped during the winter 

months, and that the manure in the pens is left to accumulate during 

summer,76 where the moisture in the manure is susceptible to leaching 

through the ground. 

122. Plaintiffs obtained two borings in Cow Palace’s cow confinement 

pens using the Geoprobe.  I personally supervised the drilling of the boring 

holes with the Geoprobe.  The Geoprobe was used to collect the sample 

because it minimizes the noise level compared to other drilling methods, 

collects samples quickly, has a small footprint and only cores a small hole 

                                                
76 Boivin Trans. 76:7-77:4. 
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that can be easily sealed with bentonite. The map below depicts the 

approximate locations where the borings were completed is provided on 

Figure 1. 

123. The results of Plaintiffs’ sampling of the cow pens are contained in 

the table below:
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Sample ID Sample 
Date Depth pH, SU Phosphorus, 

ppm 
Nitrate, 
ppm 

Ammonium-N, 
ppm 

Total 
Nitrogen/Solid, 
mg/kg 

CP-SB-10-0-1 5/19/2014 0-1 8.2 82 29.9 60 1060 

CP-SB-10-1-2 5/19/2014 1-2 7.8 6.5 94.9 8.5 470 

CP-SB-10-2-3 5/19/2014 2-3 7.6 5.5 92.1 0.8 295 

CP-SB-10-3-4 5/19/2014 3-4 7.9 18.2 40 1.8 358 

CP-SB-10-4-5 5/19/2014 4-5 7.9 9.1 8.5 2.4 153 

CP-SB-10-5-6 5/19/2014 5-6 8.2 1.5 4.8 3.4 106 

CP-SB-10-6-7 5/19/2014 6-7 8.4 1.9 4.7 2.4 126 

CP-SB-10-7-8 5/19/2014 7-8 8.5 3.1 2.9 7.1 161 

CP-SB-10-9-10 5/19/2014 9-10 8.5 6.5 5.5 2.2 128 

CP-SB-11-0-1 5/20/2014 0-1 7.9 39.2 1.9 29 676 

CP-SB-11-1-2 5/20/2014 1-2 8.1 75 1.6 160 1090 

CP-SB-11-2-3 5/20/2014 2-3 8.7 25.4 14.2 130 591 
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124. These results show that cow manure nutrients such as nitrogen and 

phosphorus have leached through the soils in Cow Palace’s pens.  The 

results from the first three feet of the boring CP-SB-10 are most telling.  

There, nitrate was observed in the 0-1 foot depth at 29.9 ppm; at the 1-2 foot 

depth at 94.9 ppm, and at the 2-3 foot depth at 92.1 ppm.  Four feet down, 

there was 40 ppm nitrate observed in the soil.  

 

Photo. Geoprobe boring in the Cow Palace Pens. 

125. Similar to the lagoons, the data shows an aerobic conversion from 

ammonium to nitrate in the first 3 feet.  The nitrate migrates in soil moisture 

under unsaturated conditions. When a permeable layer is encountered, the 

liquid can accumulate and flow along the flowpath to ground water. Since 

there is no vegetation in the pens, once the conversion to nitrate is complete, 
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there is very little attenuation of nitrate beneath the pens. 

126. These boring results show that Cow Palace’s cow pens are a 

contributing source of the nitrate contamination observed in the 

groundwater.  That excess nitrate and phosphorus were present beneath the 

pens show that Cow Palace’s manure, including nitrate, are being leached 

through the permeable pen soils, and into the ground where I understand 

they are unavailable for use as fertilizer by Cow Palace.  Since only one 

boring was completed in the pens, further remedial investigation is required 

to determine the extent of the loadings from the pens. The results above 

indicate that further testing is required to determine both the potential flow 

path and the nutrient load contributed by the holding pens. 

