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EXECUTIVE SUMMARY 
 
As recently as in 2012, critical questions pertaining to Central Valley earthen liquid manure 
lagoons’ seepage rates, their subsurface nitrogen (N) mass emissions as compared to N-
emissions from manured cropland, and the spatial extent of salinity effects on lagoons’ 
surroundings (i.e., vadose zone and shallow groundwater) could only be answered speculatively 
due to a fundamental lack of data. In addition, groundwater monitoring was the primary, if not 
the only, means of assessment for regulatory compliance despite unequivocal technical 
limitations. 
 
In response to these data gaps, the Central Valley Dairy Representative Monitoring Program 
(CVDRMP) devised and implemented systematic investigative efforts, and this report 
comprehensively evaluates the results of these efforts, including: 

1. Groundwater quality data from dedicated monitoring wells adjacent to lagoons collected 
quarterly since 2012; 

2. Seepage rates and subsurface N emissions from whole-lagoon seepage tests conducted in 
winters 2013/14 and 2014/15; 

3. Lagoon liquor quality; 
4. Lagoon perimeter soil borings and groundwater sampling at the water table conducted in 

fall 2014; and 
5. Geophysical surveys carried out in fall 2014 (reconnaissance testing) and spring/summer 

2015 (expanded testing).  
Results from Items 1 through 4 have previously been made available in stand-alone reports as 
data were developed and analyzed to keep Central Valley Regional Water Quality Control Board 
(Regional Board) staff abreast of CVDRMP’s progress. This report compiles and synthesizes 
pertinent information and findings from these previous reports and adds the results from the most 
recent investigative effort, the geophysical testing. Conclusions comprise three main categories: 

 Seepage rates and N-mass emissions from lagoons and manured cropland 
 Spatial extent of salinity effects on subsurface soils and groundwater 
 Utility of concentration-based assessment of lagoon performance  

 
Seepage Rates and N-Mass Emissions 
A total of 50 seepage tests were carried out on 17 lagoons. Mean seepage rates ranged from zero 
to 2.2 mm d-1 with the exception of one outlier lagoon where exposed gravel strata may be 
present and a maximum seepage rate of 3.9 mm d-1 was determined. The mean and median 
seepage rates of all 17 lagoons were 1.1 and 0.7 mm d-1, respectively. Ten of the 17 tested 
lagoons had seepage rates ≤0.8 mm d-1, which is smaller than the most recent and stringent 
NRCS design seepage rate of 0.86 mm d-1.  
 
These results are consistent with the pertinent academic literature. Specifically, small seepage 
rates and a narrow range of seepage rates across the soil textures ranging from clay to coarse 
sand have been documented in other studies, which have been attributed to the moderating effect 
of a sludge layer of very low hydraulic conductivity. CVDRMP’s results and the academic 
literature are not congruent with seepage rates suggested by Review of Animal Waste 
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Management Regulations, Task 2 Report: Evaluate Title 27 Effectiveness to Protect 
Groundwater Quality by Brown, Vence & Associates (BVA 2003). That report implied seepage 
rates ranging from centimeters to meters per day that were based on theoretical hydraulic 
conductivities associated with soil textures in accordance with Title 27 regulations. 
 
Despite the inherent uncertainty in the data-supported estimation of subsurface N-mass 
emissions from liquid manure lagoons and from manured cropland, the data developed as part of 
CVDRMP’s initiatives strongly indicate that the great majority of subsurface N-emissions 
originate from dairies’ cropland, not from their lagoons. CVDRMP found that the proportion of 
cropland emissions to lagoon emissions on a dairy farm scale may be as asymmetrical as 20:1 
even assuming optimistic future improvements in field-scale nitrogen use efficiencies. When 
including N-contributions from corrals and non-manured dairy cropland, the proportional N-
contribution from lagoons would be expected to be even less. This compares well to Addressing 
Nitrate in California’s Drinking Water (Harter, Lund et al. 2012). On the scale of the Tulare 
Lake basin and the Salinas Valley, that report suggests a proportional relationship of 1000:1 
between subsurface N-emissions from cropland and from lagoons.   
 
Salinity Effects on Subsurface Soils and Groundwater 
The lateral extent of measurable salinity effects on subsurface soils and groundwater, as 
investigated with three different geophysical methods, was found to remain in the immediate 
vicinity of the lagoons’ footprint in most cases. Specifically, effects are most developed in the 
center of lagoon systems (i.e., between basins), they are typically significantly reduced along 
lagoons’ perimeters, and little or no impact was generally seen at a distance of 50 to 150 feet 
from the lagoon berms. Along the lagoon perimeter and beyond, salinity effects were mostly 
seen above a depth of approximately 40 feet below the water table. In the center of lagoon 
systems, effects on groundwater salinity extended below the maximum investigation depth of 60 
feet below ground surface (bgs) in some cases (120 feet, bgs in one case). At other sites, most of 
the salinity-effects remained limited to the unsaturated zone (~20 feet thick) or were not apparent 
at all. 
 
Concentration-based Assessment 
Several technical limitations of concentration-based assessment (e.g., via monitoring wells) were 
initially identified by CVDRMP’s Groundwater Technical Advisory Committee (GTAC) during 
the development of the Phase 2 Well Installation Workplan (July 16, 2012 GTAC meeting). 
Since then, insight gained through CVDRMP’s representative groundwater monitoring program, 
focused investigative efforts in addition to requirements for data collection set forth in the 
General Order, and sustained collaboration with professionals on the GTAC, the 
Multidisciplinary Advisory Committee (MAC), and beyond, has supported expanded discussion 
of this issue in CVDRMP’s Annual Reports. Specifically: 

 The empirical data developed by CVDRMP illustrate that monitoring wells are an 
unreliable tool for detecting impacts of lagoon seepage on groundwater even under 
relatively favorable hydrogeologic conditions. In most cases, seepage remains either not 
evident or inconclusive based on groundwater testing. In contrast, follow-up data 
collection efforts involving multiple boreholes around lagoon perimeters to investigate 
sites with such unsatisfactory results demonstrated that seepage in fact had affected 
groundwater quality in more than 8 out of 10 cases. 
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 More fundamentally, groundwater constituent concentrations do not yield information on 
the concentration of the lagoon seepage, the seepage rate, overall subsurface mass 
loading rate, or the duration of the loading. Although groundwater monitoring generates 
quantitative information, this information can only be used qualitatively with respect to 
lagoon seepage, i.e., supporting a statement such as, “groundwater chemistry is (or is not) 
indicative of lagoon seepage”. Since guidelines, standards, and laws for the construction 
of existing earthen lagoons were intended to control seepage but not to stop it, seepage is 
to be expected and a data collection effort (e.g., groundwater sampling via monitoring 
wells or other means) that supports a qualitative statement of whether a lagoon seeps or 
not has limited utility for devising a path to subsurface N-emission reductions on a dairy-
farm scale. 

 
Toward Recommendations  
Due to fairly consistent performance across the range of lagoons evaluated (i.e., wide range of 
ambient soil types, ages of lagoons, lagoon construction details and operational characteristics), 
CVDRMP was not able to identify variables (other than exposed gravel strata) that could be used 
to predict performance in existing earthen-lined lagoons. This suggests that rather than devoting 
further technical effort to evaluating performance of individual lagoons as a means for 
prioritizing those lagoons most in need of additional or standardized management practices, a 
more appropriate strategy may be to develop practicable management measures that may be 
deployed on all existing earthen-lined ponds. CVDRMP explored this issue in depth with a 
review of pertinent literature that was reported on in the Literature Review and Workplan – 
Controlling Seepage from Liquid Dairy Manure Lagoons in the Central Valley of California 
(Draft) (LSCE 2016b). In summary, the literature review did not find quantitative information 
indicating the effectiveness of specific management measures in reducing seepage below 
existing levels. Many management measures appear to be based on what is considered common 
sense. However, whether such measures reduce seepage is largely unknown. 
 
The development of evidence that demonstrates further seepage reductions for existing earthen 
lagoons will be exceedingly difficult and probably not practical because seepage rates are 
already very small without the implementation of management measures. Documenting 
incremental improvements would require essentially the level of control associated with 
laboratory experiments. However, laboratory tests are not a viable option because results have 
been amply shown to not be scalable to whole lagoon performance. A difficulty related to the 
small seepage rates and even smaller incremental improvements is the imprecision (i.e., 
uncertainty) inherent in whole-lagoon seepage rate estimates. It is expected that, in most cases, 
the uncertainty interval would be prohibitively large to support comparative analysis. 
 
As a consequence of the above conditions, it is expected that the development of management 
measures will largely need to rely on qualitative reasoning rather than quantitative evidence. This 
highlights the importance of weighing the (quantitative) cost of management measures against 
the perceived (qualitative) benefits. 
 
The Literature Review and Workplan identified several outstanding work efforts and these work 
efforts are well underway. For example, CVDRMP is presently evaluating the utility and 
feasibility of the following items: 
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 Further limiting N-subsurface emissions after lagoon decommissioning, 
 Different soil treatments of lagoon banks, and 
 Partial synthetic liners for lagoon banks.  

In addition, CVDRMP devised and sent a producer survey to dairies that have lagoons with 
synthetic membranes. This effort aims to collect information on practical experiences with these 
facilities. Also, in winter 2016/17, several electrical leak location surveys paired with whole-
lagoon seepage testing were carried out and are being evaluated. This effort addresses the 
following questions: 

 What is the magnitude and range of whole-lagoon seepage rates from operational lagoons 
with synthetic membranes, and can it be measured with the water balance method? 

 How does the seepage rate relate to the size of identified leaks? 
The results from these efforts are expected to help devise recommendations guiding the role of 
synthetic-lined lagoons on dairies, particularly the role of single-membrane synthetic liners. 
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1 INTRODUCTION 

1.1 Purpose and Motivation 
The purpose of the Central Valley Dairy Representative Monitoring Program’s (CVDRMP) 
lagoon investigations is to support an evidence-informed solution regarding the fate of existing 
earthen liquid dairy manure lagoons.  
 
Prior to the adoption of Waste Discharge Requirements General Order No. R5-2007-0035 for 
Existing Milk Cow Dairies (General Order) adopted by the Central Valley Regional Water 
Quality Control Board (CVRWQCB) in May 2007 (CVRWQCB 2007), it was implied that 
seepage rates from lagoons, even when constructed in accordance with California Code of 
Regulations Title 27, may be substantial and exhibit a wide range from centimeters to meters per 
day (BVA 2003). In contrast, LSCE compiled evidence from the pertinent academic literature 
documenting the opposite, namely, small seepage rates exhibiting a narrow range from near-zero 
seepage to a few millimeters per day (LSCE 2008).  
 
In spring 2015, CVDRMP completed seepage testing on 17 earthen lagoons with minimal or no 
construction records; the lagoons ranged in age from less than 10 years to approximately 50 
years at the time of testing (LSCE 2015c). The lagoons were built in native materials ranging 
from clay loam to sand. The field investigation found mostly small seepage rates (i.e., there was 
one outlier with a higher seepage rate at a location where exposed gravel strata are suspected) 
and a narrow range of seepage rates between lagoons across a wide range of mapped soil 
textures. These results are consistent with the pertinent academic literature (LSCE 2008). 
 
This report comprehensively evaluates different types of data that CVDRMP collected from 
2012-2015 to investigate the performance of earthen lagoons with respect to their ability to 
contain liquid dairy manure, their subsurface nitrogen (N) mass emissions, and effects on 
groundwater. This includes: 

1. Groundwater quality data from dedicated monitoring wells adjacent to lagoons collected 
quarterly since 2012; 

2. Seepage rates and subsurface N emissions from whole-lagoon seepage tests conducted in 
winters 2013/14 and 2014/15; 

3. Lagoon liquor quality; 
4. Lagoon perimeter soil borings and groundwater sampling at the water table conducted in 

fall 2014; and 
5. Geophysical surveys carried out in fall 2014 (reconnaissance testing) and spring/summer 

2015 (expanded testing).  
Items 1 through 4 have already been independently reported on (LSCE 2013; LSCE 2014b; 
LSCE 2015b; LSCE 2015c; LSCE 2015a). This report compiles and synthesizes pertinent 
information and findings from these previous reports and adds the results from the most recent 
investigative effort, the geophysical testing.  



Evaluation of Liquid Dairy Manure Lagoons in the Central Valley of California | April 2017 
2 

1.2 Background 

1.2.1 Title 27 Regulations and Theoretical Seepage Rates 
In the early 2000s, the State Water Resources Control Board commissioned Brown, Vence and 
Associates (BVA) to review existing animal waste management regulations and to evaluate 
California Code of Regulations Title 27 effectiveness to protect groundwater quality. Title 27 § 
22562 – Wastewater Management was signed into law in 19841. It contains the law applicable to 
retention pond design at confined animal facilities. Specifically, it states: 
 

(d) Retention Pond Design — Retention ponds shall be lined with, or underlain by, soils which contain at 
least 10 percent clay and not more than 10 percent gravel or artificial materials of equivalent impermeability. 

 
BVA (2003) notes that the hydraulic conductivity of materials that meet these criteria 
conceivably ranges from 10-6 to 10-3 cm s-1 and implies that seepage rates among liquid dairy 
manure lagoons may vary over three orders of magnitude (1,000-fold) even if they are 
constructed in compliance with Title 27.  
 
This hydraulic conductivity range was set forth without support of any actual seepage testing or 
reference to (at the time) current and relevant research efforts. Rather, it was based on a 
speculative 1:1 proportional relationship between saturated hydraulic conductivity of subsurface 
materials and the seepage rate. It implicitly dismissed the seepage-reducing effect of the sludge 
layer that commonly develops in manure lagoons due to settling of very fine solids that are not 
retained by mechanical solids separators nor in settling basins. It also implicitly dismissed 
already existing evidence of the sludge layer’s moderating effect on the seepage rate of lagoons 
of widely differing construction and subsurface materials. 
 
BVA’s approach led to relatively high hypothetical seepage estimates. Under a unit gradient (i.e., 
1), seepage rates would conservatively range from a millimeter to a meter per day (1 meter ≈ 
3.28 feet). Seepage estimates that are based on the assumption of 9 feet liquid lagoon depth and a 
1-foot liner thickness (i.e., a gradient of 10), as typically done for lagoon liner design (NRCS 
1997; NRCS 2009), yield a range from a centimeter to several meters per day (i.e., dozens of feet 
per day), not accounting for a sludge layer. Such high hypothetical seepage estimates are not 
supported by field observations as lagoons maintain liquid levels under moderate additions of 
“new” water (e.g., milk parlor wash water, etc.). Also, such high losses would render lagoons 
unusable as part of a water/nutrient recycling system because manure water would infiltrate 
faster than it could be added to the lagoon.  

1.2.2 Dairy General Order 
The General Order supersedes Title 27 regulations with respect to the construction of new dairy 
manure lagoons and the reconstruction of existing dairy manure lagoons2. Specifically, the 
General Order provides a tiered lagoon design approach, as follows: 
                                                 
1 When signed into law, it was Title 23, Chapter 15, Section 2561 (it became effective November 27, 1984) 
2 General Order No. R5-2007-0035 was rescinded and replaced by CVRWQCB, 2013: Reissued Waste Discharge 
Requirements General Order No. R5-2013-0122 for Existing Milk Cow Dairies. Central Valley Regional Water 
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Tier 1: A pond designed to consist of a double liner constructed with 60- mil high density polyethylene or 
material of equivalent durability with a leachate collection and removal system (constructed in accordance 
with Section 20340 of title 27) between the two liners will be considered to be consistent with Resolution 68-
16. Review for ponds designed to this standard will be conducted in less than 30 days of receipt of a 
complete design plan package submitted to the Board.  

 
Tier 2: A pond designed in accordance with California Natural Resource Conservation Service (NRCS) 
Conservation Practice Standard 313 (as described in the Information Sheet) or equivalent and which the 
Discharger must demonstrate through submittal of technical reports that the alternative design is protective 
of groundwater quality as required in Pond Specification 5. C. below. 

 
The General Order provides requirements that are specific to the Tier 2 lagoon design: 
 

For Tier 2 pond design, the design report shall also include a technical report and groundwater model that 
demonstrates the proposed pond is in compliance with the groundwater limitations in this Order, including 
calculations that demonstrate the amount and quality of seepage from the proposed pond and its effect on 
groundwater quality, and include proposed groundwater monitoring to evaluate the impact of pond seepage 
on groundwater quality. 

1.2.3 CVDRMP Efforts 
The chronology of CVDRMP’s lagoon investigations and associated reports is presented in 
Table 1. Prior to the inception of CVDRMP in 2010, the Dairy Cares coalition commissioned 
Luhdorff and Scalmanini Consulting Engineers (LSCE) and the University of California at Davis 
(UC Davis) to conduct a comprehensive literature review regarding liquid manure lagoon 
seepage rates, subsurface mass loading, lagoon water chemistry, and impacts to soils and 
groundwater. The resulting Technical Memorandum (LSCE 2008) was submitted to the 
CVRWQCB in 2008 in conjunction with a briefing of the Executive Officer and other 
management staff. The Technical Memorandum reported on a data-supported water balance 
method used to quantify actual lagoon seepage rates with specified statistical confidence. The 
water balance method and other findings with respect to seepage were derived from the academic 
literature, much of it predating BVA (2003), and included:  
 Seepage rates are moderated by the sealing effect of manure, especially dairy manure (as 

opposed to hog manure) 
 Seepage variance is small between sites 
 A study in Kansas reported seepage rates from hog, cattle, and dairy lagoons ranging 

from 0.2 – 2.4 mm d-1 (n=20). 
Following these findings, Western United Dairymen partnered with the California Department of 
Food and Agriculture, the Dairy Cares coalition, East Stanislaus Resource Conservation District, 
LSCE, and UC Davis to verify the utility of the above mentioned water balance method under 
Central Valley conditions. A secondary objective was to make the method accessible to a 
broader audience. This was a field-work intensive effort that was conducted in winter 2010/11 
and resulted in a comprehensive Technical Field Guide. 
 

                                                                                                                                                             
Quality Control Board. October 3, 2013. In this document, the term ‘General Order’ is used in collective reference 
to both the 2007 and 2013 General Orders, their respective Monitoring and Reporting Programs (MRPs), and all 
other attachments. Specificity is added, where needed, by identifying the years of adoption. 
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CVDRMP commenced systematic seepage measurements in winter 2013/14 and briefed 
CVRWQCB staff on its initial findings in May 2014. Seepage measurements were expanded and 
concluded in winter 2014/15. The results of this two-year investigation were comprehensively 
reported in Seepage Rates of Liquid Dairy Manure Lagoons in the Central Valley of California 
and Associated Subsurface Nitrogen Mass Emissions (LSCE 2015c). To CVPRMP’s knowledge, 
this effort is the first of its kind in California and it includes rigorous estimation of Central 
Valley dairy lagoons’ subsurface nitrogen mass loading (i.e., emissions). 
 
As stated in Section 1.1, that report presents results from 17 completed seepage tests on earthen 
lagoons with minimal or no construction records built in areas with soil textures ranging from 
clay loam to sand and lagoon ages that range from less than 10 years to approximately 50 years. 
Key results of the report are summarized below: 

 Mean seepage rates ranged from zero to 2.2 mm d-1 with the exception of one outlier 
lagoon where exposed gravel strata may be present and a maximum seepage rate of 3.9 
mm d-1 was determined.  

 The mean and median seepage rates of all 17 lagoons were 1.1 and 0.7 mm d-1, 
respectively.  

 Ten of the 17 tested lagoons had seepage rates ≤0.8 mm d-1, which is smaller than the 
most recent and stringent NRCS design seepage rate of 0.86 mm d-1.  

Due to fairly consistent performance across the range of lagoons that were evaluated, it was not 
possible to identify variables (other than possibly exposed gravel strata) that could be used to 
predict performance in existing earthen-lined lagoons. This suggests that rather than devoting 
further technical effort to evaluating performance of individual lagoons as a means for 
prioritizing those lagoons most in need of additional or standardized management practices, a 
more appropriate strategy may be to develop practicable management measures that may be 
deployed on all existing earthen-lined ponds. This was further examined in a literature review 
and workplan (LSCE 2016b) that focused on existing lagoon construction standards and 
guidance on lagoon operation and maintenance, specifically developed for seepage control. This 
report delineates additional data collection efforts to generate supporting evidence toward 
CVDRMP’s development of recommendations for management practices on dairies. 
 
CVDRMP’s activities have not been limited to direct whole-lagoon seepage testing. In fall 2014, 
CVDRMP completed a lagoon perimeter subsurface hydrogeologic investigation. This 
investigation was carried out on lagoons at twelve Phase 1 dairies3 where lagoon seepage was 
either not evident or inconclusive based on groundwater testing conducted in 2012 and 2013. A 
final report was submitted to the CVRWQCB in March 2015 (LSCE 2015a). The 2014 
investigation was complemented with a pilot geophysical testing program in fall 2014 to test an 
alternative or complementary approach to investigating lateral impacts of lagoon seepage on 
shallow groundwater quality. Based on the initial findings, the program was subsequently 
expanded and field testing was completed in August 2015. 
  

                                                 
3 Phase 1 RMP dairies are those where groundwater data collection efforts commenced in January 2012.  
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Table 1: Summary of CVDRMP’s Lagoon Investigations and Associated Reports 
Chronology Activity/Deliverable 

September 
2008 [Report] 

"Technical Memorandum – Liquid Animal Waste Lagoons, Input Loading to 
Subsurface Soils and Groundwater, A Research Review" 

Winter 2010/11 Field testing under favorable and adverse conditions of the water balance method 
for quantification of lagoon seepage rates and associated uncertainty 

January 2012 CVDRMP groundwater monitoring begins; monthly groundwater level 
measurements; quarterly groundwater quality sampling 

March 2012 
[Report] 

"Protocols for Measuring Dairy Lagoon Seepage Using the Water Balance Method – 
Technical Field Guide" 

April 2013 
[Report] 

"Central Valley Dairy Representative Monitoring Program Year 1 Annual Report 
(2012)" 

Winter 2013/14 Lagoon seepage testing in CVDRMP's Central Area 

April 2014 
[Report] 

"Central Valley Dairy Representative Monitoring Program Year 2 Annual Report 
(2013)" 

May 2014 RWQCB briefing on preliminary seepage testing results 

Fall 2014 Lagoon perimeter subsurface hydrogeologic investigation; soil borings and sampling 
of uppermost first encountered groundwater 

Fall 2014 Pilot geophysical testing (electrical resistivity tomography, ERT) 

Winter 2014/15 Lagoon seepage testing in CVDRMP's Central, North, and South Areas 

March 2015 
[Report] "Lagoon Perimeter Subsurface Hydrogeologic Investigation Report" 

April 2015 
[Report] 

"Central Valley Dairy Representative Monitoring Program Year 3 Annual Report 
(2014)" 

Summer 2015 Expanded geophysical testing (ERT, Ohm-Mapper, electromagnetic tomography 
(EMT)) 

November 2015 
[Report] 

"Seepage Rates of Liquid Dairy Manure Lagoons in the Central Valley of California 
and Associated Subsurface Nitrogen Mass Emissions" 

February 2016 
[Draft Report] 

"Literature Review and Workplan, Controlling Seepage from Liquid Dairy Manure 
Lagoons in the Central Valley of California" (revised June 2016) 

April 2016 
[Report] 

"Central Valley Dairy Representative Monitoring Program Year 4 Annual Report 
(2015)" 
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1.3 Role of Lagoons on Dairies 
Lagoons play an integral part in receiving, storing, and recycling water and nutrients at nearly all 
existing dairies in the Central Valley. The great majority of Central Valley dairies are 
constructed as freestall dairies. Freestall barns are roofed structures without walls where cows 
spend much of their time feeding and loafing. Freestall barns provide a well-ventilated 
environment while also providing protection from rain and the sun. To increase summertime 
comfort, they are often equipped with fans and misters. Manure is excreted onto curbed concrete 
lanes (i.e., flush lanes), which are regularly cleaned by flushing. Flush water typically undergoes 
some form of solids separation process, e.g., via mechanical separators, settling basins, or 
weeping walls. 
 
Lagoons also receive inputs from other sources depending on the specific dairy configuration. 
Freestall barns are typically surrounded by earthen exercise pens and corrals where manure is 
deposited on bare ground. At dairies where these pens and corrals are equipped with feed aprons, 
these also may be equipped with flush lanes linked to a lagoon. Other lagoon inputs may be wash 
water from the milk parlor and cow wash water, all of which may contain some manure. 
Additional water may be derived from equipment sanitation and cooling. Lagoons typically also 
function as storm water retention basins and may be configured to receive tailwater runoff from 
cropland. Generally, this water is stored in the lagoon and recycled for cleaning the flush lanes. 
Storm water runoff, water from the milking parlor, equipment sanitation, and cooling contains 
much less or no manure residue and provides needed dilution of lagoon water to maintain 
effective cleaning of the flush lanes.  
 
Ultimately, lagoon water is injected into the irrigation water stream and used to fertilize crops 
that are grown on dairies for feed. This practice recycles nutrients locally, supporting farmers’ 
ability to grow feed crops for cows while reducing dependence on synthetic fertilizers. The 
storage of nutrients in liquid form bears an enormous advantage over solid manure. Liquid 
manure can be applied to the crop throughout the growing season, thus, matching crop demand 
with supply. In contrast, solid manure can only be applied pre-planting or shortly thereafter, i.e., 
when crop uptake is low. This makes nutrients vulnerable to leaching. In the context of nutrient 
management, the lagoon enables farmers to store nutrients during times of low nutrient demand 
(i.e., between harvest and planting, and during winter months) and to apply nutrients to crops 
when needed. 
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2 METHODS 
 
CVDRMP systematically conducted seepage testing on all of the lagoons that met operational 
conditions for such testing on its monitored member dairies and three additional dairies for a 
total of 17 lagoons. Fieldwork was carried out in winter 2013/14 (Central Area) and winter 
2014/15 (North and South Areas) (Figure 1).  
 
The lagoon perimeter investigation focused on 12 lagoons, where lagoon seepage was either not 
evident or inconclusive based on groundwater testing in 2012 and 2013. Fieldwork was carried 
out in October 2014. 
 
Twenty-two of the investigated lagoons have one to four associated dedicated monitoring wells 
in first encountered groundwater. Groundwater quality information collected on a quarterly 
schedule from the first quarter of 2012 through the last quarter of 2014 is included in this report. 
 
Geophysical surveys were coordinated, to the extent possible, with seepage testing and the 
lagoon perimeter investigations. All 12 lagoons where geophysical surveys were carried out also 
have groundwater quality information available. Eight of these lagoons were correlated with the 
lagoon perimeter investigation, and five lagoons also have quantified seepage rates (Table 2). 

2.1 Seepage Testing  
Surveys were sent to 41 of the 42 monitored CVDRMP dairies4 to delineate viable candidate 
lagoons based on operational characteristics. Surveys were followed up via email, phone and/or 
field visits to address producers’ questions, as needed, and to further delineate the site-specific 
merits of seepage testing. In four cases, instrumentation was deployed but producers were 
ultimately not able to hydraulically isolate their lagoon, and testing did not yield usable results in 
these cases. Successful seepage testing was completed at 14 of the monitored CVDRMP dairies. 
Three additional non-monitored CVDRMP dairies volunteered for testing, which resulted in a 
total of 17 dairies where successful seepage tests were conducted. 
 
The testing protocol used in this effort is the product of approximately 10 years of research and 
development between 1999 and 2009, including hog, cattle, and dairy farms in Kansas and other 
Midwestern states (Ham 1999; Ham and DeSutter 1999; Ham and DeSutter 2000; Ham 2002a; 
Ham 2002b; Ham and DeSutter 2003; Ham 2007; Ham and Baum 2009). The method was 
further tested under Central Valley conditions in winter 2010/11 and is comprehensively 
described in Protocols for Measuring Dairy Lagoon Seepage Using the Water Balance Method – 
Technical Field Guide (LSCE 2012). Following is a brief overview. 
 
The water balance accounts for inflow to and outflow from the lagoon and accounts for changes 
in storage over a period of time. Inflows may be wash water carrying manure from the flush 
lanes of freestall barns where livestock are housed, discharge from other lagoons or settling   
                                                 
4 ADO was closed and dismantled before lagoons could be tested.  
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Figure 1: Dairy and Testing Location Map 
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   Table 2: Fieldwork Matrix  

Dairy Water Balance 
Test 

Lagoon Perimeter 
Investigation 

Dedicated 
Monitoring Wells Geophysical Survey 

Central Area - East 
   MEN       

ANC      

BET     

DUR       

FG1      

BEA      
COT       
SAN       
PLS     
CAE     
ROB      

Central Area - West 
   ANT     

COR       
FG2       
GOD     

MAC      

NUN †     

MOO       

North Area 
   BRE        

CRE        

South Area 
   DLF       

ZZI       
MAP        
SO2       
AIR        
MNS        
TBR        

† Two lagoons were investigated at this site. One of the lagoons has a dedicated monitoring well, and the 
lagoon perimeter investigation and the geophysical survey were carried out on that lagoon. However, it 
was not suitable for water balance testing, which was completed on a different lagoon. 
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basins, irrigation tail water from adjacent crop fields, wash water from the milk barn and other 
facilities, direct precipitation, and precipitation runoff from the lagoon’s banks, and any other 
surfaces at the facility from where storm water is routed to the lagoon. Outflows may include 
intentional removal to irrigate crop fields or to flush freestall barns, transfer to other lagoons 
operated in series, evaporation, and seepage.  
 
By avoiding times of precipitation, discharge to the lagoon, and the removal of water from the 
lagoon (all of which introduce uncertainties to the water balance that can far exceed the 
magnitude of the lagoon’s seepage rate), the seepage rate can be computed as the difference 
between only two terms: the decline of the water level (i.e., change in storage) and evaporative 
losses from the water surface. The uncertainty introduced by rain stems from its geographic 
heterogeneity. Specifically, a measurement obtained with a rain gauge may not be reflective of 
the actual amount of rain that fell on a lagoon. In some cases, seepage rates were computed from 
water balance tests during which minor precipitation occurred. In these cases, seepage rates were 
computed in two ways: (i) not accounting for precipitation inputs, thus, yielding a result that 
tends to underestimate the actual seepage rate, and (ii) making an adjustment for precipitation 
inputs using two times the precipitation depth registered by the rain gauge, thus, yielding a result 
that very likely does not underestimate the actual seepage rate. The effects of precipitation inputs 
were too small or too widely distributed over the duration of the tests such that they are not 
perceptible on the depth change graphs. The associated seepage rate plots show results without 
correction for precipitation (i.e., as described in above item (i)). 
 
Hydraulic isolation from inflows and outflows is important for successful seepage testing. To 
most accurately quantify evaporative losses, lagoons need to also be relatively free of floating 
materials (e.g., manure solids). The effect of floating manure solids on evaporative losses is not 
well understood and could conceivably reduce evaporation due to a cover effect (i.e., seepage 
would be overestimated), or enhance it due to capillary forces and increased solar heating of the 
thin film of water on the solids particles. 
 
CVDRMP used research-grade instrumentation for the measurement of water level elevation 
changes in the lagoon, ambient air temperature, relative humidity, wind speed, and water surface 
temperature. The latter four variables support a bulk-aerodynamic transfer model estimating 
evaporative losses. Best results are obtained when evaporative demand is low and small relative 
to seepage losses. Application of the water balance method in the Central Valley outside the 
months of November – February/March has shown to produce data that are unusable to quantify 
seepage losses. 
 
Lagoons were visited frequently for data downloads and field observations to ensure continued 
hydraulic isolation and uncompromised data collection. In some cases, floating particulate matter 
(i.e., saturated manure solids) was observed.  

2.1.1 Multi-Day Testing 
Best results are obtained when inflows to and outflows from the lagoon can be halted for several 
days. In that case, the seepage rate estimate can be augmented with an uncertainty interval, 
where a range around the seepage rate estimate is specified within which the true seepage rate is 
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expected to reside. The uncertainty analysis accounts for uncertainty in the measured variables 
and random error introduced by environmental conditions. Therefore, uncertainty is unique for 
each water balance test. In this document, uncertainty is expressed as a 95% confidence interval 
on the computed seepage rate (Coleman and Steele 2009). For example, a seepage rate of 1.0 ± 
0.1 mm d-1 (i.e., millimeters per day) suggests that, with 95% confidence, the true seepage rate 
resides within 0.9 and 1.1 mm d-1 (where the uncertainty is ± 0.1 mm d-1). 

2.1.2 Overnight or Short-Term Testing 
If uninterrupted multi-day testing is not possible, shorter-term testing provides a viable 
alternative. Very short tests (i.e., approximately 12 hours) were carried out at night. Overnight 
testing benefits from generally more favorable meteorological conditions resulting in reduced 
evaporative losses. However, a short test duration significantly increases the uncertainty in the 
results because both the absolute and relative uncertainty contribution from depth measurements 
increases. As a result, uncertainty analysis loses its utility in conjunction with overnight testing. 
Confidence in results can be gained, although less quantitatively, by carrying out the water 
balance during several successive or near successive nights. In these cases, the uncertainty 
estimate was expressed with two standard deviations around the mean seepage rate (i.e., 
containing 95% of the statistical sample of the normal distribution). 

2.2 Lagoon Water Sampling 
Lagoon water was retrieved at three locations in each lagoon and ammoniacal-N concentrations 
were averaged for mass emissions calculations. One sample was retrieved near the center and 
two samples were retrieved toward the sides of the lagoon under consideration of the discharge 
point to the lagoon. This sampling scheme was employed to avoid potential sample bias toward 
fresh manure sources (i.e., near the inflow of flush water) or older, well-digested manure (i.e., 
distal to the discharge point). To quantify constituent concentrations most likely to represent 
concentrations in the seepage itself, samples were retrieved near the lagoon floor. Specifically, 
samples were retrieved with a heavy, stainless steel sampling bomb equipped with remote 
opening/closing mechanism. This bomb was lowered to the bottom of the lagoon and a depth 
reading was obtained. The bomb was then raised to approximately 1-2 feet above the floor and 
filled. This was done to avoid sampling of the sludge layer itself or otherwise increased solids 
content due to turbulence caused by resting the bomb on the lagoon floor. Upon retrieval of the 
bomb, the sample fluid was decanted in its entirety into an unpreserved 1-liter bottle supplied by 
the laboratory and immediately placed on ice in a dark ice chest. Field measurements of 
temperature, pH, dissolved oxygen, oxygen reduction potential, and electrical conductivity were 
recorded at the time of sample retrieval. 

2.3 Estimation of Lagoon Subsurface Mass 
Emissions  

The mass flux of the sum of all dissolved constituents transported from the lagoon liquid into the 
underlying soil (i.e., subsurface mass emissions) was calculated as the product of the seepage 
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rate and the total dissolved solids (TDS) concentration in the lagoon liquid, and expressed on a 
unit area basis (i.e., one acre) to facilitate comparison between lagoons and field emissions. For 
the computation of nitrogen emissions, the concentration of ammoniacal-N (i.e., the sum of NH4

+ 
and NH3) in the lagoon liquid was invoked. Ammoniacal-N was chosen for the mass calculations 
because it constitutes the majority of the soluble and mobile fraction of total nitrogen in the 
lagoon. Following the approach of Ham and DeSutter (1999), organic nitrogen, mostly occurring 
as particulate matter, was not fully included in the calculations due to its immobility and pore-
clogging attributes.  
 
Organic nitrogen exists in many different forms in lagoon water and is broadly categorized as 
dissolved organic nitrogen (DON) and particulate organic nitrogen (PON). To investigate the 
relationship between DON and PON, total Kjeldahl nitrogen (TKN) analyses were conducted on 
unfiltered and filtered lagoon samples. TKN is the sum of nitrogen from ammoniacal-N and 
organic nitrogen. Due to the strongly anaerobic conditions in lagoon water, TKN is an accepted 
estimator of total nitrogen, since nitrite and nitrate are not stable under strongly anaerobic 
conditions. Filtered TKN was used as an estimate of the sum of ammoniacal-N and DON, and 
this quantity was used for N-mass emission computations unless it was smaller than the results of 
laboratory analysis of ammoniacal-N (i.e., EPA method 350.1), in which case ammoniacal-N 
concentrations were used. Mechanisms for loss of ammoniacal-N during filtration, which could 
lead to filtered TKN concentrations that are smaller than the results from EPA method 350.1, are 
not entirely clear (e.g., both volatilization and sorption to filtrate should be minimal). The 
computational approach used herein was selected to avoid incidental underestimation of N-mass 
emissions. 

2.4 Lagoon Perimeter Soil Borings and Sampling 
Two to six boreholes were advanced along the perimeter of twelve lagoons for a total of 53 
boreholes. Drilling services were provided by EnProbe (C-57 license 777007; Oroville, CA - 
http://enprobedirectpush.com/) using 5410, 6600, and 7822DT rigs and GeoProbe™ direct push 
dual-tube technology with a borehole diameter of 2.25 inches. Continuous soil cores (1.25-inch 
diameter) were retrieved in plastic (butyrate) single-use tubes. Tubes were double-cut lengthwise 
to expose the soil core for examination. Earthen materials were described and logged in the field 
by California licensed professional geologists experienced in water well and environmental 
drilling, testing, and construction. The description of the samples followed the American Society 
for Testing and Materials (ASTM) Unified Soil Classification System (USCS). Representative 
material samples were collected and archived. 
 
The boreholes were abandoned in accordance with County requirements and in the presence, or 
under the direction of, a County inspector. The boreholes were backfilled using Portland cement 
based grout. PVC tremie pipe was installed in the borehole with its opening near the bottom of 
the borehole. Cement grout was then mixed and poured into the tremie until the cement grout 
approached ground surface. The lower end of the tremie remained immersed in fresh grout so 
that the rising grout from the bottom displaced groundwater in the borehole without washing out 
or diluting the grout. The tremie was then removed and additional grout was poured from the 
surface to bring it to ground surface. 
 

http://enprobedirectpush.com/
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Groundwater samples were retrieved from the uppermost few inches or feet of first-encountered 
groundwater. This is the saturated zone nearest to the bottom of the ponds; therefore, 
groundwater chemical characteristics in the test holes are expected to more closely resemble 
chemical characteristics of the lagoon liquor than groundwater samples retrieved from 
monitoring wells. 
 
Samples were retrieved with the inertial pumping technique using HDPE tubing and foot valves. 
New materials were used for each sample. Field measurements of specific conductance (SC), pH, 
and temperature were obtained. 

2.5 Groundwater Data Collection  
CVDRMP collects monthly depth to water measurements in all 443 network wells and quarterly 
groundwater samples for chemical analyses. Groundwater samples for chemical analyses are 
retrieved from all network well sites. Specifically, at a given well site composed of either a 
single well, nested wells, a well cluster, or a combination thereof, a groundwater sample is 
retrieved from the well that intersects the uppermost portion of first encountered groundwater. 
When groundwater levels decline below the shallow well screen, a sample is retrieved from the 
next deeper well. 

2.5.1 Groundwater Level Measurements 
An electrical sounder is used to measure the depth to groundwater from a specified reference 
point (usually the top, north side of the well casing). Measurements are recorded to the nearest 
0.01 foot. Measurements on any one dairy are collected near in time to obtain a data set 
resembling a “snapshot in time”. 
 
During groundwater quality sampling campaigns, a depth to water measurement is obtained prior 
to sampling a monitoring well. The static water level in conjunction with well construction 
information is used to calculate the volume of water in the well. This information is used to 
determine the minimum volume of water to be purged prior to sample collection. 

2.5.2 Purging Protocol 
Monitoring wells are purged and sampled using dedicated HDPE tubing equipped with stainless 
steel foot valves. Where groundwater is sufficiently shallow, this assembly is used in 
combination with a centrifugal pump on the surface. Prior to sample collection, the dedicated 
tubing is disconnected from the pump, and sample bottles are filled with groundwater using the 
inertial pump process. Using this equipment and process eliminates the need for decontamination 
because the groundwater sample does not come into contact with equipment shared between 
wells. 
 
Monitoring wells are purged of three or more wet casing volumes and until indicator parameters 
(temperature, pH, and specific conductance) have stabilized prior to sample retrieval. 
Stabilization is defined as consecutive readings at approximately 5-minute intervals (or at 
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intervals of casing volumes) where parameters do not vary by more than 5 percent. Purged 
groundwater is disposed of by spreading it on the ground at a reasonable distance from the 
sampled well to avoid the potential for purge water to enter the well casing again during the 
purging process.  
 
The following parameters are monitored during the well purging: 

 Temperature (°C) 
 pH (standard pH-units) 
 Specific Conductance (μS/cm) 
 Dissolved oxygen (mg/L) 
 Dissolved oxygen (percent saturation) (added in February 2013) 
 Oxygen reduction potential (mV) 
 Turbidity (NTU) 

Visual (color, occurrence of solids), olfactory (odor) and other observations (e.g., wellhead 
conditions, well access, ground conditions, weather) are noted as appropriate. 

2.5.3 Instrumentation and Maintenance 
The following equipment is used during purging and sampling activities: 

 Purging: dedicated tubing with foot valve, centrifugal/inertial pumping 
 Sample retrieval: dedicated tubing with foot valve 
 Depth to water: electrical sounder 
 Temperature, pH, electrical conductivity: YSI multi probe instrumentation (or similar) 
 Dissolved oxygen: YSI instrumentation (or similar) 
 Oxygen reduction potential: Oakton ORPTestr (or similar) 
 Turbidity: Orbeco-Hellige Model 966 turbidity meter (or similar) 

Shop and field calibration of instrumentation is conducted following the manufacturer’s 
instructions and guidelines using appropriate standard solutions and procedures and at 
manufacturer recommended intervals. The electrical sounder and thermometer are factory 
calibrated and are not field calibrated.  
 
Due to the use of dedicated equipment, there are no decontamination procedures needed.  

2.5.4 Sample Handling and Recordation 
Upon completion of purging activities, groundwater quality samples were collected in 
laboratory-supplied bottles with or without preservative (depending on analyses to be conducted 
and recommendation from the analyzing laboratory) according to laboratory instructions. Bottles 
were labeled with laboratory-supplied labels, immediately placed on ice, and kept in a dark ice 
chest (at 4 °C) until received by the laboratory. Sample pick-up was coordinated between the 
field technicians and the laboratory’s own courier service under observance of applicable holding 
times. All samples were analyzed by an ELAP (Environmental Laboratory Accreditation 
Program) certified laboratory. 
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A chain-of-custody (COC) form is used to record sample identification numbers, type of samples 
(matrix), date and time of collection, and analytical tests requested, and blind duplicate samples. 
In addition, times, dates, and individuals who had possession of the samples are documented to 
record sample custody. A field sheet is used to document field activities and measurements. 
Constituents, analytical methods, and their reporting limits are shown on Table 3. 

2.5.4.1 Quality Assurance Procedures 
Quality assurance (QA) is an overall management plan used to guarantee the integrity of data 
collected by the monitoring program. This includes the above guidelines for groundwater level 
measurements, purging protocol, and sample handling and recordation. Quality control (QC) is a 
component of QA that includes analytical measurements used to evaluate the quality of the data. 
A brief discussion of field QC is followed by a discussion of laboratory QC requirements. 

2.5.4.1.1 Field Quality Control 
“Blind” duplicate field samples (duplicate samples) are collected to assess the precision (i.e., 
repeatability) of sampling results as influenced by natural variability of constituent 
concentrations in the sample and laboratory performance. Therefore, concentration differences 
between sample pairs, even large differences, do not necessarily indicate poor laboratory 
performance. Laboratory performance is addressed via laboratory quality control measures (see 
next section) and the cation/anion balance. This field quality control program is not used to 
adjust individual sample results. 
 
The identified sample and its duplicate sample are retrieved immediately following each other to 
limit natural variability. The true identity of duplicate samples is not noted on the COC form, 
rather a unique identifier is provided. The identities of the duplicate samples are recorded on the 
field sheet, but the sampling locations of the duplicate samples are not revealed to the laboratory. 
Duplicate samples are collected from at least 5 percent (1 in 20) of the total number of sample 
locations (i.e., in these cases two samples are collected from the same sample location). 

2.5.4.1.2 Laboratory Quality Control 
Quality assurance and quality control samples (e.g., spiked samples, blank samples, duplicates) 
are employed by the laboratory to document the laboratory performance. Results of this testing 
are provided with each laboratory report. 

2.5.4.1.3 Review of Laboratory Data Reports 
Data validation includes a data completeness check of each laboratory analytical report. 
Specifically, this review includes: 

 Review of data package completeness (ensuring that required QC and analytical results 
are provided); 

 Review of the required reporting summary forms to determine if the QC requirements 
were met and to determine the effect of exceeded QC requirements on the precision, 
accuracy, and sensitivity of the data; 

 Review of the overall data package to determine if contractual requirements were met; and 
 Review of additional QA/QC parameters to determine technical usability of the data. 
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In addition, the data validation includes a comprehensive review of the following QA/QC 
parameters: 

 Holding times (to assess potential for degradation that may affect accuracy) 
 Blanks (to assess potential laboratory contamination) 
 Matrix spikes/matrix spike duplicates and laboratory control samples (to assess accuracy 

of the methods and precision of the method relative to the specific sample matrix) 
 Internal standards (to assess method accuracy and sensitivity) 
 Compound reporting limits and method detection limits 
 Field duplicate relative percent differences 

 
Table 3: Analytical Methods and Reporting Limits for Groundwater and Lagoon Water Analysis 
      

Constituent Analytical Method Reporting Limit (mg/L) 
Sodium EPA 200.7 1.0 
Potassium EPA 200.7 1.0 
Magnesium EPA 200.7 1.0 
Calcium EPA 200.7 1.0 
Chloride EPA 300.0 0.5 
Sulfate EPA 300.0 1.0 
Bicarbonate (as CaCO3) SM2310B 5.0 
Carbonate (as CaCO3) SM2310B 5.0 
Hydroxide (as CaCO3) SM2310B 5.0 
Phosphorous EPA 365.4 0.15 
Total Dissolved Solids SM2540C 10 
Ammoniacal-N EPA 350.1 0.1 
Total Kjeldahl Nitrogen-N EPA 351.2 0.2 

2.6 Geophysical Investigations 
NORCAL Geophysical Consultants conducted reconnaissance electrical resistivity (ER) testing 
on two dairy lagoons in fall 2014 (BET and MAC). In 2015, additional geophysical work was 
carried out on the MAC lagoon plus ten more lagoons, including ER, the OhmMapper method, 
and electromagnetic (EM) testing. An overview of these methods is provided in the following 
sections. Detailed mathematical method descriptions, limitations, and discussions of the 
instrumentation and data processing are provided in the appendices of each of NORCAL 
Geophysical Consultants’ reports provided in Attachment 7.  

2.6.1 Electrical Resistivity Profiling 
Electrical resistivity is a measure of the resistance of a volume of material to the flow of 
electrical current. The electrical resistivity of earth materials is affected by factors such as 
mineralogy, porosity, permeability, and water content. In saturated unconsolidated materials, 
electrical resistivity is typically directly proportional to permeability. The more permeable a 
material is, the more resistive it becomes. For example, coarse-grained materials such as sand 
and gravel typically exhibit higher electrical resistivities than fine-grained materials such as silt 
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and clay. However, the resistivity of saturated earth materials is also greatly affected by the 
concentration of dissolved salts or free ions in the saturating fluid. The introduction of highly 
conductive fluids, such as lagoon water, can significantly decrease the electrical resistivity of 
both coarse-grained and fine-grained materials. Therefore, earth materials that have been invaded 
by lagoon water are expected to have anomalously low electrical resistivity. Generally, saturation 
does not seem to have as much of an effect on resistivity as permeability unless the saturating 
fluid is very conductive. In that case, saturation significantly lowers the resistivity of the 
permeable zone. 
 