COW PALACE’S SILAGE OPERATIONS ARE ANOTHER 
SOURCE OF THE NITRATE CONTAMINATION OBSERVED 

IN THE GROUNDWATER 
 

127. During our site visit, leachate runoff from the silage production area 

was noted.  The liquid was allowed to seep out of the silage and infiltrate 

into the ground.  Excess leachate ran into the water collection system and 

ultimately ended up in the lagoon. A sample of the leachate was collected 

for laboratory analysis.  The results are provided below. 
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Sample ID Sample 
Date 

TDS 
mg/l pH, SU Phosphorus, 

mg/l 
Nitrate, 
mg/l 

Ammonium-N, 
mg/l 

Total Kjeldahl 
Nitrogen, mg/l 

CP-Silage-SW 10/30/13 50100 3.9 898 29.5 574 2820 
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Photo. Silage leachate 

128. Given the concentration of nutrients in the acidic leachate from the 

silage and the fact that this liquid is allowed to run on and into the ground, 

additional measures should be taken to capture and handle the leachate 

properly. 
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Photo. Silage Leachate 

COW PALACE’S COMPOSTING OPERATIONS ARE ANOTHER 
SOURCE OF THE NITRATE CONTAMINATION OBSERVED IN 

THE GROUNDWATER 
 

129. Another source of nitrate loading to groundwater is Cow Palace’s 

composting area.  I have personally observed the composting area at Cow 

Palace twice, in October 2013 and in May 2014.  From my observations, 

solid manure is composted at Cow Palace on bare soil, without any concrete 

pads or other less permeable surfaces.  The photographs below fairly depict 

the composting area as I observed it in October 2013 and May 2014.  
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Photo. Cow Palace compost processing area. 

  

Photo. Soil sample collection in Compost Area.  

130. Plaintiffs obtained one boring sample using a Geoprobe from Cow 

Palace’s composting area, CP-SB-12, in May 2014.  The map below shows 
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the approximate location where the boring occurred.  The results of 

Plaintiffs’ sampling are depicted in the table below:
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Sample ID Sample Date Depth pH, SU Phosphoru
s ppm 

Nitrate 
ppm 

Ammonium-
N, ppm 

Total 
Nitrogen/Solid, 
mg/kg 

CP-SB-12-0-1 5/19/2014 0-1 8.9 330 12.3 100 2170 
CP-SB-12-1-2 5/19/2014 1-2 8 270 5.5 70 1680 
CP-SB-12-2-3 5/19/2014 2-3 7.6 51.6 1 20 869 
CP-SB-12-3-4 5/19/2014 3-4 7.6 59.4 0.9 14 8210 
CP-SB-12-4-5 5/19/2014 4-5 7.5 35.3 49.6 4.5 602 
CP-SB-12-5-6 5/19/2014 5-6 7.7 20.2 1.6 12 450 
CP-SB-12-6-7 5/19/2014 6-7 7.7 26.4 1 100 818 
CP-SB-12-7-8 5/19/2014 7-8 8.6 462 0.9 95 2600 
CP-SB-12-8-9 5/19/2014 8-9 8.7 1970 6.8 180 5720 
CP-SB-12-10-11 5/19/2014 10-11 8 161 1.6 83 1930 
CP-SB-12-11-12 5/19/2014 11-12 8.2 65.2 4.2 19 832 
CP-SB-12-12-13 5/19/2014 12-13 7.6 5.1 8.4 5.9 276 
CP-SB-12-15-16 5/19/2014 15-16 8.1 7.2 5.1 5.2 133 
CP-SB-12- 16-17 5/19/2014 16-17 7.9 2.9 2.1 3.5 < 100 
CP-SB-12-17-18 5/19/2014 17-18 7.8 1.5 4.3 2.5 < 100 
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131. These results show that Cow Palace’s composting area is another 

source of nitrate loading to soil and groundwater from the Dairy.  

Observations in the area indicate both high liquid content in the compost 

piles and infiltration of any precipitation that falls on the compost area.  

Subsurface data indicates vertical migration of nitrates, ammonium and 

phosphorus and accumulation in the 8-9’ sample that again indicates the 

potential for perched zones and migration along preferential pathways. The 

high nitrate result of 49.6 ppm observed at the 4-5 foot depth, combined with 

the high ammonium levels observed at the 6-7 foot depth (100 ppm) and the 

8-9 foot depth (180 ppm), and the high overall nitrogen content of, e.g., 

5720 ppm at 8-9 foot depth are highly indicative of manure leachate 

infiltrating into the ground from the composting area.  The high phosphorus 

result obtained in the 9-10 foot depth further shows that contamination is 

seeping through the soil in the composting area.  There, phosphorus was 

observed at 1970 ppm, an exceptionally high number for that deep in the 

soil. In addition, the high organic nitrogen content indicated a source for 

continued decomposition and the production of ammonium beneath the 

composting area. 