The ER survey employed the most commonly used electrode configuration, the dipole-dipole 
array. In practice, data were collected using multiple electrodes distributed at uniform intervals 
along a line. Each electrode was a stainless steel stake, about twelve inches long and with a 
diameter of approximately 3/8-inch. Each electrode was driven into the ground to a depth of 
approximately ten inches. Once the electrodes were in place, they were connected to an electrical 
resistivity meter through multi-connector (take-out) cables. Prior to data collection, the electrical 
contact resistance was measured between each electrode and the ground. If any of the contact 
resistance values were determined to be too high to acquire accurate data, the contact resistance 
was lowered by (i) improving the contact between the electrode and the cable, (ii) re-seating the 
electrode, (iii) wetting the ground around the electrode with salt water, and/or (iv) adding more 
electrodes connected in parallel. Once all of the contact resistances were within a satisfactory 
range, electrical resistivity data were automatically collected according to a set of instructions 
(command file) programmed into the electrical resistivity meter. Upon completion of the 
readings, the resulting electrical resistivity data were transferred to a computer for subsequent 
processing. 
 
Following completion of the ER survey, a Trimble global positioning system (GPS) with sub-
foot accuracy was used to measure the geographical coordinates of select electrodes along each 
ER line. These positions were exported for mapping and data analysis. The results of ER surveys 
are shown on color contoured cross-sections (i.e., profiles) that depict the variation in electrical 
resistivity beneath each ER line. The dashed horizontal lines on the profiles indicate the 
approximate location of the water table at the time of the survey. Of primary importance for the 
interpretation of these profiles are the changes of electrical resistivity, not their absolute values. 
In fact, ER values are not absolute values. Instead, they are relative to a starting model that is 
used in the inversion process of the raw data. This model accounts for all of the measured 
apparent ER values in any given survey. The profiling models for the ER surveys tended to yield 
lower electrical resistivities than the OhmMapper method. This is due to the deeper penetration 
depth of the ER surveys (typically 60 feet) and a larger proportion of the investigated depth 
being situated below the water table (i.e., lower electrical resistivities in the saturated zone), 
whereas OhmMapper results are proportionally more influenced by high electrical resistivities in 
the unsaturated zone (depth of investigation approximately 15-20 feet). There are other reasons 
why results from the two methods differ: 

 The ER method uses galvanic coupling (metal stakes driven in the ground) whereas the 
OhmMapper method uses capacitive (a type of electromagnetic) coupling. 

 The ER method operates at direct current levels whereas the OhmMapper method 
operates at a frequency of approximately 18 kHz. Since electrical resistivity is affected by 
frequency, the two methods generate different values. 
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 ER and OhmMapper data sets require different software for post-acquisition data 
processing. 

Consequently, ER and OhmMapper results cannot be directly compared. Results between sites 
also cannot be directly compared. 
 
The color scheme for the ER profiles (and also for the OhmMapper profiles) uses cold colors to 
indicate high electrical resistivities and increasingly warmer colors to indicate lower resistivities. 
Increasingly warmer colors are interpreted as an increasing effect of high-salinity water 
emanating from the lagoon and invading the underlying groundwater.  

2.6.2 OhmMapper 
The Ohmmapper consists of a transmitter, a number of receivers and an instrument console. Each 
transmitter/receiver unit consists of a cylindrical pod with cables extending from both ends. Each 
pod contains a gel-cell battery and the appropriate electronic circuitry that enables the unit to 
transmit or receive electromagnetic signals of specified frequency. Together, the pod and its 
cables act as one plate of a capacitor whereas the earth represents the other plate. In addition, 
each pod and its extending cables are considered to be analogous to a dipole in an electrical 
resistivity survey. 
 
In operation, electromagnetic signals produced by the transmitting dipole are injected into the 
ground through capacitive coupling and are detected by the receiving dipoles, also through 
capacitive coupling. The receiver dipoles are connected daisy-chain style to the control console 
via umbilical cable. The transmitter dipole is independent and is attached by a rope to the end of 
the receiver dipole farthest from the console. The longer the rope, the farther the receivers are 
from the transmitter and the greater the depth of penetration. However, if the rope is too long, the 
signal-to-noise ratio at the receivers farthest from the transmitter may obstruct collection of 
usable data. Therefore, the rope length has to be adjusted (at 2.5 meter intervals) to provide the 
maximum depth of investigation while maintaining an acceptable signal-to-noise ratio at each 
receiver. Once a proper rope length is established, the entire assembly is towed along a traverse 
at a slow walking speed. As the array is in motion, the signals produced by the transmitting 
dipole are detected by each receiver dipole in the array and are transmitted to the instrument 
console.  
 
The results of Ohmmapper surveys are shown on color contoured cross-sections (i.e., profiles) 
that depict the variation in electrical resistivity beneath each transverse. This is similar to the 
results of the ER surveys. The dashed horizontal lines on the profiles indicate the approximate 
location of the water table at the time of the survey. Of primary importance for the interpretation 
of these profiles are the changes of electrical resistivity, not their absolute values (see discussion 
in the last paragraphs of Section 2.6.1). The advantage of the OhmMapper over standard 
resistivity methods is that it does not require driving electrodes into the ground, thus, making 
data collection more rapid. It also tends to provide higher resolution profiles (i.e., it can 
differentiate smaller-scale resistivity changes than the ER survey). The disadvantage is its 
smaller depth of penetration. The depth of investigation was approximately 15-20 feet. 
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2.6.3 Electromagnetic Profiling 
EM profiling is a method whereby electrical current is injected into the subsurface through 
electromagnetic induction. EMP instruments contain two sets of coils mounted at fixed locations 
on opposite ends of a boom with an instrument package mounted in the middle. One set of coils 
transmits the primary electromagnetic field and the other set of coils detects the resulting 
secondary magnetic field. In operation, the instrument is carried at hip level in the horizontal 
position at a moderate walking pace. Survey marks were referenced every 50 feet using GPS as 
the instrument was carried. Measurements were taken approximately every 2.2 feet along the 
walked transects.  
 
The results of the EMP are depicted as terrain conductivity maps. The terrain conductivity is 
representative of the electrical bulk properties of a roughly cube-sized volume of subsurface 
materials. The penetration depth cannot be increased without proportionally increasing the length 
and width of the investigated volume. Larger investigated volumes involve a greater degree of 
volume averaging, including both the unsaturated and saturated zones) while local detail 
(resolution) diminishes. Of primary importance for the interpretation of the terrain conductivity 
maps are the changes of electrical resistivity, not their absolute values. Results cannot be 
compared between sites because instrumentation output is calibrated separately for each site 
based on site-specific conditions. 
 
This technology was used at the two sites with the shallowest groundwater (<5 feet) and the 
penetration depth was approximately 15 feet.  
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3 RESULTS AND DISCUSSION 
 
Map Series 1 provides site maps of the 27 dairies discussed herein. These maps show the 
dairies’ production areas with the associated infrastructure (lagoons, animal housing, and 
adjacent fields) and wells (e.g., domestic, irrigation, and dedicated monitoring wells), and soils. 
Attachment 1 provides a comprehensive tabulation of key properties of the soils that are 
mapped within the footprint of the lagoons and Attachment 2 summarizes lagoon construction 
and operational information. Map Series 2 shows maps of the 24 dairies where water balance 
tests and/or lagoon perimeter investigations were carried out, including the locations of the 
lagoon perimeter boreholes and select borehole water quality results, water level hydrographs 
from monitoring wells adjacent to the lagoons, the predominant directions of groundwater flow 
beneath the lagoons, and select lagoon properties. Lagoon water quality obtained for those 
lagoons where water balance tests were done is summarized in Attachment 3. For those lagoons 
where water balance tests were not carried out, lagoon water quality information was extracted 
from the dairies’ most recent annual reports (covering calendar year 2014) and summarized in 
the narrative of the site-specific discussions. Depth-to-water readings (2012-2015) and 
groundwater level elevations are tabulated in Attachment 4. Groundwater quality data (2012-
2015) from the monitoring wells are tabulated in Attachment 5, including data from other on-
site monitoring wells that are part of CVDRMP’s well network (some wells are far removed 
from the lagoons such that they are not shown on the maps). Test hole groundwater quality from 
the 2014 lagoon perimeter subsurface hydrogeologic investigation is provided in Attachment 6. 
Map Series 3 depicts geophysical lines together with the soil boring locations, lithological 
profiles, resistivity profiles from the ER and OhmMapper surveys, contours of ground 
conductivity from the EM surveys. NorCal Geophysical Consultants’ geophysical investigation 
reports are provided in their entirety in Attachment 7. 
 
Field sheets from groundwater sampling campaigns and the associated laboratory analytical 
reports were provided in CVDRMP’s annual reports (LSCE 2013; LSCE 2014b; LSCE 2015b; 
LSCE 2016a). The annual reports also include extensive and cumulative discussion of 
groundwater levels, groundwater flow directions, and gradients. This effort is not reproduced in 
this report. Lithologic logs and laboratory analytical reports for soil boring groundwater results 
were provided in LSCE (2015a). Laboratory analytical reports for lagoon sampling results were 
provided in LSCE (2015c). 

3.1 Description of Ambient Soils and Lagoons 

3.1.1 Ambient Soil Characteristics 
Lagoons are most cost effectively constructed below the surrounding grade. In areas of relatively 
shallow groundwater occurrence, lagoons are constructed as above-ground basins. These are 
shallow excavations where the excavated material is used to build the side berms. This reduces 
the excavation depth and total excavation volume over that of a similarly sized below-ground 
lagoon. The earthen depth of above-ground lagoons is the vertical distance between the crest of 
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the berm and the floor of the lagoon. While an above-ground lagoon is still partially below 
ground, a below-ground lagoon is entirely below ground. 
 
USDA NRSC SSURGO soil maps can provide an indication of the texture and associated 
permeability of earthen materials that were used or penetrated during construction, but they 
cannot provide evidence for the actual material composition. These NRCS soil surveys are 
completed most typically to a depth of five to six feet and lagoon excavation may exceed this 
depth. Also, soil properties can be highly variable over the surveyed depth. In the case of above-
ground lagoons, it is unknown how the undocumented excavation depth is related to the 
documented earthen depth5, especially in cases where borrowed material was incorporated in 
construction. Depending on lagoon geometry, an above-ground lagoon with an earthen depth of 
12-15 feet may or may not have been excavated more than 6 feet below the existing grade. In 
cases where this depth was moderately exceeded (e.g., by 2 feet), the majority of the side wall 
area would still fall within the depth of the soil survey. Another limitation of soil survey 
information is that it represents averages and ranges that may or may not be reflective of site 
conditions. For example, clay content may range from 10-45% in a particular loam but how that 
relates to the on-site clay content is unknown. 

3.1.2 Lagoon Construction Records and Operational 
Characteristics 

In all but two cases (SO2 and DLF), construction documentation was not available for the 
lagoons where water balance testing was completed (Attachment 2). The absence of engineering 
drawings, specifications, as-built construction documentation, quality assurance protocols and 
quality control documentation (QA/QC), or any supporting data, such as soil texture analysis, 
compaction tests, construction notes, or information from percolation tests, is reflective of 
broader industry conditions before the adoption of the Dairy General Order. 
 
For the SO2 lagoon (constructed in the late 1980s), documentation of the installation of an 
earthen liner with imported material exists. Earthen-liner thickness is given as a minimum of 2 
feet on the lagoon floor and a minimum thickness of 1 foot on the sides. The liner was 
compacted with the wheels of a loaded scraper. The degree of compaction was not specified. The 
imported material is reported to have a clay content ranging from 20 to 26%. At the DLF lagoon 
(constructed in 2001), several 3-hour percolation tests (after three days of presoaking) were 
performed before lagoon construction. These tests were done with both fresh water and waste 
water, and yielded infiltration rates ranging from 73 to 1,996 mm d-1 (fresh water) and from 81 to 
687 mm d-1 (waste water). Soil textural testing results documented clay content ranging from 8.5 
to 32.1%. Areas of insufficient clay content were covered with a partial clay liner, including 
repair work after berm failure.  
 
In both of these cases, testing and construction documentation is minimal, pertinent information 
and QA/QC are missing; as a result, it is impossible to ascertain with confidence whether these 
lagoons conform to Title 27 regulations. 

                                                 
5 The earthen depth of a lagoon is the vertical elevation difference between the deepest point of excavation and the 
lowest crest elevation.  
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3.1.3 Lagoon Operational Characteristics 
Attachment 2 provides information on operational and management decisions, such as the 
presence of a mechanical solids separator, minimum waste depth, and the method of cleaning 
manure solids out of the lagoon to maintain storage capacity. While these are essentially 
categorical variables, the following discussion highlights the great variability within each 
category.  
 
All but the NUN and TBR lagoons are operated together with settling basins. NUN operates a 
mechanical separator. Several of the other dairies use a mechanical separator in addition to 
settling basins. Excessive solids build-up and storage loss in the lagoon are managed in different 
ways. Most operators use a combination of agitation/dilution during pump-out for irrigation to 
control solids build-up. The frequency varies from several times per year to every few years. 
CAE reports to never have deliberately removed solids from the lagoon. BRE and MAP dry their 
lagoons periodically and remove solids via excavation. 
 
The ability of manure solids to clog soil pores and reduce seepage has been amply documented 
and is summarized in LSCE (2008). At the time of the 2008 literature review, no information 
was found on the effect of particle size distribution of lagoon inflow on seepage rates. 
Mechanical separators typically remove only the coarsest solids that would otherwise float and 
not significantly contribute to a sealing effect. Similarly, settling basins do not remove the finest 
of particles and unless properly maintained, even larger particles can easily bypass the settling 
basin into the lagoon. The presence of a mechanical separator or settling basins does not provide 
information on actual efficacy of solids reductions and particle size distribution. Further, it is 
unknown how seepage rates would react to differing lagoon inputs once a sludge layer has 
developed. 
 
The efficacy of solids removal can vary widely between individual lagoons, spatially within 
individual lagoons, and over the years. The degree to which an established sludge layer is left 
intact may also vary significantly. The frequency of deliberate solids removal ranges widely 
from many times per year to every few years or never.  
 
A different mode of solids removal is that of emptying the lagoon and drying it before solids are 
excavated. This practice is also reflected in the minimum waste depth along with other 
operational considerations. The degree to which an established sludge layer is left intact when 
scooped out with loaders or scrapers may vary significantly. Scraping ‘to dirt’ is a common 
practice. While this practice removes the sludge layer, it maximizes lagoon storage and the 
intervals between lagoon cleanout.  
 
Beyond the physical clogging of soil pores, two other modes of manure sealing are recognized: 
(i) biological sealing by microbial communities and their byproducts and (ii) chemical sealing 
caused by salt-induced dispersion of clays. While the proportional contribution to the overall 
manure sealing effect may vary, it is well documented that it is a process that acts within a few 
weeks and months of initial filling of the lagoon (LSCE 2008). 
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3.2 Seepage Rates and Subsurface Mass Loading 

3.2.1 Seepage Rates 
At seven sites, repeat tests were carried out resulting in two to four seepage rates per lagoon with 
individual uncertainty intervals (Table 4). At five sites, single tests were carried out. At the 
remaining five sites, multiple short-term tests were completed (up to 10 tests per site). Start 
times, end times, and durations of each test are shown, and lagoon level trends between tests due 
to pump-outs or pump-ins. For tests where precipitation was registered with the on-site rain 
gauge, an adjusted seepage rate (Sadj) accounting for twice the logged precipitation was 
computed along with the unadjusted seepage rate. 
 
In sum, 50 water balance tests were carried out at 17 lagoons. Seepage rates ranged from 0.0-3.9 
mm d-1. This accounts for all repeat testing, including short-term without individual uncertainty 
intervals and longer-term with individual uncertainty intervals, seepage rates obtained 
immediately after lagoon filling, and seepage rates that were adjusted for precipitation 
uncertainty. Mean and median values are not discussed for all 50 tests because these statistics 
would be heavily biased toward the lagoons with the most repeat testing (i.e., ANT and NUN), 
which would introduce bias toward small seepage rates.  
 
To facilitate unbiased description of the data set, seepage rates were aggregated for each lagoon. 
Five lagoons have single test results available with uncertainty intervals (BEA, ROB, GOD, ZZI, 
and TBR). For lagoons where repeat short-term test results are available without individual 
uncertainty intervals, mean seepage rates were calculated (BET, CAE, PLS, ANT, and NUN) 
and uncertainty intervals were computed as two times the standard deviation of the individual 
rates (i.e., containing 95% of the sample population). Seven lagoons have multiple test results 
available, each with individual uncertainty intervals (BRE, CRE, DLF, MAP, SO2, AIR, and 
MNS). All of these mean values include seepage rates obtained immediately after lagoon filling, 
and seepage rates that were adjusted for precipitation uncertainty. The mean of these 17 seepage 
rates is 1.1 mm d-1, the median is 0.7 mm d-1, and the range is 0.0-2.9 mm d-1. 
 
BRE is of particular interest because the high seepage rates (S=2.8 mm d-1 and Sadj=3.9 mm d-1) 
are clear outliers. This is the only location where soil maps indicate significant gravel content (up 
to 35%). Anecdotal evidence indicates that water quality impacts at a nearby well that occurred 
shortly after the lagoon was first put into service were remedied with a partial clay liner. This is 
also one of the few tested lagoons that is dried out in preparation for solids removal via 
excavation, a process that can facilitate damage to the protective sludge layer and the earthen 
liner, both of which could expose high porosity strata at this location. Despite these 
circumstances, these high seepage rates do not appear to reflect long-term conditions at this 
location. Seepage rate values increased from an initial 2.3 to 2.5 mm d-1 as the lagoon was filled 
between tests and, according to the owner, the lagoon was already filled beyond normal 
operating levels in preparation for the water balance test. These rates are similar to the next 
largest seepage rates that were observed at CRE, DLF, and TBR. 
 
The seepage rates determined by this study are consistent with the pertinent academic literature 
as reviewed in LSCE (2008). For example, Meyer and Baier (1971) and Meyer, Olson et al. 
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(1972) studied the performance of 17 established dairy and poultry waste lagoons (age of 
lagoons not disclosed) located in the San Joaquin Valley and constructed on soils of various 
textures ranging from sands to clay loams. They found that the infiltration rate was on the order 
of 1 mm d-1 (ca. 10-6 cm s-1) regardless of the underlying soil type.  
 
Korom and Jeppson (1994) report a seepage rate of 13 to 91 mm d-1 after 5 years of operation of 
an unlined dairy manure lagoon constructed on very gravelly loamy coarse sand in Heber Valley 
of north central Utah. Among the literature reviewed, this study reported the largest infiltration 
rates from dairy manure lagoons.  
 
Parker, Schulte et al. (1999) provide a review of research on seepage from earthen animal waste 
lagoons, ranging from laboratory and small-scale investigations to full-scale investigations, 
subsurface soil and groundwater investigations. Based on their comparison of published seepage 
data for different soil types, they conclude that there may be problems with accurately predicting 
infiltration rates based on soil texture or grain size distribution alone.  

3.2.1.1 Effects of Rapid Lagoon Level Fluctuations on Seepage Rates  
The saturation of previously dry berm material due to rising liquid levels provides a conceptual 
explanation for temporarily increased seepage rates. Side walls are also subject to desiccation 
which can cause secondary porosity causing increased seepage losses. Lastly, the thickness of 
the protective sludge layer typically decreases toward the top of the side walls as the opportunity 
for it to develop decreases in the same direction.  
 
On the other hand, the drainage of previously saturated berm material due to falling liquid levels 
provides a conceptual explanation for temporarily decreased seepage rates. 
 
At BET, BRE, CRE, and DLF, water balance tests that were carried out immediately after 
lagoons received liquid manure inputs yielded higher seepage rates than water balance tests 
carried out before liquid levels were raised. At ANT, effects of lagoon level rises on seepage 
rates were less apparent, which may be explained by relatively high clay content of natural soils 
at this site (i.e., loam with 18-30% clay content) and associated low hydraulic conductivities. 
ANT is the only site where a water balance test was carried out immediately after lagoon levels 
were lowered and the results indicated a clearly decreased seepage rate. At NUN, also a site with 
high clay content in natural soils (i.e., silty clay with 30-65% clay content), the effects of the 
pump-ins on seepage rates, if any, were masked by the noisy results. 

3.2.1.2 Correlation of Mapped Soil Types and Seepage Rates 
The seepage investigation did not find a strong correlation between mapped soil type and 
seepage rates. This is not surprising given the limitations of mapped soil characteristics 
predicting actual on-site soil conditions. However, some overall trends can be observed: 
 
Three lagoons with relatively high mapped soil clay content were among the ones with the 
smallest seepage rates: 
 

 ANT (18-30% clay) S=0.2 mm d-1 
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 GOD (18-35% clay) S=0.2 mm d-1 
 NUN (30-65% clay) S=0.0 mm d-1 

 
Four of the highest seepage rates were associated with potentially gravely soil, sand, and sandy 
loam: 
 

 BRE (up to 35% gravel and 10-60% clay) S=2.4 mm d-1 and up to Sadj=3.9 mm d-1 after 
filling 

 BEA (sand, 0-15% clay) S=1.7 mm d-1 after filling 
 ROB (sandy loam, 0-15% clay) S=2.0 mm d-1  
 ZZI (sandy loam, 6-18% clay) Sadj=2.0 mm d-1 

 
Despite TBR’s substantial clay content (20-25% clay), its seepage rate of Sadj=2.2 mm d-1 was 
similar to those on sand and sandy loam. In contrast, the other four lagoons constructed in sand 
and sandy loam had much smaller seepage rates: 
 
 BET (sand, 0-15% clay) S=0.2 mm d-1 and up to 1.0 mm d-1 after filling 
 CAE (sand, 0-1% clay) 0.8 mm d-1 
 PLS (sandy loam, 7-18% clay) 0.6 mm d-1 
 MAP (sandy loam, 0-18% clay) 0.3 mm d-1 

 
Two lagoons were built in areas where the mapped clay content ranges from small to substantial 
proportions: 
 

 CRE (10-45% clay) S=1.4 mm d-1 before filling to 2.3 mm d-1 after filling  
 MNS (6-35% clay) 0.0 mm d-1 

 
Three lagoons were constructed with engineered clay liners. However, only two have 
documentation available (Section 3.1.2):  
 

 AIR (18-33% clay native material) S=0.7 mm d-1 
 SO2 (1-2 foot thick clay liner with imported material; 20-26% clay content) Sadj=0.1 mm 

d-1  
 DLF (native sandy loam with 8.5-32.1% clay; areas with <10% clay were patched with 

clay liner) S=1.9 mm d-1 (initial test after essentially dry lagoon was filled to 
approximately one third of capacity) to Sadj=2.4 mm d-1 after additional filling) 
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Table 4: Lagoon Seepage Rates 
          Seepage Rate [mm d-1] Mean 

 Start End Duration Lagoon Unadjusted Adjusted Seepage Rate ¶ 
Location [Julian Day] [d] Conditions †   for Rain [mm d-1] 

BET 339.65 340.92 1.27 15% 0.2 n/a 
0.7 ± 0.8   347.54 348.33 0.79 15% | ↑ 1.0 n/a 

  354.78 356.63 1.85 15% | ↑ 0.8 n/a 
BEA 330.71 335.27 4.56 ↑ 1.7 ± 0.5 n/a n/a 
PLS 6.40 7.42 1.02 - 0.6 n/a 

0.6 ± 0.2   8.34 9.32 0.98 - 0.5 n/a 
  10.42 11.36 0.94 - 0.7 n/a 

CAE 344.90 345.39 0.49 10% 0.7 n/a 

0.8 ± 1.1   345.95 346.34 0.39 10% 1.2 n/a 
  346.92 347.40 0.48 10% 0.1 n/a 
  347.90 348.32 0.42 10% 1.3 n/a 

ROB 325.71 331.27 5.56 - 2.0 ± 0.6 n/a n/a 
ANT 345.64 347.36 1.72 - -0.1 n/a 

0.2 ± 0.6 

  347.72 350.46 2.74 ↑ -0.1 n/a 
  350.54 351.66 1.12 ↑ 0.4 n/a 
  351.71 353.35 1.64 ↑ -0.2 n/a 
  353.71 355.45 1.74 ↑ 0.6 n/a 
  355.50 357.46 1.96 ↑ 0.4 n/a 
  357.73 359.45 1.72 ↑ 0.4 n/a 
  359.49 360.33 0.84 ↑ 0.5 n/a 
  360.66 361.66 1.00 ↓ -0.1 n/a 
  361.72 364.46 2.74 ↑ -0.2 n/a 

GOD 73.36 74.76 1.4 - 0.2 ± 2.1 n/a n/a 
NUN 357.69 359.39 1.70 20% | ↑ -1.2 n/a 

0.0 ± 1.3 

  359.52 361.44 1.92 10% | ↑ 0.3 n/a 
  361.56 364.42 2.86 5% | ↑ -0.2 n/a 
  364.50 366.39 1.89 ↑ -0.1 n/a 
  1.58 3.34 1.76 ↑ 1.1 n/a 
  4.54 5.42 0.88 ↑ 0.4 n/a 
  5.53 7.5 1.97 ↑ -0.2 n/a 
  7.56 8.29 0.73 ↑ 0.0 n/a 

BRE 13.36 16.21 2.85 ↑ 2.4 ± 0.9 n/a 

2.9   16.38 20.27 3.89 ↑ 2.3 ± 0.4 ‡ 2.5 ± 0.4 
  20.39 23.25 2.86 ↑ 2.8 ± 0.8 n/a 
  23.40 26.24 2.84 ↑ 3.7 ± 1.2 ‡ 3.9 ± 1.2 

CRE 8.58 16.21 7.63 - 1.4 ± 0.4 n/a 1.9 
  58.66 69.78 11.12 ↑ 2.3 ± 1.1 n/a 

DLF 316.58 322.70 6.12 ↑ 1.9 ± 0.6 ‡ 1.9 ± 0.6 
2.2   353.54 358.84 5.30 ↑ 2.3 ± 0.4 ‡ 2.4 ± 0.4 

  358.97 363.33 4.36 - 2.2 ± 0.7 n/a 
ZZI 315.51 334.26 18.75 - 1.9 ± 0.6 ‡ 2.0 ± 0.6 n/a 

MAP 323.54 328.41 4.87 - 0.0 ± 0.7 n/a 0.3 
  340.52 344.54 4.02 - 0.5 ± 0.5 n/a 

SO2 353.60 354.46 0.86 - 0.0 ± 1.2 n/a 0.1 
  355.00 355.93 0.93 - 0.0 ± 1.1 ‡ 0.1 ± 1.1 

AIR 50.57 53.51 2.94 10% 0.4 ± 0.7 ‡ 0.6 ± 0.7 0.7 
  62.86 66.33 3.47 10% 0.6 ± 1.1 ‡ 0.7 ± 1.1 

MNS 35.31 37.52 2.21 - -0.2 ± 0.9 ‡ -0.1 ± 0.9 0.0 
  39.89 43.42 3.53 - 0.1 ± 0.8 n/a 

TBR 40.69 43.28 2.59 20% 2.0 ± 0.7 ‡ 2.2 ± 0.7 n/a 
  † Percent lagoon coverage with floating manure solids. ↑ and ↓ indicate lagoon water level rises and drops, respectively, due to 
  pump-in/pump-out prior to testing. ‡ Seepage rate potentially represents an underestimate due to a small amount of rain registered 
  by the on-site rain gauge that was not accounted for in the computation. 
  ¶ Uncertainty at the 95% confidence interval was approximated as two times the standard deviation. n/a=not applicable. 
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3.2.2 Nitrogen and Mineral Subsurface Mass Loading 
Estimates of subsurface nitrogen (N) mass loading rates ranged from zero to 3,503 lbs ac-1 y-1 
with a mean of 1,045 lbs ac-1 y-1 (Table 5). Lagoon water at MAP (south lagoon) and SO2 was 
inadvertently not sampled. However, due to their small seepage rates, mass loading rates are 
expected to be relatively small. Discounting the two lagoons with zero-seepage (and associated 
zero subsurface mass loading), the second smallest N loading rate was 241 lbs ac-1 y-1, indicating 
a 15-fold range (i.e., the same range as the mean seepage rates, excluding zero-seepage rates). 
Ammoniacal-N concentrations used for N-mass loading computations exhibited a 19-fold range 
from the minimum value to the maximum value (i.e., from 44 to 853 mg L-1).  
 
Measurements of total dissolved solids (TDS) were used to estimate subsurface mineral mass 
loading rates, and they ranged from zero to 27,330 lbs ac-1 y-1 with a mean of 10,886 lbs ac-1 y-1 
(Table 6). Discounting the two lagoons with zero-seepage (and associated zero subsurface mass 
loading), the second smallest mineral loading rate was 3,250 lbs ac-1 y-1, indicating an 8-fold 
range. TDS concentrations used for the mineral mass loading computations exhibited a 7-fold 
range from the minimum value to the maximum value (i.e., from 1,133 to 7,850 mg L-1). 
 
Given the range of lagoons that were tested, including the range of soil textural characteristics 
and geographic distribution, these mass loading ranges may be reasonable approximations of the 
actually occurring N-loading rates across Central Valley dairy lagoons. 
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Table 5: Lagoon Subsurface Nitrogen Mass Loading 
    Ammonia TKN Highest Seepage Subsurface 

  
as N filtered Mean † Rate ¶ Mass Loading Rate 

Dairy Sample - - - - - - - - - - - - - mg L-1 - - - - - - - - - - - - - mm d-1 lbs ac-1y-1 
BET 1 360 310 

357 0.7 811 BET 2 420 390 
BET 3 290 270 
BEA 1 41 35 

44 1.7 241 BEA 2 45 46 
BEA 3 45 47 
PLS 1 150 150 

147 0.6 286 PLS 2 170 160 
PLS 3 23 130 
CAE 1 440 370 

430 0.8 1,118 CAE 2 430 370 
CAE 3 420 380 
ROB 1 210 190 

152 2.0 988 ROB 2 46 49 
ROB 3 200 180 
ANT 1 800 480 

473 0.2 308 ANT 2 550 460 
ANT 3 62 480 
GOD 1 770 850 

853 0.2 555 GOD 2 790 850 
GOD 3 810 860 
NUN 1 100 520 

527 0.0 0 NUN 2 540 500 
NUN 3 61 560 
BRE 1 260 250 

253 2.9 2,387 BRE 2 240 230 
BRE 3 260 260 
CRE 1 130 130 

137 1.9 844 CRE 2 130 96 
CRE 3 150 140 
DLF 1 470 350 

490 2.2 3,503 DLF 2 490 360 
DLF 3 510 380 
ZZI 1 230 250 

223 2.0 1,452 ZZI 2 220 210 
ZZI 3 200 210 
AIR 1 490 420 

485 0.7 1,103 AIR 2 460 400 
AIR 3 500 440 
AIR 4 490 480 
MNS 1 290 320 

293 0.0 0 MNS 2 260 280 
MNS 3 290 280 
TBR 1 270 260 

290 2.2 2,073 TBR 2 240 230 
TBR 3 360 250 

 † Mean of ammoniacal N or filtered TKN, whichever is higher for calculation of subsurface mass loading 
 rates. 
 ¶ Mean seepage rates from Table 4. 
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Table 6: Lagoon Subsurface Mineral Mass Loading † 
    Total Dissolved TDS Seepage Subsurface 

  
Solids (TDS) Mean Rate ¶ Mass Loading Rate 

Dairy Sample - - - - - - - - - - - - - mg L-1 - - - - - - - - - - - - - mm d-1 lbs ac-1y-1 
BET 1 4,400 

3,900 0.7 8,872 BET 2 3,600 
BET 3 3,700 
BEA 1 1,200 

1,133 1.7 6,261 BEA 2 1,100 
BEA 3 1,100 
PLS 1 1,700 

1,667 0.6 3,250 PLS 2 1,700 
PLS 3 1,600 
CAE 1 4,200 

4,100 0.8 10,659 CAE 2 4,000 
CAE 3 4,100 
ROB 1 1,600 

1,567 2.0 10,183 ROB 2 1,200 
ROB 3 1,900 
ANT 1 6,200 

6,500 0.2 4,225 ANT 2 6,800 
ANT 3 6,500 
GOD 1 5,800 

6,733 0.2 4,376 GOD 2 7,200 
GOD 3 7,200 
NUN 1 6,300 

6,500 0.0 0 NUN 2 6,600 
NUN 3 6,600 
BRE 1 2,900 

2,900 2.9 27,330 BRE 2 2,900 
BRE 3 2,900 
CRE 1 2,400 

2,433 1.9 15,025 CRE 2 2,400 
CRE 3 2,500 
DLF 1 3,200 

3,067 2.2 21,925 DLF 2 3,000 
DLF 3 3,000 
ZZI 1 2,200 

2,267 2.0 14,732 ZZI 2 2,400 
ZZI 3 2,200 
AIR 1 4,000 

7,850 0.7 17,857 AIR 2 4,000 
AIR 3 19,000 
AIR 4 4,400 
MNS 1 7,000 

6,233 0.0 0 MNS 2 5,800 
MNS 3 5,900 
TBR 1 2,600 

2,600 2.2 18,589 TBR 2 2,500 
TBR 3 2,700 

  † Total dissolved solids concentrations used as estimate of mineral concentrations.  
  ¶ Mean seepage rates from Table 4. 
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3.3 Groundwater Concentrations and Geophysical 
Imaging 

This section discusses site-specific groundwater quality (21 sites) from dedicated monitoring 
wells and temporary soil borings that were advanced in fall 2014 in the context of hydrogeologic 
conditions, lagoon water characteristics, and the results from the geophysical testing that was 
started in fall 2014, expanded in spring 2015, and concluded in summer 2015 (LSCE 2013; 
LSCE 2014b; LSCE 2014a; LSCE 2015a; LSCE 2015b; LSCE 2016a). 

3.3.1 MEN 
Lagoon liquor was sampled three times in 2014 and concentrations were as follows: 
1. TKN concentrations ranged from 302 to 510 mg/L.  
2. Ammoniacal N concentrations ranged from 188 to 389 mg/L. 
3. Organic N accounted for 5 to 38% of total nitrogen (TN). 
4. Phosphorous (P) concentrations ranged from 23.60 to 34.70 mg/L. 
5. Potassium (K) concentrations ranged from 385 to 820 mg/L. 
6. Electrical conductivity (EC) measurements ranged from 3,704 to 5,197 μS/cm. 
 
Monthly groundwater level measurements indicate that first encountered groundwater occurred 
at depths ranging from less than 5 to 14 ft (bgs) beneath the dairy between 2012 and 2015. 
Contours of equipotential water level elevations indicate mainly northwesterly groundwater flow 
near the lagoons, with occasional northerly to northeasterly flow components. As a result, MW1 
and MW2 were generally down- to crossgradient of the lagoons and settling basins. During the 
time of geophysical testing in April and August 2015, groundwater in the monitoring wells 
adjacent to the lagoon system (i.e., MEN-MW1 and 2) was approximately 8 feet (bgs). 
 
Key 2012-2015 groundwater chemistry is summarized below: 
 
MEN-MW1 
1. Ammoniacal N concentrations ranged from 0.29 to 140 mg/L. 
2. TKN concentrations ranged from 1.6 to 140 mg/L. 
3. Comparison of TKN and ammoniacal N indicates organic N concentrations of approximately 

1-5 mg/L. 
4. Nitrite-N concentrations were near or below the reporting limit. 
5. Nitrate-N concentrations ranged from 9.2 to 60 mg/L. 
6. K concentrations were distinctively elevated (16-240 mg/L).  
7. SO4 concentrations were distinctively elevated (150-280 mg/L). 
8. TDS concentrations were significantly higher than in non-lagoon wells (3,000-4,100 mg/L).  

Na, Cl, and HCO3 were the main contributors to the elevated salinity. 
 
Groundwater chemistry at this location is indicative of lagoon seepage. 
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MEN-MW2 
1. Ammoniacal N concentrations ranged from nondetect to 3.6 mg/L. 
2. TKN concentrations ranged from 1.5 to 4.8 mg/L. 
3. Comparison of TKN and ammoniacal N indicates organic N concentrations of approximately 

1-2 mg/L. 
4. Nitrite-N concentrations ranged from nondetect to 0.24 mg/L. 
5. Nitrate-N concentrations ranged from nondetect to 48 mg/L. 
6. K concentrations were distinctively elevated (21-90 mg/L). 
7. SO4 concentrations were distinctively elevated (190-290 mg/L)   
8. TDS concentrations were significantly higher than in non-lagoon wells (2,100-3,100 mg/L).  

Na, Cl, and HCO3 were the main contributors to the elevated salinity. 
 
Groundwater chemistry at this location is indicative of lagoon seepage. 

3.3.1.1 Geophysical Imaging 
Line 5, located on the berm of the main lagoon and between the main lagoon and the adjacent in-
ground settling basin, indicates the most apparent effects of lagoon seepage on underlying 
groundwater and in some areas, the water table coincides with a distinct decrease in electrical 
resistivity. The unsaturated zone is largely imaged yellow on this line. This is important because 
Line 6, located along the main lagoon’s southern berm, does not show distinct resistivity changes 
at the water table and is imaged predominantly in yellow. This suggests that saline lagoon 
seepage has essentially no effect on groundwater immediately south of the lagoon. This is 
consistent with the predominantly northwestern groundwater flow directions beneath the lagoon 
and settling basins. 
 
Line 9, located along the west side of the lagoon and settling basins, depicts very resistive zones 
in some areas of the lagoon’s unsaturated berm material and also a distinct resistivity decrease at 
the water table in the northern corner of the lagoon. Low resistivity zones are also shown farther 
north along the water table suggesting effects of settling basin seepage. These effects appear to 
dissipate over the distance of 75 feet to the west, where Line 8 shows largely yellow and green 
colors north of the intersect with Line 5. Between the intersects of Lines 5 and 6, the effects of 
main lagoon seepage have also diminished. The occurrence of decreased resistivity at increased 
depth at the intersection of Lines 8 and 6, may indicate downward migration of saline water. 
 
Line 1, located approximately 120 feet north of the northernmost settling basin, shows 
significantly higher resistivities than the other ER profiles, with the exception of a small area 
between 280-350 feet along the profile, indicating localized impact.  
 
This area of localized impact was also identified by the OhmMapper on Line 1. OhmMapper 
Lines 2, 3, and 4 (all located between settling basins) show increasingly distinct resistivity 
changes below the water table from north to south (i.e., more orange and red colors toward the 
center of the settling basin/lagoon system). OhmMapper Lines 7, 8, and 10 show moderate 
resistivity decreases below the water table. These are largely imaged with green and yellow 
colors, which likely reflect the change from an unsaturated to a saturated soil matrix, rather than 
impact of lagoon or settling basing seepage. 
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3.3.1.2 Summary 
Groundwater quality in two dedicated monitoring wells is indicative of lagoon seepage. 
However, groundwater quality is very different between the two wells and highly variable in 
time. The spatial and temporal variability illustrates the non-uniqueness of groundwater 
concentrations with respect to lagoon performance. 
 
Geophysical imaging suggests that salinity effects on groundwater are the most developed in the 
center of the lagoon system where they extend below the maximum investigation depth of ~50 
feet below the water table. Lateral movement of seepage-affected shallow groundwater is very 
limited and impacts are apparent only in the immediate vicinity of the lagoon footprint. 

3.3.2 ANC 
Lagoon liquor was sampled one time in 2014 and concentrations were as follows. 
1. TKN: 806 mg/L.  
2. Ammoniacal N: 538 mg/L.  
3. P: 39.5 mg/L. 
4. K: 820 mg/L. 
5. EC: 9,330 μS/cm. 
 
Monthly groundwater level measurements indicate that first encountered groundwater occurred 
at depths ranging from approximately 10 to 22 ft (bgs) beneath the dairy between 2012 and 2015. 
MW2 and MW4 are located on top of the lagoon’s berm and, as a result, the depth to water is 
deeper in these wells. Contours of equipotential water level elevations indicate rather consistent 
westerly to northwesterly groundwater flow beneath the dairy. MW1 was downgradient of the 
lagoon, and MW2 and MW4 were crossgradient to downgradient of the lagoons. MW3 was 
downgradient of the animal housing (and also immediately upgradient of the lagoons). During 
the time of geophysical testing in April 2015, groundwater in the monitoring wells located at the 
foot of the lagoon berms (i.e., ANC-MW1 and 3) was approximately 13-15 feet (bgs). 
 
Key 2012-2015 groundwater chemistry is summarized below: 
 
ANC-MW1 
1. Ammoniacal N concentrations were near or below the reporting limit. 
2. TKN concentrations ranged from 0.36 to 0.54 mg/L. 
3. Comparison of TKN and ammoniacal N indicates that TKN essentially reflected organic N 

concentrations. 
4. Nitrite-N concentrations ranged from 0.15 to 0.43 mg/L. 
5. Nitrate-N concentrations ranged from 4.2 to 14 mg/L. 
6. TDS concentrations and individual general mineral concentrations were similar to non-

lagoon wells.  
 
Groundwater chemistry at this location is not indicative of lagoon seepage. 
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ANC-MW2 
1. Ammoniacal N concentrations were near or below the reporting limit. 
2. TKN concentrations ranged from 0.92 to 1.6 mg/L. 
3. Comparison of TKN and ammoniacal N indicates that TKN essentially reflected organic N 

concentrations. 
4. Nitrite-N concentrations ranged from below the reporting limit to 0.64 mg/L. 
5. Nitrate-N concentrations ranged from 15 to 28 mg/L. 
6. TDS concentrations and individual general mineral concentrations were similar to non-

lagoon wells.  
 
Groundwater chemistry at this location is not indicative of lagoon seepage. 
 
ANC-MW3 
Groundwater chemistry at this location is substantially attributed to recharge occurring in a 
source area within the animal housing. This includes nitrate-N concentrations ranging from 25 to 
59 mg/L. Based solely on the proximity of this well to the lagoon, effects of lagoon seepage on 
its water chemistry are conceivable. However, presently, groundwater chemistry at this location 
is not indicative of lagoon seepage. 
 
ANC-MW4 
1. Ammoniacal N concentrations were below the reporting limit. 
2. TKN concentrations were below the reporting limit. 
3. Nitrite-N concentrations were below the reporting limit. 
4. Nitrate-N concentrations ranged from 8.0 to 54 mg/L. 
5. TDS concentrations and individual general mineral concentrations were similar to non-

lagoon wells.  
 
Groundwater chemistry at this location is not indicative of lagoon seepage. 

3.3.2.1 Soil Boring Water Quality 
At this facility, six soil borings were advanced and six groundwater samples were retrieved. All 
soil borings were advanced on the downgradient edge of the lagoon or between the lagoons. 
 
1. Ammoniacal N concentrations ranged from 1.0 to 160 mg/L. 
2. TKN concentrations ranged from 4.6 to 190 mg/L. 
3. Nitrite-N concentrations were nondetect or near the reporting limit. 
4. Nitrate-N concentrations ranged from 0.57 to 17 mg/L. 
5. K concentrations ranged from 9.4 to 200 mg/L. 
6. HCO3 concentrations ranged from 560 to 2,200 mg/L. 
7. PO4 concentrations ranged from 51 to 87 mg/L. 
 
Groundwater chemistry at all six soil borings is indicative of lagoon seepage. Soil boring SB5, 
which is centrally located and near MW1, exhibits the least indication of seepage. Its water 
chemistry is very similar to that at MW1, but with slightly higher salinity and slightly elevated 
levels of TKN (and organic N), K, HCO3, and significantly higher PO4. For comparison, 
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groundwater chemistry at MW1 and the other lagoon wells (i.e., MW2 and MW4) is not 
indicative of lagoon seepage. 
 
Nitrogen in the groundwater samples retrieved from the soil borings exists predominantly in the 
form of ammoniacal N and organic nitrogen. In contrast, these constituents have been found 
below or near their detection limits in groundwater samples retrieved from the lagoon monitoring 
wells. This indicates essentially complete oxidation of the reduced nitrogen forms within a few 
feet from the bottom of the ponds. Furthermore, TKN concentrations from the soil boring 
samples are more than twice as high compared to the lagoon monitoring well samples. TDS and 
several individual constituents show similar concentration decreases. For example, K 
concentrations are less than 10 mg/L in the monitoring wells, while they are up to 200 mg/L in 
the groundwater samples from the boreholes.  

3.3.2.2 Geophysical Imaging 
Line 4, located on the berm separating the two lagoons, indicates the most apparent effects of 
lagoon seepage on underlying groundwater. The water table coincides with a distinct decrease in 
electrical resistivity along the length of the lagoon, with predominantly orange and red colors to 
the maximum depth of investigation of ~40 feet below the water table. Lines 3 and 5, located on 
the outer berms of the lagoons parallel to Line 4, do not show this effect on groundwater salinity, 
suggesting very limited lateral movement of seepage-affected shallow groundwater. These two 
lines show moderate resistivity decreases below the water table. The resistivity decrease is 
imaged as a transition from blue/green colors to yellow, which likely reflects the change from an 
unsaturated to a saturated soil matrix. 

3.3.2.3 Summary 
Groundwater quality in four dedicated monitoring wells is not indicative of lagoon seepage. In 
contrast, groundwater quality obtained from six temporary boreholes is clearly indicative of 
lagoon seepage. This demonstrates monitoring wells’ unreliability in detecting lagoon seepage.   
 
Stark concentration decreases and changing redox conditions between the temporary boreholes 
and monitoring wells indicate substantial moderation of impacts to groundwater within the 
immediate proximity of the lagoons. The extreme constituent variability among soil boring water 
quality demonstrates the randomness of a small sample size and illustrates the non-uniqueness of 
groundwater concentrations with respect to lagoon performance. 
 
Geophysical imaging suggests that salinity effects on groundwater are the most developed in the 
center of the lagoon system where they extend below the maximum investigation depth of ~40 
feet below the water table. Lateral movement of salinity-affected shallow groundwater is very 
limited and impacts are apparent only in the immediate vicinity of the lagoon footprint. 

3.3.3 BET 
Lagoon liquor was sampled quarterly in 2014 and concentrations were as follows (see 
Attachment 3 for additional lagoon water quality from CVDRMP’s testing associated with the 
water balance testing): 
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1. TKN concentrations ranged from 106 to 739 mg/L. 
2. Ammoniacal N ranged from 61.60 to 344 mg/L.  
3. Organic N accounted for 42 to 70% of TN.  
4. P concentrations ranged from 13.50 to 107 mg/L. 
5. K concentrations ranged from 164 to 1390 mg/L. 
6. EC measurements ranged from 2,300 to 8,020 μS/cm. 
 
Monthly groundwater level measurements indicate that first encountered groundwater occurred 
at depths ranging from approximately 5 to 23 ft (bgs) beneath the dairy between 2012 and 2015. 
During the time of geophysical testing in November 2014, groundwater in the monitoring well 
adjacent to the lagoon (i.e., BET-MW1) was approximately 17 feet (bgs). Contours of 
equipotential water level elevations indicate consistent west-northwesterly to northwesterly 
groundwater flow beneath most of the dairy. However, in the vicinity of the lagoon, intermittent 
groundwater flow in northeasterly directions has also been documented such that BET-MW1 is 
not always clearly downgradient of the lagoon system.  
 