132. The only present source of the nitrate observed in this boring is the 

composting area located on the surface.  Importantly, because there are no 
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crops planted in the composting area or nearby that could make use of the 

nitrate as fertilizer, and given that the soils underlying Cow Palace are not 

suitable for denitrification, as discussed supra, the only destination for the 

nitrates observed in the soil boring is dissolution into soil moisture, and 

migration along preferential pathways with a final destination into the area 

groundwater.  

133. In conclusion, these boring results show that Cow Palace’s 

composting area is a source of nitrate loading to groundwater from the 

Dairy.   The excess manure constituents, such as nitrate, ammonium, total 

nitrogen and phosphorus, observed beneath the composting area demonstrate 

that Cow Palace’s composting operations are causing manure and its 

associated constituents to leach through the permeable soils.  They, 

thereafter move deeper into the ground where they cannot be used as 

fertilizer, either by Cow Palace or the recipients of Cow Palace’s exported 

compost.  They will eventually reach groundwater with further precipitation 

and continued moisture addition from the composted material 

134. Because we were allowed to complete only one boring in the compost 

area, further investigation is needed to characterize the extent and magnitude 

of the soil and ground water impact caused by the compost operation.  

COW PALACE’S APPLICATION FIELDS ARE ANOTHER 
SOURCE OF THE NITRATE CONTAMINATION OBSERVED IN 
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THE GROUNDWATER 
 

135. Significant sources of nitrate loading to groundwater come from Cow 

Palace’s crop fields.  I personally observed the collection of 36 composite 

soil samples using Geoprobe hydraulic direct-push drill rigs. The samples 

were collected at approximately 1-foot depth intervals from the ground 

surface down to 5 feet bgs.  The photographs below fairly depict the field 

areas I observed in May 2014.
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136. The map in Exhibit C shows the approximate locations where each 

boring occurred.  Samples from the depth intervals described above were 

collected from 8 to 10 locations in a section of each crop field and 

composited together, yielding samples that represent average concentrations 

in each field section and at each depth interval.  I also took a few individual 

grab samples, which depict just one soil boring in a particular location. 

These discrete samples were collected and analyzed because of a change in 

lithology or a change in moisture, as observed by field personnel.  In the 

corners of the pivot-irrigated fields, application of manure from the lagoons 

is completed manually (as shown in the picture below) by direct discharge of 

lagoon liquid waste onto the field, as a result one of the borings complete in 

the corner was analyzed independently of the remainder of the field. 
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Photo. Manual application of liquid manure at Cow Palace. 

 

Photo.  Liquid manure application and tilling. 

137. The analytical results of Plaintiffs’ soil samples from crop fields are 

summarized in the table below.  For clarity, the sample naming scheme is as 

follows:  Cow Palace soil samples collected from application fields are 

identified with “CP” for Cow Palace, followed by “AF1” or “AF2” for 
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application field number 1 or number 2, followed by a letter identifying 

which section of the particular field the composite sample was collected 

(“N” indicates the northern section of the indicated field, “M” indicates the 

middle section of the indicated field, and “S” indicates the southern section 

of the indicated field).  The final identifier in the sample name contains two 

numbers indicating the depth below ground from which the sample was 

collected (ex., 0-1 indicates 0 to 1 foot below the surface). Sample locations 

were logged in the field using GPS and are shown on Figure 1 in Exhibit C. 