Key 2012-2015 groundwater chemistry is summarized below: 
 
BET-MW1 
1. Ammoniacal N concentrations ranged from nondetect to 0.12 mg/L. 
2. TKN concentrations ranged from 0.29 to 0.71 mg/L. 
3. Comparison of TKN and ammoniacal N indicates that TKN essentially reflected organic N 

concentrations. 
4. Nitrite-N concentrations were below the reporting limit. 
5. Nitrate-N concentrations ranged from 21 to 57 mg/L. 
6. TDS concentrations were relatively low (350-690 mg/L, Med=410 mg/L, n=12). 
7. K concentrations were slightly elevated (6.5-22 mg/L) but not higher than at several non-

lagoon wells.  
8. HCO3 concentrations were low (52-78 mg/L). 
 
Groundwater chemistry at this location does not exhibit typical indications of lagoon seepage. 
However, it is possible that ammoniacal N is rapidly oxidized to nitrate-N in the coarse-textured 
subsurface. 

3.3.3.1 Soil Boring Water Quality 
At this facility, six soil borings were advanced and six groundwater samples were retrieved. 
Groundwater flow directions have been nonsteady in the vicinity of the lagoon since monitoring 
started in January 2012 such that none of the soil borings can be considered to be in a solely 
downgradient location. However, two of the soil borings (i.e., SB5 and SB6) were advanced 
between the lagoon and the settling basin. 
 
1. Ammoniacal N concentrations ranged from 0.12 to 5.4 mg/L. 
2. TKN concentrations ranged from 0.59 to 8.4 mg/L. 
3. Nitrite-N concentrations ranged from 0.057 to 0.37 mg/L. 
4. Nitrate-N concentrations ranged from 12 to 38 mg/L. 
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5. K concentrations ranged from 3.5 to 15 mg/L. 
6. HCO3 concentrations ranged from 93 to 1,200 mg/L. 
7. TDS concentrations ranged from 390 to 1,600 mg/L. 
 
Groundwater chemistry at SB1, 3, 4, and 5 does not exhibit typical characteristics of lagoon 
seepage. However, the occurrence of low but persistent nitrite-N concentrations in comparison to 
those at the eight monitoring wells at this dairy (i.e., generally below the reporting limit) may 
provide an indication of lagoon seepage. Nitrate-N concentrations from the Geoprobe 
investigation are within the range of observed values from monitoring wells across the dairy. It is 
possible that ammoniacal N is rapidly oxidized to nitrate-N in the coarse-textured subsurface. 
 
Groundwater chemistry at SB2 (i.e., mainly the moderately elevated ammoniacal N and TKN 
concentrations) is indicative of lagoon seepage. SB2 also exhibits moderately elevated K and 
HCO3 concentrations (i.e., 15 and 780 mg/L, respectively). However, K concentrations of equal 
or greater magnitude (up to 270 mg/L at MW4) have also been observed at all but one of the 
eight monitoring wells at this dairy. At SB6, indications for lagoon seepage are limited to an 
elevated HCO3 concentration (1,200 mg/L) and slightly elevated TKN (4.6 mg/L).  
 
Groundwater chemistry at the soil borings nearest to MW1 (i.e., SB3 and SB4) is very similar to 
MW1. For comparison, groundwater chemistry at MW1 does not exhibit typical indications of 
lagoon seepage. However, it is possible that ammoniacal N is rapidly oxidized to nitrate-N in the 
coarse-textured subsurface. 

3.3.3.2 Geophysical Imaging 
Line 1, located between the lagoon and the settling basin, exhibits a zone of low resistivity below 
the water table. This is indicative of lagoon seepage in the center of the lagoon system. These 
impacts appear substantially moderated between the two settling basins along Line 2. To the 
west, lagoon seepage appears to have little or no effect on groundwater salinity although this is 
the primary direction of groundwater flow. East of the settling basins, three zones of low 
resistivity are depicted on Line 5. These zones are merged in one elongated feature on Line 6, 
which is approximately 75 feet farther east. 
 
Line 7, located on the northern side of the lagoon system, indicates a distinct zone of low 
electrical resistivity with orange and red colors extending over approximately 200 feet in the 
center of the line. This zone occurs deeper than the low resistivity zone along Line 1, indicating 
apparent downward movement of salt-affected groundwater over the distance between the 
lagoon and Line 7. This zone of salt-affected groundwater is also depicted 75 feet north on Line 
8, indicating lateral movement of salt-affected groundwater. 

3.3.3.3 Summary 
Groundwater chemistry in the dedicated monitoring well and four of the six temporary boreholes 
does not exhibit typical indications of lagoon seepage. The samples from the other two 
temporary boreholes exhibited slight or moderately elevated concentrations of some indicator 
parameters. This demonstrates monitoring wells’ unreliability in detecting lagoon seepage and 
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illustrates the non-uniqueness of groundwater concentrations with respect to lagoon 
performance. 
 
Geophysical imaging suggests that lateral movement of seepage-affected shallow groundwater 
mainly occurred to the north along a path limited to the center portion of the lagoon. Effects are 
minimal to the west and east of the lagoon, while some effects are more apparent just east of the 
settling basins. Vertical downward movement of salt-affected groundwater was detected to a 
depth of approximately 70 feet below the water table in the center of the lagoon system and 
exceeded the maximum depth of investigation of ~120 feet below the water table approximately 
120 feet north of the lagoon. 

3.3.4 DUR 
Lagoon liquor was sampled quarterly during 2014 and concentrations were as follows: 
1. TKN concentrations ranged from 286 to 476 mg/L. 
2. Ammoniacal N ranged from 235 to 336 mg/L. 
3. Organic N accounted for 18 to 43% of TN.  
4. P concentrations ranged from 31.30 to 53 mg/L. 
5. K concentrations ranged from 555 to 880 mg/L. 
6. EC measurements ranged from 5,170 to 8,010 μS/cm. 
 
Monthly groundwater level measurements indicate that first encountered groundwater occurred 
at depths ranging from 8 to 16 ft (bgs) beneath the dairy between 2013 and 2015. DUR-MW2 is 
located on the side of the lagoon’s berm and, as a result, the depth to water is approximately 4 ft 
deeper in this well. During the time of geophysical testing in April and August 2015, 
groundwater in the monitoring wells adjacent to the lagoon (excluding DUR-MW2) was 
approximately 12-15 feet (bgs). Contours of equipotential groundwater level elevations indicate 
overall westerly groundwater flow beneath the contoured area with flow frequently converging 
toward MW2. Groundwater flow conditions in the vicinity of the lagoon were variable. It 
appears that MW1 was mainly downgradient of the lagoon; MWs 2 and 4 were cross- to 
downgradient, and potentially also upgradient of the lagoon; and MW3 was upgradient of the 
lagoon and downgradient of animal housing. 
 
Key 2013-2015 groundwater chemistry is summarized below: 
 
DUR-MW1 
1. Ammoniacal N concentrations were near or below the reporting limit. 
2. TKN concentrations ranged from 0.22 to 1.1 mg/L. 
3. Comparison of TKN and ammoniacal N indicates that TKN essentially reflected organic N 

concentrations. 
4. Nitrite-N concentrations were below the reporting limit. 
5. Nitrate-N concentrations ranged from 71 to 120 mg/L. 
6. TDS concentrations ranged from 1,300 to 2,000 mg/L. 
7. K was low (2.7-2.8 mg/L).  
8. HCO3 concentrations ranged from 490 to 560 mg/L. 
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Groundwater chemistry at this location does not exhibit typical indications of lagoon seepage. 
However, it is possible that ammoniacal N is rapidly oxidized to nitrate-N in the coarse-textured 
subsurface. 
 
DUR-MW2 
1. Ammoniacal N concentrations ranged from 130 to 350 mg/L. 
2. TKN concentrations ranged from 140 to 250 mg/L. 
3. Comparison of TKN and ammoniacal N indicates approximately 10 mg/L organic N in the 

February 2015 sample. 
4. Nitrite-N concentrations were below the reporting limit. 
5. Nitrate-N concentrations ranged from nondetect to 23 mg/L. 
6. TDS concentrations ranged from 1,700 to 3,000 mg/L. 
7. K was high (290-330 mg/L).  
8. HCO3 was high (2,200-2,300 mg/L). 
 
Groundwater chemistry at this location is indicative of lagoon seepage. 
 
DUR-MW3 
1. Groundwater chemistry at this location is substantially attributed to recharge occurring in a 

source area within upgradient animal housing and the lagoon. Ammoniacal N concentrations 
ranged from below the reporting limit to 2.9 mg/L. 

2. TKN concentrations ranged from below the reporting limit to 2.7 mg/L. 
3. Comparison of TKN and ammoniacal N indicates that TKN essentially reflected organic N 

concentrations in February 2015. 
4. Nitrite-N concentrations ranged from below the reporting limit to 0.60 mg/L. 
5. Nitrate-N concentrations ranged from 74 to 100 mg/L. 
6. TDS concentrations ranged from 1,600 to 2,500 mg/L. 
7. K was relatively low (5.6-20 mg/L).  
8. HCO3 concentrations ranged from 790 to 900 mg/L. 
 
Groundwater chemistry at this location does not exhibit typical indications of lagoon seepage. 
However, it is possible that ammoniacal N is rapidly oxidized to nitrate-N in the coarse-textured 
subsurface. 
 
DUR-MW4 
1. Ammoniacal N concentrations ranged from 5.2 to 150 mg/L. 
2. TKN concentrations ranged from 62 to 83 mg/L. 
3. Comparison of TKN and ammoniacal N indicates organic N ranges from 3 to 56.8 mg/L. 
4. Nitrite-N concentrations were below the reporting limit. 
5. Nitrate-N concentrations ranged from 13 to 250 mg/L. 
6. TDS concentrations ranged from 2,000 to 3,700 mg/L. 
7. K was high, concentrations ranged from 240 to 270 mg/L).  
8. HCO3 was high (1,500-2,100 mg/L). 
 
Groundwater chemistry at this location is indicative of lagoon seepage. 
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3.3.4.1 Geophysical Imaging 
Line 3 (ERP), located on the eastern berm of the lagoon, exhibits a zone of low resistivity 
(yellow and orange colors) extending over the southern two thirds of the line. In the center 
portion of Line 3 (ERP), the transition from higher resistivity zone (depicted in green) to the 
lower resistivity zone appears closely correlated with the water table. Farther to the east (farther 
upgradient and in closer proximity to the corrals), a high resistivity zone (depicted in blue and 
purple colors) extends parallel to the water table over much of the length of Line 4 (ERP). From 
there, a steep resistivity gradient extends vertically down to distinct zones of low resistivities 
depicted by orange and red colors. This is particularly apparent along the northern segment of 
Line 4 (ERP). However, this condition may not be due to lagoon seepage as groundwater 
chemistry at MW3 is not indicative of lagoon seepage although it is located nearer the lagoon 
and between Line 3 (ERP) and Line 4 (ERP). Also, the northern segment of Line 4 (ERP) is 
farther from Line 3 (ERP) than its southern segment. 
 
A similar condition exists on the downgradient west side of the lagoon. Specifically, Line 1 
(ERP) exhibits lower resistivities and a more extensive zone thereof than Line 2 (ERP) although 
it is farther away from the lagoon. This may suggest non-lagoon sources of subsurface loading 
such as deep percolation from the adjacent field. Along all of the north-south oriented lines, 
salinity effects on groundwater extend below the maximum depth of investigation of ~40 feet 
below the water table.  
 
The OhmMapper lines provide additional detail of the resistivity distribution but mainly in the 
unsaturated zone due to the limited depth of exploration.  

3.3.4.2 Summary 
Groundwater chemistry at MW1 does not exhibit typical indications of lagoon seepage although 
it is the well most consistently situated downgradient of the lagoon. Two of the four wells 
located around the lagoon have groundwater quality indicative of lagoon seepage. This 
demonstrates monitoring wells’ unreliability in detecting lagoon seepage and illustrates the non-
uniqueness of groundwater concentrations with respect to lagoon performance.   
 
Geophysical imaging indicates seepage-affected shallow groundwater under the berms of the 
lagoon extending below the maximum investigation depth of ~40 feet below the water table. 
However, at greater distance from the lagoon (i.e., 30-80 feet), higher-salinity groundwater 
appears to be more ubiquitous than under the berms, indicating other contributing sources (e.g., 
fields and corrals). 

3.3.5 FG1 
Lagoon liquor was sampled quarterly in 2014 and concentrations were as follows:  
1. TKN concentrations ranged from 274 to 409 mg/L. 
2. Ammoniacal N concentrations ranged from 210 to 344 mg/L. 
3. Organic N accounted for 9 to 41% of TN.  
4. P concentrations ranged from 48.10 to 104 mg/L. 
5. K concentrations ranged from 505 to 865 mg/L. 
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6. EC measurements ranged from 5,690 to 8,730 μS/cm. 
 
Monthly groundwater level measurements indicate that first encountered groundwater occurred 
at depths ranging from 10 to 21 ft (bgs) beneath the dairy between 2012 and 2015. During the 
time of geophysical testing in April 2015, groundwater in the monitoring well adjacent to the 
lagoon (i.e., FG1-MW1) was approximately 15 feet (bgs). Contours of equipotential groundwater 
level elevations indicate groundwater flow ranging from westerly to southwesterly directions in 
the vicinity of the lagoon. Therefore, MW1 was downgradient to crossgradient of the lagoon. 
 
Key 2012-2015 groundwater chemistry is summarized below: 
 
FG1-MW1 
1. Ammoniacal N concentrations ranged from below the reporting limit to 0.52 mg/L. 
2. TKN concentrations ranged from below the reporting limit to 0.62 mg/L. 
3. Comparison of TKN and ammoniacal N indicates very low organic nitrogen concentrations 

(i.e., <0.4 mg/L). 
4. Nitrite-N concentrations were below the reporting limit. 
5. Nitrate-N concentrations ranged from nondetect to 23 mg/L. Two of 12 quarterly samples 

were retrieved from the shallow well (14 and 23 mg/L). Concentrations in the deep well 
ranged from nondetect to 8.6 mg/L (median = 1.2 mg/L).   

6. TDS concentrations and several individual general mineral concentrations were higher than 
at the field wells. 

 
Groundwater chemistry at this location does not exhibit typical indications of lagoon seepage.  
However, this well may not be favorably located for purposes of lagoon seepage detection. 

3.3.5.1 Soil Boring Water Quality 
At this facility, five soil borings were advanced and five groundwater samples were retrieved. 
 
1. Ammoniacal N concentrations ranged from near the reporting limit to 70 mg/L. 
2. TKN concentrations ranged from near the reporting limit to 73 mg/L. 
3. Nitrite-N concentrations were below or near the reporting limit. 
4. Nitrate-N concentrations ranged from nondetect to 43 mg/L. 
5. K concentrations ranged from 5.3 to 330 mg/L. 
6. HCO3 concentrations ranged from 470 to 1,200 mg/L. 
 
The groundwater chemistry at SB4 and SB5 is indicative of lagoon seepage. Groundwater 
chemistry at the other three soil borings does not exhibit typical indications of lagoon seepage 
(except possibly PO4 concentration of 33 mg/L at SB1). 

3.3.5.2 Geophysical Imaging 
The lagoon at this site is constructed as an in-ground basin, i.e, without berms. Lines 1 and 7 
were surveyed within a few feet of the wetted lagoon perimeter. Although these lines are not 
directly downgradient of the lagoon, they exhibit lower resistivity zones from ground surface to 
below the water table. Line 1 shows the lateral extent of this zone in predominantly yellow 
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colors along the northern side of the lagoon. This zone extends east of the lagoon and ends just 
west of the lagoon. In the center of the line, there is a small zone of lower resistivity (red colors) 
extending below the maximum depth of investigation of 45 feet below the water table. 
 
Line 7, shows a low resistivity zone with orange and red colors limited to the width of the 
lagoon. Line 8, located approximately 110 feet east of Line 7, indicates that this zone is petering 
out. 
 
Effects of lagoon seepage on underlying groundwater salinity are significantly reduced within a 
distance of 50 feet to the south and west, as shown on Lines 2 and 6. At greater distances 
(approximately 130 feet and beyond), effects are no longer visible. 

3.3.5.3 Summary 
Groundwater chemistry at MW1 and most of the temporary soil borings does not exhibit typical 
indications of lagoon seepage. In contrast, groundwater chemistry at the two northern soil 
borings are indicative of lagoon seepage. This demonstrates monitoring wells’ unreliability in 
detecting lagoon seepage. Also, the spatial variability illustrates the non-uniqueness of 
groundwater concentrations with respect to lagoon performance. 
 
Geophysical imaging suggests that lateral movement of seepage-affected shallow groundwater is 
very limited and that impacts are apparent only in the immediate vicinity of the lagoon footprint. 
Even directly next to the lagoon, effects on groundwater salinity are generally limited to a depth 
of 25-35 feet below the water table. 

3.3.6 BEA 
CVDRMP sampled lagoon water in January 2014 and concentrations were as follows (see 
Attachment 3 for additional lagoon water quality): 
1. TKN concentrations ranged from 55 to 240 mg/L. 
2. Ammoniacal N concentrations ranged from 41 to 45 mg/L. 
3. Organic N accounted for 25 to 81% of TN.  
4. P concentrations ranged from 15 to 48 mg/L. 
5. K concentrations ranged from 94 to 150 mg/L. 
6. EC measurements were approximately 1,960 μS/cm. 
 
Monthly groundwater level measurements indicate that first encountered groundwater occurs at 
depths ranging from approximately 15 to 50 ft (bgs) beneath the dairy between 2012 and 2015. 
Contours of equipotential groundwater level elevations indicate predominantly southerly to 
southeasterly groundwater flow beneath the facility such that MW1 was downgradient of the 
lagoon and settling basins. 
 
Key 2012-2015 groundwater chemistry is summarized below: 
 
BEA-MW1 
1. Ammoniacal N concentrations and TKN were high (7.4-85 and 12-83 mg/L, respectively). 
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2. Comparison of TKN and ammoniacal N indicates absence of organic N in August 2012 and 
February 2015 and concentrations of approximately 4 mg/L in May 2012. 

3. Nitrite-N concentrations ranged from 0.083 to 2.0 mg/L. 
4. Nitrate-N concentrations ranged from below the reporting limit to 140 mg/L. 
5. TDS concentrations ranged from 900 to 3,300 mg/L (Med=1,500, n=11) 
6. K concentrations were the highest of all monitoring wells (51-120 mg/L). 
7. HCO3 concentrations were by far the highest of all monitoring wells (900-1,500 mg/L). 
 
Groundwater chemistry at this location is indicative of lagoon seepage. However, the temporal 
constituent variability illustrates the non-uniqueness of groundwater concentrations with respect 
to lagoon performance. 

3.3.7 COT 
Lagoon liquor was sampled monthly in 2014, and concentrations were as follows: 
1. TKN ranged from 16 to 356 mg/L. 
2. Ammoniacal N concentrations ranged from 5.0 to 236 mg/L. 
3. Nitrate concentrations ranged from nondetect to 20 mg/L. 
4. P concentrations ranged from 4.7 to 193 mg/L. 
5. K concentrations ranged from 13 to 458 mg/L. 
6. TDS ranged from 252 to 2,608 mg/L. 
 
Monthly groundwater level measurements indicate that first encountered groundwater occurred 
at depths between less than 5 ft (bgs) and nearly 47 ft (bgs) between 2012 and 2015. Contours of 
equipotential groundwater level elevations indicate persistent groundwater flow to the north such 
that MW11 is downgradient of the lagoon. 
 
Key 2012-2015 groundwater chemistry is summarized below: 
 
COT-MW11 
1. Ammoniacal N concentrations were near or below the reporting limit. 
2. TKN concentrations ranged from 0.68 to 1.8 mg/L. 
3. Comparison of TKN and ammoniacal N indicates that TKN essentially reflected organic N 

concentrations. 
4. Nitrite-N concentrations ranged from below the reporting limit to 0.61 mg/L. 
5. Nitrate-N concentrations ranged from 25 to 120 mg/L. 
6. K concentrations were high (29-79 mg/L). 
 
Groundwater chemistry at this location does not exhibit typical indications of lagoon seepage 
with the exception of elevated potassium concentrations. It is possible that ammoniacal N is 
rapidly oxidized to nitrate-N in the coarse-textured subsurface. Also, it is conceivable that the 
source area of this well extended beyond the footprint of the lagoon. 

3.3.7.1 Soil Boring Water Quality 
At this facility, four soil borings were advanced and four groundwater samples were retrieved. 
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1. Ammoniacal N concentrations ranged from near the reporting limit to 58 mg/L. 
2. TKN concentrations ranged from near the reporting limit to 59 mg/L. 
3. Nitrite-N concentrations ranged from nondetect to 0.38 mg/L. 
4. Nitrate-N concentrations ranged from below the reporting limit to 87 mg/L. 
5. K concentrations ranged from 30 to 74 mg/L. 
6. HCO3 concentrations ranged from 380 to 840 mg/L. 
 
Groundwater chemistry at SB3 and SB4 is indicative of lagoon seepage although they are located 
on the upgradient edge of the lagoon. Groundwater chemistry at the downgradient soil borings 
SB1 and SB2 does not exhibit typical indications of lagoon seepage, with the exception of 
elevated K concentrations (38 and 30 mg/L, respectively) and a slightly elevated PO4 
concentration at SB1 (9.0 mg/L). SB1 was advanced next to MW11, and the water quality was 
very similar. 

3.3.7.2 Summary 
Groundwater chemistry in the dedicated monitoring well and two of the four temporary 
boreholes does not exhibit typical indications of lagoon seepage. This demonstrates monitoring 
wells’ unreliability in detecting lagoon seepage and illustrates the non-uniqueness of 
groundwater concentrations with respect to lagoon performance. 

3.3.8 SAN 
Lagoon liquor was sampled ten times in 2014, and concentrations were as follows: 
1. TKN ranged from 150 to 356 mg/L. 
2. Ammoniacal N concentrations ranged from 85.4 to 221 mg/L. 
3. Nitrate concentrations were below 1 mg/L. 
4. P concentrations ranged from 22.7 to 99.2 mg/L. 
5. K concentrations ranged from 187.5 to 458 mg/L. 
6. TDS ranged from 1,672 to 3,136 mg/L. 
 
Monthly groundwater level measurements indicate that first encountered groundwater occurred 
at depths ranging from approximately 10 to 50 ft (bgs) beneath the dairy between 2012 and 2015. 
Contours of equipotential groundwater level elevations indicate easterly to northerly 
groundwater flow beneath the lagoon such that MW1 is typically upgradient of the lagoon. 
Groundwater chemistry at this location is substantially attributed to recharge occurring in a 
source area within the fields. This includes nitrate-N concentrations ranging from 35 to 53 mg/L 
(Med=46 mg/L, n=12) and TDS concentrations ranging from 1,200 to 2,000 mg/L (Med=1,650 
mg/L, n=12). Based solely on the proximity of this well to the lagoon, effects of lagoon seepage 
on its water chemistry are conceivable. However, presently, groundwater chemistry at this 
location is not indicative of lagoon seepage. 

3.3.8.1 Soil Boring Water Quality 
At this facility, three soil borings were advanced and three groundwater samples were retrieved, 
all downgradient of the lagoon, and two of them between the lagoon and adjacent settling basins. 
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1. Ammoniacal N concentrations ranged from below the reporting limit to 0.63 mg/L. 
2. TKN concentrations ranged from 1.3 to 1.4 mg/L. 
3. Nitrite-N concentrations were near the reporting limit. 
4. Nitrate-N concentrations ranged from 17 to 25 mg/L. 
5. K concentrations ranged from 7.4 to 12 mg/L. 
6. HCO3 concentrations ranged from 890 to 1,300 mg/L. 
7. TDS concentrations ranged from 1,100 to 1,600 mg/L. 
 
Overall, these results do not exhibit typical indications of lagoon seepage, except possibly very 
slightly elevated TKN concentrations and moderately elevated HCO3 concentrations.  

3.3.8.2 Summary 
Groundwater quality results from the adjacent but upgradient monitoring well are not indicative 
of lagoon seepage. The temporary soil borings are also not indicative of lagoon seepage despite 
the fact that they were advanced directly downgradient of the lagoon; two of the borings were 
also located between the lagoon and the settling basins. While these results may be due to near-
zero mass loading, the absence of detectable impacts to groundwater quality does not indicate 
that a lagoon has zero-seepage or no impacts to groundwater. The results may also be attributed 
to the substantial thickness of the unsaturated zone at this location (i.e., approximately 38 feet in 
fall 2014) and associated long travel times of percolating seepage, which would indicate another 
limitation to relying on groundwater quality for purposes of detecting lagoon seepage.  

3.3.9 PLS 
Lagoon liquor was sampled four times in 2014 and concentrations were as follows (see 
Attachment 3 for additional lagoon water quality from CVDRMP’s testing associated with the 
water balance testing): 
1. TKN concentrations ranged from 291 to 342 mg/L. 
2. Ammoniacal N concentrations ranged from 146 to 196 mg/L.  
3. Organic N accounted for 43 to 50% of TN. 
4. P concentrations ranged from 17.8 to 68.5 mg/L. 
5. K concentrations ranged from 110 to 570 mg/L. 
6. EC measurements ranged from 1,940 to 4,780 μS/cm. 
 
Monthly groundwater level measurements indicate that first encountered groundwater occurred 
at depths ranging from less than 5 to approximately 16 ft (bgs) beneath the dairy between 2012 
and 2015. During the time of geophysical testing in August 2015, groundwater in the monitoring 
wells adjacent to the lagoon (i.e., PLS-MW1 and 2) was approximately 12-14 feet (bgs). 
Contours of equipotential groundwater level elevations indicate predominantly southeasterly to 
southerly groundwater flow beneath lagoon. MW1 and MW2 were mainly up- to crossgradient 
of the lagoon.   
 
Key 2012-2015 groundwater chemistry is summarized below: 
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PLS-MW1 
1. Ammoniacal N concentrations were near or below the reporting limit. 
2. TKN concentrations ranged from 1.0 to 1.2 mg/L. 
3. Comparison of TKN and ammoniacal N indicates that TKN essentially reflected organic N 

concentrations. 
4. Nitrite-N concentrations ranged from below the reporting limit to 0.27 mg/L. 
5. Nitrate-N concentrations ranged from 47 to 120 mg/L. 
6. TDS concentrations and individual general mineral concentrations were similar to non-

lagoon wells.  
 
Groundwater chemistry at this location does not exhibit typical indications of lagoon seepage. 
However, it is possible that ammoniacal N is rapidly oxidized to nitrate-N in the coarse-textured 
subsurface. Also, this well may not be favorably located for purposes of lagoon seepage 
detection. 
 
PLS-MW2 
1. Ammoniacal N concentrations were at or below the reporting limit. 
2. TKN concentrations ranged from 1.1 to 1.6 mg/L. 
3. Comparison of TKN and ammoniacal N indicates that TKN essentially reflected organic N 

concentrations. 
4. Nitrite-N concentrations ranged from below the reporting limit to 0.27 mg/L. 
5. Nitrate-N concentrations ranged from 39 to 75 mg/L. 
6. TDS concentrations and individual general mineral concentrations were similar to non-

lagoon wells.  
 
Groundwater chemistry at this location does not exhibit typical indications of lagoon seepage. 
However, it is possible that ammoniacal N is rapidly oxidized to nitrate-N in the coarse-textured 
subsurface. Also, this well may not be favorably located for purposes of lagoon seepage 
detection. 

3.3.9.1 Soil Boring Water Quality 
At this facility, two soil borings were advanced and two groundwater samples were retrieved. 
Soil borings were also planned on the south side of the lagoon but could not be advanced due to 
subsurface infrastructure.  
 
1. Ammoniacal N concentrations ranged from 0.16 to 0.59 mg/L. 
2. TKN concentrations ranged from 2.5 to 2.8 mg/L. 
3. Nitrite-N concentrations ranged from 0.42 to 1.1 mg/L. 
4. Nitrate-N concentrations ranged from 69 to 98 mg/L. 
5. K concentrations ranged from 4.0 to 15 mg/L. 
6. HCO3 concentrations ranged from 600 to 660 mg/L. 
7. TDS concentrations ranged from 1,700 to 1,800 mg/L. 
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Overall, these results do not exhibit typical indications of lagoon seepage, except possibly 
slightly elevated TKN concentrations. It is possible that ammoniacal N is rapidly oxidized to 
nitrate-N in the coarse-textured subsurface. 

3.3.9.2 Geophysical Imaging 
The four lines nearest to the edge of the lagoon (Lines 2, 3, 5, and 6) exhibit a transition to a 
lower resistivity zone at the water table with a moderate color change from green to yellow. In 
most places, this zone extends to a depth of approximately 30 to 40 feet below the water table. 
Line 4, which is located approximately 80 feet downgradient of the lagoon, shows the top of this 
lower resistivity zone approximately 10 feet below the water table, indicating apparent 
downward movement of salt-affected groundwater over the short distance between the lagoon 
and Line 4. Overall, the effects on groundwater salinity appear moderate as indicated by 
predominantly yellow colors (i.e., almost no orange and red colors).  
 
Line 2 shows very high resistivity zone above the water table east of the lagoon along the facility 
road. In contrast, Line 3 shows lower resistivities above the water table beneath the calf hutches. 
Line 7, shows a fairly continuous low resistivity zone above the water table beneath the calf 
hutches. The salt-affected zone below the water table appears to be petering out.  

3.3.9.3 Summary 
Groundwater quality in groundwater monitoring wells and in the temporary soil borings is not 
indicative of lagoon seepage, except possibly slightly elevated TKN concentrations in the two 
soil borings. The wells and the soil borings may not be favorably located for purposes of lagoon 
seepage detection. However, soil borings could not be advanced along the lagoon’s south side 
that is most consistently downgradient. 
 
Geophysical imaging suggests that lagoon seepage has moderate salinity impacts on groundwater 
and that lateral movement is limited. Salt-affected groundwater generally extended to a depth of 
only 30 to 40 feet below the water table. 

3.3.10 CAE 
Lagoon liquor was sampled four times in 2014 and concentrations were as follows (see 
Attachment 3 for additional lagoon water quality from CVDRMP’s testing associated with the 
water balance testing): 
1. TKN concentrations ranged from 269 to 405 mg/L. 
2. Ammoniacal N concentrations ranged from 135 to 272 mg/L. 
3. Organic N accounted for 33 to 50% of TN. 
4. P concentrations ranged from 69.80 to 469 mg/L. 
5. K concentrations ranged from 355 to 2,690 mg/L. 
6. EC measurements ranged from 3,680 to 8,440 μS/cm. 
 
Monthly groundwater level measurements indicate that first encountered groundwater occurred 
at depths ranging from approximately 5 to 25 ft (bgs) beneath the dairy between 2012 and 2015. 
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Contours of equipotential groundwater level elevations indicate consistent southwesterly 
groundwater flow beneath the dairy.  MW1 was downgradient of the lagoon 
 
Key 2012-2015 groundwater chemistry is summarized below: 
 
CAE-MW1 
1. Ammoniacal N concentrations were high (84-170 mg/L). 
2. TKN concentrations were high (85-130 mg/L). 
3. Comparison of TKN and ammoniacal N indicates absence of organic N (May 2012, August 

2013, August 2014 and February 2015) and concentrations of approximately 3 mg/L in 
August 2012).  

4. Nitrite-N concentrations ranged from below the reporting limit to 6.5 mg/L. 
5. Nitrate-N concentrations ranged from nondetect to 38 mg/L. 
6. K concentrations were high (230-340 mg/L). 
7. HCO3 concentrations were high (1,100-1,600 mg/L). 
8. ORP measurements were positive except in February and May 2012.  The May 2012 sample 

also had the highest nitrite concentration. 
 
Groundwater chemistry at this location is indicative of lagoon seepage. However, the temporal 
constituent variability illustrates the non-uniqueness of groundwater concentrations with respect 
to lagoon performance. 

3.3.11 ROB 
Lagoon liquor was sampled seven times in 2014 and concentrations were as follows (see 
Attachment 3 for additional lagoon water quality from CVDRMP’s testing associated with the 
water balance testing):  
1. TKN concentrations ranged from 157 to 762 mg/L. 
2. Ammoniacal N concentrations ranged from 30.8 to 470 mg/L. 
3. Organic N accounted for 5 to 80 % of TN. 
4. P concentrations ranged from 7.35 to 74 mg/L. 
5. K concentrations ranged from 46.1 to 785 mg/L. 
6. EC measurements ranged from 1,650 to 8,690 μS/cm. 
 
Monthly groundwater level measurements indicate that first encountered groundwater typically 
occurred at depths ranging from approximately 8 to 30 ft (bgs) beneath the dairy between 2012 
and 2015. During the time of geophysical testing in August 2015, groundwater in the monitoring 
wells adjacent to the lagoon (i.e., ROB-MW1 and 2) had just declined below the well bottoms 
situated at 28 ft (bgs). Despite the non-steady groundwater flow conditions at this dairy, MW1 
and MW2 were downgradient or at least crossgradient to the lagoon during the period of record 
(a possible exception was March 2012). 
 
Key 2012-2015 groundwater chemistry is summarized below: 
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ROB-MW1 
1. Ammoniacal N concentrations ranged from below the reporting limit to 1.5 mg/L. 
2. TKN concentrations ranged from 0.46 to 2.6 mg/L. 
3. Comparison of TKN and ammoniacal N indicates that TKN essentially reflected organic N 

concentrations.  
4. Nitrite-N concentrations ranged from below the reporting limit to 4.3 mg/L. 
5. Nitrate-N concentrations ranged from 26 to 110 mg/L (Med=50 mg/L, n=13). 
6. K concentrations varied from 5.7 to 60 mg/L. 
7. HCO3 concentrations ranged from 190 to 1,300 mg/L. 
 
Although ammoniacal N and TKN concentrations were relatively low, the occurrence of high K 
and HCO3 concentrations suggest lagoon seepage. It is possible that ammoniacal N is rapidly 
oxidized to nitrate-N in the coarse-textured subsurface.  
 
ROB-MW2 
1. Ammoniacal N concentrations ranged from below the reporting limit to 0.78 mg/L. 
2. TKN concentrations ranged from 1.3 to 1.6 mg/L. 
3. Comparison of TKN and ammoniacal N indicates organic N concentrations of approximately 

0.8-1.3 mg/L.  
4. Nitrite-N concentrations were below the reporting limit. 
5. Nitrate-N concentrations ranged from 37 to 160 mg/L (Med=59 mg/L, n=13). 
6. K concentrations varied widely from 9.5 to 160 mg/L. 
7. HCO3 concentrations ranged from 580 to 1,000 mg/L. 
 
Although ammoniacal N and TKN concentrations were relatively low, the occurrence of high K 
and HCO3 concentrations suggest lagoon seepage.  It is possible that ammoniacal N is rapidly 
oxidized to nitrate-N in the coarse-textured subsurface.  

3.3.11.1 Geophysical Imaging 
Anomalously low resistivities that could be interpreted as the effect of lagoon seepage on 
groundwater salinity are essentially non-existent at this site. Line 4 is located between two 
settling basins. However, no seepage impact on groundwater salinity is apparent except possibly 
in a small location at the north end of the line. The mere transition from unsaturated to saturated 
soil matrix causes a decrease in resistivity and this is depicted by the transition from green to 
yellow colors in some portions of Line 6 (just downgradient of the lagoon). Line 5 (farther 
downgradient from the lagoon along the edge of the almond orchard) shows the same pattern but 
more distinctly.  

3.3.11.2 Summary 
Groundwater quality in two downgradient monitoring wells is indicative of lagoon seepage and 
relatively similar between the well locations. In contrast, geophysical imaging was not able to 
identify effects of lagoon seepage on groundwater salinity. 
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3.3.12 ANT 
Lagoon liquor was sampled quarterly in 2014 and concentrations were as follows (see 
Attachment 3 for additional lagoon water quality from CVDRMP’s testing associated with the 
water balance testing): 
1. TKN concentrations ranged from 532 to 1,848 mg/L. 
2. Ammoniacal N concentrations ranged from 279 to 890 mg/L. 
3. Organic N accounted for 35 to 48 % of TN. 
4. P concentrations ranged from 48.5 to 74.4 mg/L. 
5. K concentrations ranged from 810 to 2,370 mg/L. 
6. EC measurements ranged from 1,230 to 16,500 μS/cm. 
 
Monthly groundwater level measurements indicate that first encountered groundwater occurred 
at depths ranging from approximately 5 to 40 ft (bgs) beneath the dairy between 2012 and 2015. 
During the time of geophysical testing in April 2015, groundwater in the monitoring well 
adjacent to the lagoon (i.e., ANT-MW1) had declined below the well bottom situated at 33 ft 
(bgs). Contours of equipotential groundwater level elevations indicate predominantly southerly 
flow directions near the lagoon system. Thus, MW1 was predominantly crossgradient or even 
upgradient of the lagoon. 
 
Key 2012-2015 groundwater chemistry is summarized below: 
 
ANT-MW1 
1. Ammoniacal N concentrations were below the reporting limit. 
2. TKN concentrations ranged from 0.66 to 1.2 mg/L. 
3. Comparison of TKN and ammoniacal N indicates that TKN essentially reflected organic N 

concentrations. 
4. Nitrite-N concentrations were below the reporting limit. 
5. Nitrate-N concentrations ranged from 17 to 54 mg/L. 
6. TDS concentrations and individual general mineral concentrations were similar to those 

observed at non-lagoon wells. 
 
Groundwater chemistry at this location is not indicative of lagoon seepage. However, due to its 
up- to crossgradient position to the lagoon, this well may not be favorably located for purposes 
of lagoon seepage detection. 

3.3.12.1 Soil Boring Water Quality 
At this facility, three soil borings were advanced and two groundwater samples were retrieved. 
1. Ammoniacal N concentrations ranged from 2.2 to 3.2 mg/L. 
2. TKN concentrations ranged from 3.3 to 5.2 mg/L. 
3. Nitrite-N concentrations were below the reporting limit. 
4. Nitrate-N concentrations ranged from 17 to 25 mg/L. 
5. K concentrations ranged from 13 to 21 mg/L. 
6. HCO3 concentrations ranged from 480 to 670 mg/L. 
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Although soil borings were advanced between the lagoons, the groundwater chemistry does not 
exhibit strong indications of lagoon seepage; TKN and ammoniacal N concentrations were only 
slightly elevated over those encountered at the monitoring wells at this site.  

3.3.12.2 Geophysical Imaging 
The effects of lagoon seepage on subsurface salinity are most apparent along Line 4 (between 
two settling basins) and Line 5 (south of settling basin D). Line 5 exhibits a very low resistivity 
zone above the water table. This may indicate the effects of saline lagoon seepage causing 
relatively high degree of saturation in the clay-rich subsurface soils. A similar pattern is 
displayed on Line 8. Approximately 180 feet south (and downgradient) of the lagoon system, 
Line 6 shows no signs of lagoon seepage affecting groundwater salinity.  
 
Effects of lagoon seepage are less wide spread along Line 3. Line 7, just west of the lagoon 
system, exhibits only localized effects adjacent to settling basin B. Impacts appear minimal 
immediately north of the lagoon system at Line 2 and are absent farther north at Line 1. 

3.3.12.3 Summary 
Groundwater chemistry at MW1 is not indicative of lagoon seepage. While this well may not be 
favorably located for purposes of lagoon seepage detection, soil borings that were advanced 
between the lagoon and settling basin also did not show strong indications of lagoon seepage.  
  
Geophysical imaging suggests that lateral movement of seepage-affected shallow groundwater is 
very limited and that impacts are apparent only in the immediate vicinity of the lagoon footprint. 
In fact, it appears that most of the impacts are limited to the unsaturated zone at this site. This is 
consistent with the groundwater quality results. 

3.3.13 COR 
Lagoon liquor was sampled quarterly in 2014 and concentrations were as follows: 
1. TKN concentrations ranged from 146 to 644 mg/L. 
2. Ammoniacal N concentrations ranged from 123 to 370 mg/L. 
3. Organic N accounted for 33 to 68 % of TN. 
4. P concentrations ranged from 24.6 to 71 mg/L. 
5. K concentrations ranged from 326 to 1,110 mg/L. 
6. TDS concentrations ranged from 2,528 to 6,701 mg/L. 
 
Monthly groundwater level measurements indicate that first encountered groundwater occurred 
at depths ranging from less than 5 to approximately 12 ft (bgs) beneath the dairy between 2012 
and 2015. Contours of equipotential groundwater level elevations indicate consistent east-
northeasterly to northeasterly groundwater flow. MW1 was consistently downgradient of the 
lagoon. 
 
Key 2012-2015 groundwater chemistry is summarized below: 
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COR-MW1 
1. Ammoniacal N concentrations were below the reporting limit. 
2. TKN concentrations ranged from 0.60 to 0.84 mg/L. 
3. Comparison of TKN and ammoniacal N indicates that TKN essentially reflected organic N 

concentrations. 
4. Nitrite-N concentrations were below the reporting limit. 
5. Nitrate-N concentrations were low (0.78-13 mg/L). 
6. TDS concentrations were higher than in non-lagoon wells (ranging from 1,600 to 2,300 

mg/L, Med=2,150 mg/L, n=16). Na, Cl, and HCO3 were the main contributors to the elevated 
salinity (i.e., 2 to 3 times higher than in other non-lagoon wells). 

 
Although ammoniacal N was essentially absent and TKN concentrations were low, the presence 
of organic N in conjunction with clearly elevated salinity, including Na, Cl, and HCO3, suggests 
that groundwater at this location is impacted by lagoon seepage. 

3.3.13.1 Soil Boring Water Quality 
At this facility, four soil borings were advanced and four groundwater samples were retrieved. 
 
1. Ammoniacal N concentrations ranged from below the reporting limit to 0.47 mg/L. 
2. TKN concentrations ranged from 1.3 to 5.5 mg/L. 
3. Nitrite-N concentrations ranged from nondetect to 0.24 mg/L. 
4. Nitrate-N concentrations ranged from 0.82 to 97 mg/L. 
5. K concentrations ranged from 5.0 to 65 mg/L. 
6. HCO3 concentrations ranged from 490 to 1,600 mg/L. 
 
Overall, these results are indicative of lagoon seepage. This includes slightly elevated TKN and 
organic nitrogen concentrations in all soil borings, high K concentrations at SB3 and SB4 (60 
and 65 mg/L, respectively), and high salinity (TDS=4,200 mg/L) and HCO3 concentrations 
(1,600 mg/L) at SB3, compared to monitoring well data. 
 
SB4 was advanced next to MW1, yet, groundwater quality was significantly different. For 
example, nitrate-N concentrations were 97 mg/L at SB4 whereas they never exceeded 2.7 mg/L 
at MW1. Similarly, TKN and K concentrations were 5.5 and 65 mg/L at SB4 compared to 0.60-
0.82 and 2.7-3.0 mg/L at MW1, respectively. 
 
The groundwater chemistry at SB1 and SB2 does not exhibit strong indications of lagoon 
seepage. At SB1, the only indication is an elevated HCO3 concentration (1,100 mg/L), and SB2 
exhibits a somewhat elevated K concentration (16 mg/L). 

3.3.13.2 Summary 
Lagoon seepage was previously inferred based on elevated Na, Cl, and HCO3 concentrations in 
the downgradient monitoring well. Two of four downgradient soil borings do not exhibit strong 
indications of lagoon seepage and the groundwater quality in the soil boring right next to the 
monitoring well was significantly different from the monitoring well data. The spatial variability 
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illustrates the non-uniqueness of groundwater concentrations with respect to lagoon performance 
and the unreliability of concentration-based assessment. 

3.3.14 FG2 
Lagoon liquor was sampled five times in 2014 and concentrations were as follows: 
1. TKN concentrations ranged from 89.6 to 302 mg/L. 
2. Ammoniacal N concentrations ranged from 118 to 168 mg/L. 
3. Organic N accounted for 27 to 52% of TN.  
4. P concentrations ranged from 22.1 to 45.3 mg/L. 
5. K concentrations ranged from 150 to 441 mg/L. 
6. EC measurements ranged from 2,810 to 5,050 μS/cm. 
 
Monthly groundwater level measurements indicate that first encountered groundwater occurred 
at depths ranging from less than 5 to 12 ft (bgs) beneath the dairy between 2012 and 2015. MW1 
is located directly adjacent to the main liquid manure storage lagoon and Settling Basin No. 2 at 
the base of its southern berm. However, despite its adjacency to the lagoon, this MW was mainly 
crossgradient to upgradient of the lagoon. Groundwater chemistry at MW1 is substantially 
attributed to recharge occurring in a source area within Field 6. This includes nitrate-N 
concentrations ranging from below the reporting limit to 10 mg/L and high sulfate concentrations 
(1,200-2,100 mg/L). Based solely on the proximity of this well to the lagoon, effects of lagoon 
seepage on its water chemistry are conceivable. However, presently, groundwater chemistry at 
this location is not indicative of lagoon seepage. 

3.3.14.1 Soil Boring Water Quality 
At this facility, five soil borings were advanced and five groundwater samples were retrieved. 
 
1. Ammoniacal N concentrations ranged from near the reporting limit to 4.5 mg/L. 
2. TKN concentrations ranged from near the reporting limit to 7.9 mg/L. 
3. Nitrite-N concentrations were below the reporting limit. 
4. Nitrate-N concentrations ranged from 1.1 to 95 mg/L. 
5. K concentrations ranged from 3.1 to 11 mg/L. 
6. HCO3 concentrations ranged from 290 to 1,300 mg/L. 
7. TDS concentrations ranged from 1,700 to 8,000 mg/L. 
 
Groundwater chemistry at three of the locations (SB3-SB5) does not exhibit typical indications 
of lagoon seepage although they were advanced along the downgradient edge of the lagoon. 
Indication for lagoon seepage at SB1 and SB2 is mainly limited to moderately elevated TKN and 
a high HCO3 concentration (1,300 mg/L).  

3.3.14.2 Summary 
Three of five downgradient soil borings do not exhibit typical indications of lagoon seepage. The 
spatial variability illustrates the non-uniqueness of groundwater concentrations with respect to 
lagoon performance and the unreliability of concentration-based assessment. 
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3.3.15 GOD 
Lagoon liquor was sampled quarterly in 2014 and concentrations were as follows (see 
Attachment 2 for additional lagoon water quality from CVDRMP’s testing associated with the 
water balance testing): 
1. TKN concentrations ranged from 123 to 1,030 mg/L. 
2. Ammoniacal N concentrations ranged from 72.8 to 781 mg/L. 
3. Organic N accounted for 24 to 41% of TN. 
4. P concentrations ranged from 24 to 60.5 mg/L. 
5. K concentrations ranged from 180 to 1,200 mg/L. 
6. EC measurements ranged from 3,170 to 12,300 μS/cm. 
 
Monthly groundwater level measurements indicate that first encountered groundwater occurred 
at depths ranging from less than 5 to 18 ft (bgs) beneath the dairy between 2012 and 2015. 
During the time of geophysical testing in April 2015, groundwater in the monitoring well 
adjacent to the lagoon (i.e., GOD-MW1) was approximately 7 ft (bgs). Based on the groundwater 
elevation data, it cannot be unambiguously inferred whether MW1 is up- or downgradient of the 
lagoon system. 
 
Key 2012-2015 groundwater chemistry is summarized below: 
 
GOD-MW1 
1. Ammoniacal N concentrations were near or below the reporting limit. 
2. TKN concentrations ranged from 0.35 to 0.63 mg/L and were similar to non-lagoon wells. 
3. Comparison of TKN and ammoniacal N indicates that TKN essentially reflected organic N 

concentrations. 
4. Nitrite-N concentrations were below the reporting limit. 
5. Nitrate-N concentrations were among the lowest (0.54-3.8 mg/L) on this dairy. 
6. TDS concentrations and individual general mineral concentrations were similar to non-

lagoon wells, with the exception of somewhat higher HCO3. 
 