Sample ID Sample 
Date Depth pH, 

SU 
Phosphorus, 
ppm 

Nitrate, 
ppm 

Ammonium-
N, ppm 

Total 
Nitrogen/Solid, 
mg/kg 

CP-AF1-N-3-4 5/19/2014 3-4 8.3 64.2 50.6 9.3 334 
CP-AF1-N-4-5 5/19/2014 4-5 8.3 34.9 69.5 1.4 254 
1-CP-AF1-N Grab 3-5ft 5/19/2014 3-5 8 60.6 137 2.2 407 
10-CP-AF1-N Grab 3-5ft 5/19/2014 3-5 8.5 45.3 62.3 3.2 233 
CP-AF1-M-3-4 5/20/2014 3-4 8.2 64.7 37.3 12 308 
CP-AF1-M-4-5 5/20/2014 4-5 8.2 40.7 23.7 11 298 
CP-AF1-S-3-4 5/20/2014 3-4 7.8 28.4 20.3 1 251 
CP-AF1-S-4-5 5/20/2014 4-5 8.3 41.1 50.7 0.8 165 
3-CP-AF1-S Grab 3-5ft 5/20/2014 3-5 8.4 15.4 28.3 0.5 119 
5-CP-AF1-S Grab 3-5ft 5/20/2014 3-5 8.4 45.7 38.2 0.6 336 
9-CP-AF1-S Grab 3-5ft 5/20/2014 3-5 8 66.6 2.2 36 795 
CP-AF2-N-3-4 5/20/2014 3-4 7.9 21.8 51.8 <0.4 238 
CP-AF2-N-4-5 5/20/2014 4-5 7.8 18.4 44.7 0.4 274 
CP-AF2-M-3-4 5/20/2014 3-4 7.8 19.8 49.3 1.2 <100 
CP-AF2-M-4-5 5/20/2014 4-5 7.7 7.9 47.7 1 <100 
CP-AF2-S-3-4 5/20/2014 3-4 8.4 62.8 42 0.6 128 
CP-AF2-S-4-5 5/20/2014 4-5 7.9 16.5 28 1 <100 

 

138. These analytical results, particularly nitrate concentrations measured 

in the 3-4 foot and 4-5 foot intervals, which are below any observed roots, 

indicate that Cow Palace’s application fields are a significant source of 
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nitrate loading to groundwater from the Dairy.  The nitrate concentrations 

measured in samples from 3 to 5 feet deep ranged from 2.2 ppm to 137 ppm, 

and averaged approximately 46 ppm.  The graphs below depict nitrate 

concentrations in samples collected from the Cow Palace application fields, 

and Exhibit D contains graphs depicting nitrate, ammonium, and total 

nitrogen concentrations measured in these fields. 
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139. The nitrate concentrations observed in these deeper zones are of 

particular concern when one considers the well-documented moderate to 

well-drained soils underlying the Cow Palace fields, the fact that irrigated 

crop fields are a source of recharge to underlying aquifers, and the fact that 

nitrate is highly mobile and susceptible to leaching loss to groundwater in 

the absence of attenuating mechanisms such as plant uptake and soil 

adsorption.   

140. Although the Cow Palace was not irrigating the two fields sampled at 

the time of the Plaintiffs’ May 2014 inspection, several soil cores collected 
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from the fields were observed to be very moist to wet at depths up to 5 feet.  

Neither the soil moisture at these depths, nor the nitrate dissolved in the soil 

moisture, are available for plant uptake as no roots were observed at depths 

greater than 3 feet and rarely 2 feet below the surface.  Therefore, with no 

attenuation mechanisms present, the nitrate present below 2-3 feet deep in 

the application fields, somewhat dependent on the type of crop planted, has 

only one destination: groundwater. 

141. In conclusion, these boring results show that Cow Palace’s application 

fields are a significant source of nitrate loading to groundwater from the 

Dairy.   The excess manure constituents, such as nitrate, ammonium, total 

nitrogen and phosphorus, observed beneath crop root zones demonstrate that 

Cow Palace’s field applications are causing manure and manure nutrients to 

leach through the permeable soils beneath the fields to depths at which they 

cannot be used as fertilizer.  They will eventually reach groundwater through 

gravity drainage with the driving force of precipitation and irrigation. 

 
COW PALACE SHOULD BE REQUIRED TO TAKE REMEDIAL 

STEPS TO RECTIFY THE NITRATE CONTAMINATION OF THE 
GROUNDWATER 

 
142. I have concluded that Cow Palace’s lagoons, pens, application fields 

and composting area are substantial sources of nitrate loading to 

groundwater from the Dairy. These facilities are typical of 1940-1960 era 
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chemical manufacturing and industrial operations.  In that era, it was 

believed that discharge to the ground made the problem disappear.  Now, 

with both RCRA and CERCLA investigations, we know that these 

operations caused significant contamination of soil, ground water and 

surface water.   

143. During my career, I have worked on numerous facilities that have 

mishandled their waste or failed to recognize the potential impacts from not 

preventing spills and leaks from entering the subsurface.  This facility is 

handling their waste in a manner that causes impacts to soil, ground water 

and surface water both from nutrients and from livestock antibiotics and 

hormones.  