Groundwater chemistry at this location is not indicative of lagoon seepage. However, this well 
may not be favorably located for purposes of lagoon seepage detection. 

3.3.15.1 Soil Boring Water Quality 
At this facility, six soil borings were advanced and five groundwater samples were retrieved (not 
at SB6). 
 
1. Ammoniacal N concentrations ranged from near the reporting limit to 2.8 mg/L. 
2. TKN concentrations ranged from 1.4 to 8.1 mg/L. 
3. Nitrite-N concentrations were near the reporting limit. 
4. Nitrate-N concentrations ranged from 57 to 110 mg/L. 
5. K concentrations ranged from 2.9 to 47 mg/L. 
6. HCO3 concentrations ranged from 700 to 1,800 mg/L. 
7. TDS concentrations ranged from 2,000 to 3,700 mg/L. 
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Overall, these results are indicative of lagoon seepage, although mainly at SB4 and SB5, which 
were advanced in between the lagoon and the settling basins.  

3.3.15.2 Geophysical Imaging 
The effects of lagoon seepage on subsurface salinity are most apparent along Line 4 (between 
two settling basins), Line 3 (north of lagoon), and Line 5 (south of settling basins). Along these 
lines, the effects on groundwater salinity extend below the maximum investigation depth of ~30 
feet below the water table. 
 
Line 9 (east of the lagoon system) shows weaker signs of lagoon seepage. Overall, the 
distribution of subsurface salinity around the lagoon system may suggest radial flow patterns or 
variable flow directions. This is consistent with the inability to infer a predominant flow 
direction from groundwater elevation data. 
 
Stepping out to Lines 2 and 1 (located in a forage field north of the lagoon system), resistivities 
are much higher at the water table and below. However, low resistivities are still shown at depth. 
This may indicate that saline water emanating from the lagoon is being displaced by percolating 
irrigation water. 
 
Line 8, located on the western berm of the lagoon system shows moderate resistivities and high 
resistivities a few feet farther to the west, indicating minimal seepage effects. Rapid resistivity 
increases are also seen to the east. 

3.3.15.3 Summary 
Overall, groundwater chemistry in the temporary soil borings is indicative of lagoon seepage, 
although mainly at two of the six borings located in the center of the lagoon system. The spatial 
variability illustrates the non-uniqueness of groundwater concentrations with respect to lagoon 
performance and the unreliability of concentration-based assessment. For comparison, 
groundwater chemistry at MW1 does not exhibit typical indications of lagoon seepage. However, 
this well may not be favorably located for purposes of lagoon seepage detection. 
 
Geophysical imaging suggests that salinity effects on groundwater are the most developed in the 
center of the lagoon system where they extend below the maximum investigation depth of ~30 
feet below the water table. Lateral movement of seepage-affected shallow groundwater is very 
limited and impacts are apparent only in the immediate vicinity of the lagoon footprint. 

3.3.16 MAC  
Lagoon liquor was sampled quarterly in 2014 and concentrations were as follows: 
1. TKN concentrations ranged from 325 to 521 mg/L. 
2. Ammoniacal N concentrations ranged from 210 to 406 mg/L. 
3. Organic N accounted for 11 to 37% of TN. 
4. P concentrations ranged from 51 to 78 mg/L. 
5. K concentrations ranged from 545 to 1,010 mg/L. 
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6. EC measurements ranged from 5,520 to 9,450 μS/cm. 
 
Monthly groundwater level measurements indicate that first encountered groundwater occurred 
at depths ranging from less than 5 to 10 ft (bgs) beneath the dairy between 2012 and 2015. 
During the time of geophysical testing at in November 2014 and April 2015, groundwater in the 
monitoring wells adjacent to the lagoon (i.e., MW1 and 2) was approximately 4 to 6 ft (bgs). 
Contours of equipotential groundwater level elevations indicate northerly to north-northeasterly 
groundwater flow. MW1 and MW2 were downgradient of the lagoon. 
 
Key 2012-2015 groundwater chemistry is summarized below: 
 
MAC-MW1 
1. Ammoniacal N concentrations were near or below the reporting limit. 
2. TKN concentrations ranged from 0.41 to 0.73 mg/L and were similar or lower than at non-

lagoon wells.  
3. Comparison of TKN and ammoniacal N indicates that TKN essentially reflected organic N 

concentrations. 
4. Nitrite-N concentrations were very low (nondetect to 0.13 mg/L) and similar to 

concentrations at non-lagoon wells. 
5. Nitrate-N concentrations ranged from 13 to 23 mg/L (Med=16 mg/L, n=16) and were similar 

to concentrations at non-lagoon wells. 
6. Overall salinity and individual general mineral concentrations were similar or lower than in 

non-lagoon wells. 
 
Groundwater chemistry at this location is not indicative of lagoon seepage. 
 
MAC-MW2 
1. Ammoniacal N concentrations were near or below the reporting limit. 
2. TKN concentrations ranged from below the reporting limit to 0.45 mg/L and were lower than 

at non-lagoon wells. 
3. Comparison of TKN and ammoniacal N indicates that TKN essentially reflected organic N 

concentrations.   
4. Nitrite-N concentrations were below the reporting limit. 
5. Nitrate-N concentrations ranged from 14 to 67 mg/L (Med=22 mg/L, n=16) and were similar 

to concentrations at non-lagoon wells. 
6. TDS concentrations and individual general mineral concentrations were similar or lower than 

at non-lagoon wells. 
 
Groundwater chemistry at this location is not indicative of lagoon seepage. 

3.3.16.1 Soil Boring Water Quality 
At this facility, five soil borings were advanced and five groundwater samples were retrieved. 
 
1. Ammoniacal N concentrations ranged from below the reporting limit to 0.74 mg/L. 
2. TKN concentrations ranged from 1.1 to 7.6 mg/L. 
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3. Nitrite-N concentrations were near the reporting limit. 
4. Nitrate-N concentrations ranged from 2.4 to 21 mg/L. 
5. K concentrations ranged from 3.1 to 160 mg/L. 
6. HCO3 concentrations ranged from 600 to 1,200 mg/L. 
7. TDS concentrations ranged from 1,400 to 2,500 mg/L. 
 
Groundwater chemistry at SB2 exhibits some characteristics that are typical of lagoon seepage 
(i.e., the highest TKN, K, and PO4 concentrations). However, this soil boring was advanced at 
the most remote location to the lagoon, namely within the corrals (due to overhead wires, 
concrete slab, and other difficulties along the berm of the lagoon), and groundwater quality at 
SB2 is likely not merely attributable to lagoon seepage but possibly more so to corral activities. 
 
At SB3, the K concentration was much smaller (13 mg/L) and only its slightly elevated HCO3 
concentration (1,200 mg/L) may provide an indication for lagoon seepage (for comparison, 
concentrations at monitoring wells across this dairy were as high as 940 mg/L). Groundwater 
chemistry at the other three soil boring locations was not indicative of lagoon seepage. 

3.3.16.2 Geophysical Imaging 
ER Profiling (Fall 2014)  
ER profiling indicates salt-affected groundwater extending to the maximum depth of 
investigation of ~120 feet below the water table in some areas along Lines 1 and 3 (southwest 
corner of the lagoon) and Line 7 (northeast corner of the lagoon). East of the lagoon, salinity 
effects are exhibited along Line 5. However, less than 100 feet farther east, along Line 6, impacts 
are no longer apparent. While there is also substantial attenuation south and west of the lagoon, 
low-resistivity zones exhibited on the lines nearest to the lagoon (Lines 1 and 3) Line 3 extend 
farther beyond the outer Lines 2 and 4.   
 
OhmMapper Profiling (Spring 2015) 
OhmMapper profiles completed south of the lagoon indicate agreement with the fall 2014 ER 
results (Line 2 – 2014) and OhmMapper Lines 2 and 3 show essentially the same results. 
However, the shallower depth penetration of the OhmMapper method presents a limitation for 
the comparison to the ER results and it is too shallow to sufficiently depict the salinity effects on 
groundwater. As a result, this effort’s results do not appreciably contribute to the site 
characterization. In addition, the OhmMapper results west of the lagoon along Line 6 (Line 4 – 
2014) and also east of the lagoon are not in agreement with results from 2014. The discrepancies 
could not be reconciled. 
 
EM Terrain Survey (Spring 2015) 
The EM Terrain Survey is in agreement with the ERP as it indicates lagoon seepage effects to 
the west and south. To the west, the salinity effected zone extends beyond the area of 
investigation. To the south, effects are limited to a distance of approximately 200 feet before 
background values are reached. EM testing could not be performed north of the lagoon due to 
highly conductive infrastructure such as iron fencing. 
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3.3.16.3 Summary 
Groundwater chemistry in downgradient wells and in most of the temporary soil borings is not 
indicative of lagoon seepage. Only one soil boring exhibits slight indications of lagoon seepage. 
In contrast, geophysical imaging suggests lateral movement of salt-affected shallow groundwater 
to the west and, more limited, to the south. Salt-affected groundwater extends to the maximum 
depth of investigation of ~120 feet below the water table in some areas adjacent to the lagoon. 

3.3.17 NUN 
Lagoon liquor was sampled quarterly in 2014 and concentrations were as follows: 
1. TKN concentrations ranged from 448 to 980 mg/L. 
2. Ammoniacal N concentrations ranged from 386 to 529 mg/L. 
3. Organic N accounted for 14 to 47% of TN. 
4. P concentrations ranged from 24.4 to 74 mg/L. 
5. K concentrations ranged from 220 to 1,080 mg/L. 
6. EC measurements ranged from 3,990 to 11,100 μS/cm. 
 
Monthly groundwater level measurements indicate that first encountered groundwater occurred 
at depths ranging from less than 5 to 10 ft (bgs) beneath the dairy between 2012 and 2015. 
During the time of geophysical testing in April 2015, groundwater in the monitoring well 
adjacent to the lagoon (i.e., NUN-MW1) was approximately 4 ft (bgs). Contours of equipotential 
groundwater level elevations indicate northerly to north-northeasterly groundwater flow. MW1 
was mainly crossgradient of the lagoon. 
 
Key 2012-2015 groundwater chemistry is summarized below: 
 
NUN-MW1 
1. Ammoniacal N concentrations were below the reporting limit. 
2. TKN concentrations ranged from 0.50 to 0.83 mg/L and were similar or lower than at non-

lagoon wells. 
3. Comparison of TKN and ammoniacal N indicates that TKN essentially reflected organic N 

concentrations. 
4. Nitrite-N concentrations were below the reporting limit. 
5. Nitrate-N concentrations were very low (0.88-4.4 mg/L) and similar or lower than at non-

lagoon wells. 
6. TDS concentrations and individual general mineral concentrations were similar or lower than 

at non-lagoon wells, with the exception of slightly higher HCO3 concentrations. 
 
Groundwater chemistry at this location is not indicative of lagoon seepage. However, due to its 
crossgradient position to the lagoon, this well may not be favorably located for purposes of 
lagoon seepage detection. 

3.3.17.1 Soil Boring Water Quality 
At this facility, four soil borings were advanced and four groundwater samples were retrieved. 
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1. Ammoniacal N concentrations ranged from 1.2 to 19 mg/L. 
2. TKN concentrations ranged from 2.9 to 20 mg/L. 
3. Nitrite-N concentrations were below or near the reporting limit. 
4. Nitrate-N concentrations ranged from 12 to 550 mg/L. 
5. K concentrations ranged from 8.6 to 40 mg/L. 
6. HCO3 concentrations ranged from 380 to 930 mg/L. 
7. TDS concentrations ranged from 5,400 to 16,000 mg/L. 
 
Overall, these results are indicative of lagoon seepage, although mainly at SB3 and SB4, which 
were advanced on the upgradient side of the lagoon. Local groundwater mounding provides a 
mechanism for affecting groundwater quality at these locations. Groundwater mounding is 
plausible at this location, even if lagoon seepage is minimal, due to shallow groundwater 
conditions and clay-rich subsurface materials (i.e., small hydraulic conductivity). 

3.3.17.2 Geophysical Imaging 
Line 3, located just south of the lagoon, shows anomalously low resistivities just below the water 
table along the entire length of the line, extending approximately 200 feet west of the lagoon 
(paralleling the silage storage) and 200 feet east of the lagoon onto the field. The high salinity 
found at SB3 and SB4 are consistent with the geophysical results south of the lagoon and could 
be associated with lagoon seepage. However, Line 3 is upgradient of the lagoon and while low 
hydraulic conductivity materials (i.e., clay-rich) may facilitate groundwater mounding at this 
site, it may be more plausible that infiltration from the corrals is the primary source for the low 
resistivity zone around SB4. Further, lagoon seepage is an unlikely explanation for the low-
resistivity zones to the west and east. Various sources such as infiltration of fluids from the 
silage storage area, manure handling activities south of the lagoon, and crop growing activities 
may all contribute to these low resistivity zones. Along all other sides of the lagoon, including 
the downgradient side, the geophysical results do not indicate lagoon seepage impacts on the 
salinity of underlying groundwater. It is unclear, why the low resistivities exhibited along Line 3 
are not shown on Lines 5, 7, and 8, where these lines intersect Line 3. 
 
The EM survey shows two main areas of high terrain conductivity; one is in the area of SB4 and 
the other one is centered about the silage storage area. 

3.3.17.3 Summary 
Groundwater chemistry at MW1 is not indicative of lagoon seepage. However, due to its 
crossgradient position to the lagoon, this well may not be favorably located for purposes of 
lagoon seepage detection. Impacts to groundwater quality were mostly seen in soil borings just 
upgradient of the lagoon in an area which may be affected by slight groundwater mounding.  
 
Geophysical imaging suggests that lateral movement of seepage-affected shallow groundwater is 
minimal, and occurs only on its upgradient side, if at all, as there are other more plausible 
sources in this area. Effects on groundwater salinity extend below the maximum depth of 
investigation of ~20 feet below the water table. 
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3.3.18 MOO 
Lagoon liquor was sampled three times in 2014 and concentrations were as follows: 
1. TKN concentrations ranged from 56 to 353 mg/L. 
2. Ammoniacal N concentrations ranged from 30.8 to 235 mg/L. 
3. Organic N accounted for 33 to 45% of TN.  
4. P concentrations ranged from 11.4 to 51.5 mg/L. 
5. K concentrations ranged from 92.5 to 520 mg/L. 
6. EC measurements ranged from 2,390 to 5,290 μS/cm. 
 
Monthly groundwater level measurements indicate that first encountered groundwater occurred 
at depths ranging from less than 10 to 30 ft (bgs) between 2012 and 2015. During the time of 
geophysical testing at in April 2015, groundwater in the monitoring wells adjacent to the lagoon 
(i.e., MOO-MW1 and 2) was approximately 14 to 18 ft (bgs). Contours of equipotential 
groundwater level elevations indicate consistent northeasterly to east-northeasterly groundwater 
flow toward the San Joaquin River. MW1 and MW2 were downgradient of the lagoon and 
settling basins. 
 
Key 2012-2015 groundwater chemistry is summarized below: 
 
MOO-MW1 
1. Ammoniacal N concentrations ranged from 0.16 to 1.4 mg/L and were consistently found in 

quarterly samples.  These concentrations are relatively low.  However, non-lagoon wells did 
not show detectable levels of ammoniacal N with the exception of sporadic detections in 
MW6 (up to 0.12 mg/L). 

2. TKN concentrations ranged from 0.45 to 1.8 mg/L. 
3. Comparison of TKN and ammoniacal N indicates low organic N concentrations (i.e., <0.6 

mg/L). 
4. Nitrite-N concentrations ranged from below the reporting limit to 0.37 mg/L.   
5. Nitrate-N concentrations were relatively low (1.5-15 mg/L). 
6. K concentrations were relatively low (3.1-4.0 mg/L) and comparable to concentrations at 

non-lagoon wells. 
7. Na concentrations were elevated (360-440 mg/L) over those observed in non-lagoon wells. 
8. HCO3 concentrations were higher than at any of the other wells (880-940 mg/L). 
 
Although TKN concentrations were relatively low, the presence of ammoniacal and organic N in 
conjunction with elevated concentrations of Na and HCO3 suggests that groundwater at this 
location is impacted by lagoon seepage. 
 
MOO-MW2 
1. Concentrations of ammoniacal N ranged from below the reporting limit to 0.45 mg/L. 
2. TKN concentrations ranged from below the reporting limit to 0.60 mg/L.  
3. Comparison of TKN and ammoniacal N indicates low organic N concentrations (i.e., <0.6 

mg/L). 
4. Nitrite-N concentrations were below the reporting limit. 
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5. Nitrate-N concentrations ranged from 20 to 43 mg/L (Med=33, n=16) and were higher than 
at the other wells with the exception of MOO-MW7. 

6. K concentrations were relatively low (2.6-3.5 mg/L) and comparable to concentrations in 
other wells. 

7. Na concentrations were substantially higher than in any of the other wells (360-570 mg/L). 
8. Bicarbonate concentrations were higher than at the non-lagoon wells (850-880 mg/L) with 

the exception of one sample from MW4. 
 
Although ammoniacal N and TKN concentrations were rather low, the presence of ammoniacal 
N in conjunction with elevated concentrations of nitrate-N, Na, and HCO3 suggests that 
groundwater at this location is impacted by lagoon seepage. 

3.3.18.1 Geophysical Imaging 
Line 3, located on the berm separating the lagoon from the settling basins, indicates the most 
apparent effects of lagoon seepage on underlying groundwater. Anomalously low resistivity 
zones are shown in orange and red colors and extend along much of the line. In some areas, the 
effects on groundwater salinity extend below the maximum investigation depth of ~45 feet 
below the water table. However, in the southeastern area, most of the affected groundwater 
appears to reside above this depth. 
 
Line 4, located between the settling basins, also indicates effects of lagoon seepage on 
underlying groundwater. However, the affected zone only extends to ~20 feet below the water 
table. There appears to be no or virtually no impact to the northwest and northeast of the lagoon 
and only minimal lateral movement to the southeast.  

3.3.18.2 Summary 
Groundwater constituent concentrations in the downgradient monitoring wells provide slight 
evidence for lagoon seepage. 
 
Geophysical imaging suggests that salinity effects on groundwater are the most developed in the 
center of the lagoon system where they extend below the maximum investigation depth of ~45 
feet below the water table. Lateral movement of seepage-affected shallow groundwater is very 
limited and impacts are apparent only in the immediate vicinity of the lagoon footprint.  

3.3.19 DLF 
Lagoon liquor was sampled quarterly in 2014 and concentrations were as follows (see 
Attachment 3 for additional lagoon water quality from CVDRMP’s testing associated with the 
water balance testing):  
1. TKN concentration ranged from 246 to 534 mg/L. 
2. Ammoniacal N concentrations ranged from 147 to 310 mg/L. 
3. Organic N accounted for 28 to 45% of TN.  
4. P concentrations ranged from 29.7 to 82.5 mg/L. 
5. K concentrations ranged from 330 to 650 mg/L. 
6. EC measurements ranged from 4,540 to 6,200 μS/cm. 
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Monthly groundwater level measurements indicate that first encountered groundwater in the 
monitoring well cluster adjacent to the lagoon (i.e., DLF-MW4) occurred at depth greater than 
140 ft (bgs) since 2013. Groundwater chemistry at this location is substantially attributed to 
recharge occurring in a source area within the fields and the lagoons. Nitrate-N and TDS 
concentrations were low (8.1-9.5 mg/L and 380-440 mg/L, respectively). Nitrite-N, ammoniacal 
N, TKN, and K concentrations were near of below the respective reporting limits. Groundwater 
chemistry at this location is not indicative of lagoon seepage despite its construction immediately 
adjacent to the lagoon.  

3.3.20 ZZI 
Lagoon liquor was sampled quarterly in 2014 and concentrations were as follows (see 
Attachment 3 for additional lagoon water quality from CVDRMP’s testing associated with the 
water balance testing): 
1. TKN concentration ranged from 234 to 613 mg/L. 
2. Ammoniacal N concentrations ranged from 79 to 295 mg/L. 
3. Organic N accounted for 31 to 78% of TN.  
4. P concentrations ranged from 18.58 to 71.85 mg/L. 
5. K concentrations ranged from 121.21 to 340.17 mg/L. 
6. EC measurements ranged from 1,500 to 4,200 µS/cm. 
 
Monthly groundwater level measurements indicate that first encountered groundwater in the 
monitoring well clusters adjacent to the lagoons occurred at depths as shallow as 23 ft (bgs) and 
greater than 100 ft (bgs) at ZZI-MW3 and 7, respectively, since 2013. Contours of equipotential 
groundwater level elevations (2012-2015) indicate consistent westerly to west-northwesterly 
groundwater flow. MW3 was downgradient of the big lagoon and MW7 down- to crossgradient 
of the small lagoon.   
 
Key 2013-2014 groundwater chemistry is summarized below: 
 
ZZI-MW3 
Groundwater in the shallow wells (MW3A and 3AA) exhibits high ammoniacal N (210-300 
mg/L) and TKN (290 mg/L) concentrations, high K, HCO3, and PO4 (460, 2,100, and 170 mg/L, 
respectively). Nitrite-N and nitrate-N were below their respective reporting limits. Groundwater 
chemistry in the shallow wells is indicative of lagoon seepage.   
 
Groundwater in the deeper zone (MW3B) exhibits ammoniacal N, K, and PO4 concentrations 
near or below their respective reporting limits. Nitrate-N, nitrite-N and TKN concentrations 
ranged from 6.6 to 17 mg/L (n=7), 0.37 to 0.48 mg/L and 0.35 to 0.41 mg/L respectively. 
Groundwater chemistry in the deeper zone is not indicative of lagoon seepage.  
 
ZZI-MW7 
Groundwater chemistry at this location is substantially attributed to recharge occurring in a 
source area that includes animal housing and the lagoon. This includes nitrate-N concentrations 
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ranging from 12 to 16 mg/L.  Ammoniacal N was near or below its reporting limit. TKN and 
nitrite-N concentrations were also low (0.36-0.57 and 0.21-034 mg/L, respectively). K 
concentrations were below the reporting limit.  Groundwater chemistry at this location is not 
indicative of lagoon seepage. 

3.3.21 SO2 
Lagoon liquor was sampled quarterly in 2014 and concentrations were as follows:  
1. TKN concentration ranged from 217 to 368 mg/L. 
2. Ammoniacal N concentrations ranged from 14.1 to 140.3 mg/L. 
3. Organic N accounted for 59 to 94% of TN.  
4. P concentrations ranged from 5.1 to 29.7 mg/L. 
5. K concentrations ranged from 73 to 294 mg/L. 
6. EC measurements ranged from 1,800 to 3,040 μS/cm. 
 
Monthly groundwater level measurements indicate that first encountered groundwater occurred 
at depths ranging from approximately 60 to 90 ft (bgs) beneath the dairy since 2013. Contours of 
equipotential water level elevations (2013-2015) indicate mainly westerly to northwesterly 
groundwater flow. MW-2 and MW-8 were downgradient of the lagoon. 
 
Key 2013-2014 groundwater chemistry is summarized below: 
 
SO2-MW2 
This well could only be sampled once since 2013 due to declining water levels. TDS and nitrate-
N concentrations were significantly higher than in any of the non-lagoon wells (1,900 and 110 
mg/L, respectively). Ammoniacal N was below its reporting limit.  
 