144. As I indicated earlier, I am familiar with the RCRA remedial 

investigation and feasibility study (RI/FS) regulations.  I have conducted 

RI/FS investigations previously in my career, one for a packing plant and 

one for a dry cleaning operation. I have completed many other projects 

under RCRA regulation, such as Underground Storage Tank and Landfill 

investigations and remediation. The type of investigation that should be done 

at Cow Palace should be similarly robust, planned, thorough and supervised 

by a third party. 

145. We already know, however, that numerous actions should be taken 

Carter Declaration 
Exhibit 2 - Page 336

Case 2:13-cv-03016-TOR    Document 237-3 ***NOT ON PUBLIC DOCKET***    Filed 12/01/14



 104 

promptly while a full investigation of the loading contributions are properly 

assessed in parallel.  In order to rectify the current contaminant issues, Cow 

Palace should be required to synthetically line all of its liquid storage 

lagoons, impoundments, basins, conveyance infrastructure, and tailwater 

recovery ponds using proper compaction techniques and current state of the 

industry liner construction quality assurance/quality control (QA/QC).  

Based on the calculations conducted above, these storage facilities discharge 

substantial amounts of liquid manure and its constituents, such as nitrate, 

ammonium, and phosphorus, into the soil, where they will eventually reach 

groundwater.    

146. The Washington NRCS 313 standard specifically recognizes that 

synthetically lined lagoons may be necessary where a lagoon is situated over 

a domestic water supply.77  An HDPE double-lined lagoon should be 

constructed according to RCRA landfill requirements cited in 40 C.F.R. § 

264.301, but must include a protective soil layer on top of the liner to 

prevent puncture while cleaning or manually pumping to a haul truck. The 

double-lined lagoon provides both a higher level of protection than a single 

liner and leak detection, should a release occur.  In addition, a leak detection 

system should be put into place between the synthetic liners, ensuring that 

                                                
77 Natural Resources Conservation Service, Conservation Practice Standard No. 313 
(Waste Storage Facility) at 313-8, December 2004. 
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Cow Palace would be alerted if there were some issue with the integrity of 

the uppermost liner.  This allows the operator to recognize a leak, stop the 

release and immediately fix the leak without a release to the subsurface. 

147. Double-lined waste storage or treatment ponds are the current state of 

the industry for waste handling operations.  We have worked with facilities 

that have both liquid waste handling and solid waste handling operations on 

double lined systems. 

148. Cow Palace could greatly reduce the discharge by lining the lagoons 

that have liquids present during the longest period and continue to line these 

facilities until the waste handling portion is addressed.  This should include 

an assessment of the liquids handling conveyance infrastructure.   

149. Second, Cow Palace should be required to compost only on lined pads 

that collect the leachate generated by the composting operation.  The 

leachate could be used to maintain the proper moisture content for 

composting, but should not be allowed to enter the subsurface. Commercial 

compost operations are required to conduct composting and compost 

handling on concrete surfaces with storm water collection systems.  They are 

also required to maintain the integrity of the concrete through routine crack 

and joint sealing.  

150. Furthermore, Cow Palace should be required to provide to Plaintiffs 
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all construction plans and specifications for review and approval prior to 

construction.  Cow Palace should also provide all construction QA/QC 

testing results to Plaintiffs along with access during construction so 

independent, third-party QA/QC testing may be conducted. 

151. Third, as to the confinement pens, Cow Palace should be required to 

line the pens to limit infiltration; all joints must be watertight; and the design 

must include provisions to collect runoff from lined areas.  Cow Palace must 

provide Plaintiffs with all construction plans and specifications for review 

and approval prior to construction.  Cow Palace must also provide all 

construction QA/QC testing results to Plaintiffs, and must provide access 

during construction so independent, third-party QA/QC testing may be 

conducted.  

152. Finally, Cow Palace must control water balance issues and use 

irrigation practices that actually follow a realistic nutrient management plan.  

Data from the application fields clearly show that nutrients are over-applied 

and have migrated deeper than any possible plant uptake.  As a result, large 

areas contribute high nitrate concentration to the ground water and recent 

studies show that other compounds, such as livestock antibiotics and 

hormones can be sourced to ground water from application fields. 

153. In conclusion, the Cow Palace Dairy is by far one the largest sources 
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