SO2-MW8 
TDS and nitrate-N concentrations were significantly higher than in any of the non-lagoon wells 
(1,400-2,200 mg/L, Med=1,850 mg/L, n=6; and 94-160 mg/L, Med=115 mg/L, n=6, 
respectively). Nitrite-N and ammoniacal N were near or below the reporting limits. TKN was 
relatively low but approximately twice as high as in non-lagoon wells. K concentration (12 
mg/L) was elevated over those observed at non-lagoon wells. Although TKN and ammoniacal N 
concentrations were low at this location, concentrations of TDS, nitrate-N, and K that are 
significantly higher than those observed in non-lagoon wells indicate that groundwater chemistry 
at this location is impacted by lagoon seepage. 
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4 DISCUSSION 

4.1 Seepage Rates and N-Loading Rates 
In sum, CVDRMP carried out 50 water balance tests on 17 lagoons located in areas of different 
native soils (i.e., ranging from clay to sand). The lagoons were of varying age, apparent 
construction and management, and included lagoons that were constructed before pertinent Title 
27 regulations became effective. Seepage rates were generally small (i.e., no larger than 2.4 mm 
d-1) with one exception. At one location, where exposed gravel strata possibly affected results, 
the maximum seepage rate was Sadj=3.9 mm d-1. Seepage rates available for the three lagoons 
that were constructed to Title 27 regulations exhibited the same range as the other lagoons in this 
study. 
 
The investigation did not find a strong correlation between mapped soil type and seepage rates. 
This is not surprising given the limitations of mapped soil characteristics predicting actual berm 
conditions. Three lagoons with relatively high mapped soil clay content were among the ones 
with the smallest seepage rates, while four of the highest seepage rates were associated with 
gravelly soil, sand, and sandy loam. However, four additional lagoons with equally low mapped 
clay content as those with the higher seepage rates exhibited very low seepage rates and at least 
one lagoon with substantially higher mapped clay content exhibited a seepage rate near the top of 
the range.  
 
Formal categorical bi- and/or multivariate statistical analyses were not performed on this data set 
due to the combined variability and uncertainty associated with seepage rates, actual on-site soil 
characteristics, and lagoon operational characteristics.   
 
Ten of the 17 tested lagoons had seepage rates ≤0.8 mm d-1, which is smaller than the most 
recent and stringent NRCS design seepage rate of 0.86 mm d-1 for locations where credit for 
manure sealing is prohibited. Five of these lagoons were built in areas of sand or sandy loams 
with no records available to support evidence of construction to Title 27 regulations.   
 
The results of the water balance tests provide strong evidence against the notion of seepage rate 
differences in the centimeter to meter range, as implied by BVA (2003). The magnitude and 
range of seepage rates measured here are consistent with the pertinent literature (LSCE 2008). 
The similarity of seepage rates across soil types (clay to sand) is attributed to the moderating 
effect of a sludge layer of very low hydraulic conductivity that typically develops on the 
lagoon’s liner surface. 
 
Estimates of subsurface nitrogen (N) mass loading rates ranged from zero to 3,503 lbs ac-1 y-1 
with a mean of 1,045 lbs ac-1 y-1 (Section 3.2.2). The total area occupied by lagoons and settling 
basins on the 41 monitored CVDRMP dairies is 380 ac. This is 1.3% of the manured field area 
(approximately 29,000 ac) or less if compared to the total area taken up by these dairies. Using 
the mean N-loading rate of 1,045 lbs ac-1 y-1 yields a total N-loading rate of 400,000 lbs y-1.  
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4.1.1 Context to Other’s Estimates of N-Loading Rates – 
Lagoons and Fields 

The context to the lagoon loading rates estimated herein (previously provided in LSCE (2015c)) 
is provided by three non-CVDRMP efforts specific to California and Central Valley dairy. These 
efforts are briefly described in the following Sections 4.1.1.1 to 4.1.1.3. 

4.1.1.1 Addressing Nitrate in California’s Groundwater 
Harter, Lund et al. (2012) identified sources of nitrate pollution in a study area comprised of the 
four-county Tulare Lake Basin in the Central Valley and the Monterey County portion of the 
Salinas Valley for 2005. The study area includes four of the nation’s five counties with the 
largest agricultural production. It represents about 40% of California’s irrigated cropland 
(including 80 different crops) and over half of California’s dairy herd. Within the study area, 
human/animal-generated nitrate sources (as N) to groundwater include (Figure 2, reproduced 
with permission from Harter, Lund et al. (2012), ES-1): 

 Cropland (96% of total), where nitrogen 
applied to crops, but not removed by harvest, air 
emission, or runoff, is leached from the root 
zone to groundwater. Nitrogen intentionally or 
incidentally applied to cropland includes 
synthetic fertilizer (54%), animal manure 
(33%), irrigation source water (8%), 
atmospheric deposition (3%), and wastewater 
treatment and food processing facility effluent 
and associated solids (2%);  
 Percolation of wastewater treatment plant 
(WWTP) and food processing (FP) wastes 
(1.5% of total);  
 Leachate from septic system drainfields (1% 
of total);  
 Urban parks, lawns, golf courses, and leaky 
sewer systems (less than 1% of total); and  
 Recharge from animal corrals and manure 
storage lagoons (less than 1% of total);  
 Downward migration of nitrate-contaminated 
water via wells (less than 1% of total). 
 

Figure 2: Estimated groundwater nitrate loading (excerpted from Harter, Lund et al., 2012) 
 
Based on this assessment, nitrogen mass loading from manure storage lagoons is 1,000 times less 
than from cropland. However, the study area includes data from the Salinas Valley which has a 
comparatively small cow herd. Harter, Lund et al. (2012) reviewed a range of previous work on 
lagoon seepage rates and considered N-mass loading rates ranging from 714 to 1,628 lbs ac-1 y-1 
to develop upper limits on total lagoon N-mass loading in the study area. This range includes the 
mean mass loading estimate developed herein (i.e., 1,045 lbs ac-1 y-1). 
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4.1.1.2 Managing Dairy Manure in the Central Valley of California 
Chang, Harter et al. (2005a) developed nitrogen application rate guidelines for agricultural 
cropping systems that rely on large inputs from dairy manure based on review of existing 
research and computer simulations. They state: 
 

The results presented here undoubtedly are subject to a great number of uncertainties. It nevertheless 
demonstrates that the upper end of computer-simulated optimal N loading rates of 1.4 to 1.65 times the crop 
N harvest removal are practical and, based on field observations, achievable if the production field is 
properly managed. 

 
and, 
 

Investigations of the crop N recovery in several field experiments showed that the appropriate N loading rate 
that minimizes N leaching and maximizes N harvest is between 140 to 150% of the N harvested. Computer 
models indicated a somewhat larger range of 140% to 165%. While field studies provided important 
feedback on loss pathways and loss rates as well as mineralization rates, model simulations were well 
suited to study the dynamic behavior of the soil nitrogen pool and its interaction with the crop N uptake. 
Simulations are particularly valuable to understand the role of various loss pathways. 

 
They also indicate uncertainty associated with the relationship between their results and the 
practical realities of full-scale production systems:  
 

The combined evidence from laboratory, field, and modeling studies indicates that precise nutrient 
management, while plausible in principle, may be problematic when implemented in full-scale production 
systems, as it requires careful timing of the N applications, close monitoring of the amount of N and water 
inputs, and best management of crop production. More importantly, the growers must show flexibility to 
make necessary adjustments on N inputs during the course of a growing season to achieve satisfactory 
results. 

4.1.1.3 A Field-Scale Mass Balance 
Groundwater N loading from fields is illustrated with a simplified field N balance developed by 
Harter and Menke (2005). The estimate developed during this study preceded the Dairy General 
Order. This example was developed with values typical of management practices prior to 
targeted nutrient management with a double cropping system of summer corn and winter grain, 
irrigation efficiencies of 50-70%, and recharge rates (i.e., seepage below the crop root zone) of 
1-2 ft y-1. Their example, based on a research project, includes four to six diluted liquid manure 
applications per year, pre-irrigation in the fall, commercial fertilizer applications, and lagoon 
releases in the winter in order to maintain storage capacity for storm water. The field nitrogen 
balance assumes no accumulation or depletion of soil nitrogen over the course of the year (i.e., 
quasi-steady state conditions). Total N-inputs were estimated at 1,070 lbs ac-1 y-1, and total crop 
removal was estimated at 500 lbs ac-1 y-1. 
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Input – Output – Losses = 0 
lbs ac-1 y-1  lbs ac-1 y-1 

Input commercial fertilizer N    250 

 liquid manure, organic N    450 

 liquid manure, ammoniacal N    350 

 atmospheric deposition    10 

 irrigation water N     10  SUM 1,070 
Output crop removal – summer corn    300 

  crop removal – winter grain    200  SUM 500  
Losses   volatilization (less than 10% of applied N)  0-100   

   denitrification (less than 10% of applied N) 0-100 

    groundwater N loading    370-570 SUM 570 
 
The above example yields an application/removal (AR) ratio of 2.14 regardless of the magnitude 
of losses to volatilization and denitrification. However, under the assumption of zero 
volatilization and denitrification losses, 570 lbs ac-1 y-1 of N would leach below the crop root 
zone. Applying this loading rate to 29,000 ac of manured cropland on 41 monitored CVDRMP 
dairies yields an N-loading rate of 1.7x107 lbs y-1 or 2.3% of the total N-mass (i.e., fields and 
lagoons combined) (Table 7). 
 
In comparison, the Dairy General Order mandates an AR ratio of 1.4. Using AR ratios of 1.4 and 
1.65 (see Section 4.1.1.2) while holding N-inputs from Harter and Menke (2005) steady at 1,070 
lbs ac-1 y-1 results in 306 and 422 lbs ac-1 y-1 of N leaching below the crop root zone, respectively 
(i.e., assuming no volatilization and no denitrification). These examples are hypothetical because 
it is uncertain that increased crop uptake alone can achieve these kinds of improvements. It is 
more likely that yield increases will be accompanied with N-input reductions for an improved 
AR ratio. On the other hand, it is unknown whether the ambitious AR ratio of 1.4 can be 
achieved in full-scale production systems that rely heavily on the input of organic fertilizer 
products. Therefore, the mean loading rate of 364 lbs ac-1 y-1 is applied to 29,000 ac of manured 
cropland yielding a preliminary N-loading rate of 1.1x107 lbs y-1 or 3.5% of the total N-mass 
(i.e., fields and lagoons combined), which may be reflective of substantially improved nitrogen 
management (see Table 7). 
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Table 7: Comparison of N-Loading Rates and N-Mass Contributions from Lagoons and Cropland  

N-Loading Source N-Loading Rate 
[lbs ac-1 y-1] 

N-Mass Contribution 
[lbs y-1] 

Proportional N-Mass 
Contribution 

Prior to Targeted N-Management (Harter and Menke, 2005) 
Lagoon 1,045 400,000 2.3% 
Cropland 570 17,000,000 97.7% 
Improved N-Management on Cropland 
Lagoon 1,045 400,000 3.5% 
Cropland 364 11,000,000 96.5% 
 
The difference between lagoons’ and cropland’s per-acre N-loading rates may be surprisingly 
small to non-agronomists because the mere sight of a dairy manure lagoon, which contains 
nutrient-rich water year round, may erroneously evoke the perception that it constitutes the major 
source of nitrogen emissions. In contrast, observing a field of corn does not appear to evoke such 
a perception. However, while lagoons benefit from the manure sealing effect, farmers 
deliberately irrigate and or manage with the intent to cause at least a fraction of the water to 
infiltrate through the permeable soil profile and past the root zone so as to prevent salt buildup in 
the root zone. In soils that are not sufficiently permeable due to natural soil characteristics or 
compaction from tractor traffic, the soil’s infiltration capacity is routinely enhanced with 
mechanical means and/or chemical soil amendments. 
 
Many factors create uncertainty with respect to current and future N-loading rates, including: 
 

 It is unknown whether the ambitious AR ratio of 1.4 can be achieved in full-scale 
production systems that rely heavily on the input of organic fertilizer products (Chang, 
Harter et al. 2005b). 

 Irrigation management is key to nutrient management. Irrigation system technologies 
continue to develop rapidly, providing options to farmers today that were not available 
just a few years ago. In this context, California’s uncertain water supply situation is 
expected to be a major consideration for farmers in years to come.  

 New crop varieties continue to be developed and, while it is likely that yield increases 
will be part of California’s future, it is unknown how improved, targeted N-management 
will ultimately affect farm-scale nutrient use efficiency. 

 Improving nitrogen use efficiency will require complex, custom solutions for individual 
dairies, and this will require long-term access to and collaboration with highly skilled 
agronomists and irrigation specialists with local expertise. 

 As with any on-farm improvements, improvements on dairies will necessarily be 
implemented incrementally and on a trial-and-error basis.  

4.2 Groundwater Quality from Monitoring Wells and 
Temporary Boreholes 

The Year 2 Annual Report (LSCE 2014b) noted that seepage was either not evident or 
inconclusive based on groundwater testing conducted in 2012 and 2013 around lagoons on 12 of 
18 Phase 1 dairies. All of these monitoring wells were constructed as very shallow dedicated 
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monitoring wells intersecting first encountered groundwater, and all of these wells were installed 
directly adjacent to the lagoons. However, despite careful, site-specific monitoring well network 
design, unexpected and/or nonsteady groundwater flow conditions rendered some of these wells 
in suboptimal positions (i.e., not consistently downgradient of the lagoon). Others showed no 
signs of groundwater impacts although they are consistently downgradient of the lagoon. This 
condition illustrates that monitoring wells are an unreliable tool to detect impacts of lagoon 
seepage on groundwater even under relatively favorable hydrogeologic conditions. A further 
limitation of monitoring wells is that the absence of detectable impacts to groundwater quality 
does not indicate that a lagoon has zero-seepage or no impacts to groundwater.  
 
Therefore, CVDRMP conducted lagoon perimeter subsurface hydrogeologic investigations at 12 
lagoons in 2014. Groundwater quality obtained from water samples retrieved from the lagoon 
perimeter soil borings produced strong evidence of lagoon seepage as indicated by high 
ammoniacal N and/or TKN concentrations at four of the 12 dairies where temporary soil borings 
were advanced. These were ANC, COT, FG1, and NUN. However, even at ANC, where the 
highest ammoniacal N and TKN concentrations were observed, concentrations ranged over 
several orders of magnitude, including a measurement of only 1.0 mg/L of ammoniacal N in a 
downgradient soil boring. None of the dedicated monitoring wells at ANC exhibits groundwater 
chemical characteristics that are indicative of lagoon seepage. This evidences substantial 
moderation of impacts to groundwater within the immediate proximity of the lagoon. At COT 
and NUN, chemical characteristics strongly indicative of lagoon seepage were only observed on 
one side of the investigated lagoons and, interestingly, on their upgradient side. Similarly, 
impacts to groundwater quality at FG1 appeared limited to one side of the lagoon.   
 
The results from six dairy lagoons indicate lesser effects to groundwater quality both in terms of 
magnitude of concentrations and spatial distribution (BET, ANT, COR, FG2, GOD, MAC). In 
these cases, indicator constituents were only slightly or moderately elevated. Sometimes only 
one or two constituents were elevated (such as K, PO4, or HCO3) and/or only one or two of the 
soil borings produced groundwater samples indicative of lagoon seepage. In some cases, non-
lagoon monitoring wells exhibit higher concentrations than the samples retrieved from the soil 
borings.   
 
At two dairies, groundwater chemical characteristics were not typical of lagoon seepage. At 
SAN, this was despite the fact that all soil borings were advanced directly downgradient of the 
lagoon; two of the borings were also located between the lagoon and the settling basins. At PLS, 
soil borings could not be advanced along the side of the lagoon that is most consistently 
downgradient. However, testing at the other downgradient side (possibly crossgradient at times) 
yielded essentially no indication of seepage impacts. 
 
The discussion below presents several reasons why the lagoon perimeter subsurface 
hydrogeologic investigation effort was more successful in detecting whether lagoon seepage has 
had an effect on groundwater quality than observations from monitoring wells.  
 
Temporary boreholes provide data redundancy, i.e., data can be collected from multiple locations 
around a lagoon in a relatively short time frame. This tends to address the heterogeneous 
subsurface distribution of impacts to groundwater. This is not only affected by the heterogeneity 
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of subsurface materials, but also by nonsteady groundwater flow directions and spatially 
nonuniform seepage. Temporary boreholes can also be advanced in locations where permanent 
structures are not desirable (e.g., unstable ground, high traffic areas, areas used for storage 
during part of the year, etc.). As a result, they can sometimes be drilled closer to the wetted 
perimeter of the lagoon than a monitoring well. 
 
Temporary boreholes enable groundwater sample collection from the uppermost few inches or 
feet of the water table at any moment in time. This type of measurement approaches that of a 
point measurement in proximity to the source. Therefore, constituents percolating from the 
bottom of the lagoon are more likely to be detected in higher concentrations than in a monitoring 
well. The technical limitations of monitoring wells, particularly with respect to the assessment of 
lagoon seepage, were first discussed in the Year 2 Annual Report (LSCE 2014b). Specifically, 
lagoons are often the smallest management unit on a dairy (i.e., compared to animal housing and 
fields); and if lagoon seepage approaches zero, the source area of a downgradient monitoring 
well will extend beyond the lagoon’s footprint. In that case, groundwater chemical characteristics 
cannot be isolated to the lagoon as the sole contributing source, and the identification of seepage 
impacts on groundwater relies on unique identifiers such as elevated ammoniacal nitrogen. 

4.3 Comparison of Seepage Rates, Mass Loading, 
and Groundwater Quality 

Under ideal conditions, a groundwater constituent concentration may yield information on the 
effect of one source on groundwater quality at a specific point in the aquifer. However, it yields 
no information on the concentration of the seepage, the seepage rate, overall subsurface mass 
loading rate, or the duration of the loading. This means that the presence of a high concentration 
of an indicator parameter does not necessarily equate to “lots of seepage” or “lots of mass 
loading”. A high concentration may be associated with a small seepage rate and an overall small 
subsurface mass loading rate. Similarly, a low concentration of an indicator parameter does not 
necessarily equate to “little seepage” or “little mass loading”. A low concentration may be 
associated with a high seepage rate and an overall high subsurface mass loading rate.  
 
The empirical results of this investigation, particularly the large spatial and temporal variability 
of groundwater constituent concentrations found in temporary boreholes and monitoring wells 
around individual lagoons, illustrate the non-uniqueness of groundwater concentrations with 
respect to lagoon performance and the limitations of concentration-based assessment (Figures 3 
to 5). Although groundwater monitoring generates quantitative information, this information can 
only be used qualitatively with respect to lagoon seepage, i.e., supporting a statement such as, 
“groundwater chemistry is (or is not) indicative of lagoon seepage”.   
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Figure 3: Seepage rates with uncertainty intervals (solid dots with whiskers) and groundwater quality from 
monitoring wells adjacent to lagoons. Water quality record from 2012 (2013 for DLF, ZZI, and SO2) to 
2015. [A] Total N = nitrate + ammoniacal N [B] TDS = Total Dissolved Solids 
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Figure 4: Lagoon water concentrations used for mass loading computations in Section 3.2.2 (solid dots) 
and groundwater quality from monitoring wells adjacent to lagoons. Water quality record from 2012 (2013 
for DLF, ZZI, and SO2) to 2015. [A] Total N = nitrate + ammoniacal N [B] TDS = Total Dissolved Solids 
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Figure 5: Lagoon mass loading rates (solid dots) and groundwater quality from monitoring wells adjacent to 
lagoons. Water quality record from 2012 (2013 for DLF, ZZI, and SO2) to 2015. 
[A] Total N = nitrate + ammoniacal N [B] TDS = Total Dissolved Solids 
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4.4 Geophysical Imaging 

4.4.1 Methods Review 
Geophysical resistivity surveys were completed to generate profiles of subsurface resistivity 
along the perimeter of 12 lagoons. Two different methods were used, the traditional ER method 
and the more rapid OhmMapper method. The depth of investigation using traditional ER was 
approximately 60 feet (bgs) and reached 120 feet (bgs) in two locations (BET and MAC). The 
depth of investigation using OhmMapper was 15 to 20 feet. 
 
Intrusion of saline lagoon water into the subsurface is indicated by resistivity anomalies (i.e., 
zones of low resistivity). Typically, an inner set of four geophysical lines (i.e., the surface trace 
of the profiles) was completed on the lagoons’ berms and an outer set of four lines was competed 
by stepping out approximately 50 to 75 feet to support assessment of the lateral movement of 
saline lagoon water. In several cases, additional lines were completed. 
 
Geophysical lines cannot be completed under water. However, in seven cases, lagoon systems of 
multiple lagoons and/or settling basins were investigated. This provided the opportunity to 
complete lines between basins and investigate conditions in the center of lagoon systems where 
effects on subsurface soils and groundwater may be expected to be most prevalent.  
 
At two locations (MAC and NUN) with particularly shallow groundwater (i.e., 4-6 feet, bgs) 
electromagnetic (EM) conductivity surveys were completed in addition to the ER profiles to 
generate surface maps of terrain conductivity. The terrain conductivity maps show contours of 
subsurface bulk electrical conductivity to a depth of approximately 15 feet (bgs). The terrain 
conductivity represents a composite of unsaturated zone and saturated zone conductivities. 
Intrusion of saline lagoon water into the subsurface is indicated by conductivity anomalies (i.e., 
zones of high conductivity). Geophysical data are collected along lines, similar to ER lines. The 
lateral movement of saline lagoon water away from lagoons is indicated by anomalously high 
terrain conductivities. This method does not yield depth-specific information. 

4.4.2 Results 
At five of the seven sites where lagoon systems of multiple lagoons and/or settling basins were 
investigated (i.e., MEN, ANC, BET, GOD, and MOO), salinity effects on groundwater are most 
developed in the center of the lagoon system where they typically extend below the maximum 
investigation depth (i.e., typically 60 feet, bgs). Lateral movement of seepage-affected shallow 
groundwater is very limited and impacts are apparent only in the immediate vicinity of the 
lagoon footprint. While effects may be seen along the perimeter (i.e., below the berms) of a 
lagoon, effects are greatly attenuated or not apparent anymore at a distances of 50-150 feet from 
the lagoons, and typically not on all sides of the lagoon system. BET appears to present an 
exception due to highly permeable subsurface materials. At this location, salt-affected 
groundwater extends beyond the lateral area of geophysical investigation of ~140 feet on one 
side of the lagoon. In contrast, at ROB, also a fairly sandy site, anomalously low resistivities that 
could be interpreted as the effect of lagoon seepage on groundwater salinity are essentially non-
existent. At ANT, a site characterized by clay-rich soils, most of the salinity effects are limited to 
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the unsaturated zone. This is remarkable as the first basins at this site were installed around 1980 
and have been in operation continuously for over 30 years. 
 
At DUR, FG1, PLS, MAC, and NUN, single lagoons were investigated. At these sites too, lateral 
movement of salt-affected shallow groundwater is very limited and impacts are apparent only in 
the immediate vicinity of the lagoon footprint. Vertical movement of salt-affected groundwater 
was captured at most of these locations as impacts were mostly seen above a depth of 40 feet 
below the water table. The MAC lagoon (in service since 1979) appears to present an exception 
as lateral effects on subsurface salinity extend beyond the zone of geophysical investigation and 
below the maximum investigation depth of ~120 feet below the water table although this site is 
characterized by clay-rich subsurface materials. At DUR and NUN, other sources of salt such as 
manured fields, corrals, and silage storage were identified to contribute to increased subsurface 
salinity near the lagoons.  

4.4.3 Summary 
Geophysical imaging, particularly traditional ER profiling, can provide useful information to 
supplement point measurements of groundwater quality to investigate the effects of lagoon liquor 
seepage on the salinity of subsurface soils and groundwater. In most cases, these effects were 
found to remain in the immediate vicinity of the lagoons’ footprint. Specifically, effects are most 
developed in the center of lagoon systems (i.e., between basins), are typically significantly 
reduced along lagoons’ perimeters, and little or no impact was seen at a distance of 50-150 feet 
from the lagoon berms in 10 out of 12 cases. In the center of the lagoon systems, effects on 
groundwater salinity extend below the maximum investigation depth (i.e., typically 60 feet, bgs), 
whereas along the lagoon perimeter and beyond, high salinity zones remain shallower. 
 
The geophysical imaging shows that the effects of lagoon liquor seepage on the salinity of 
subsurface soils and groundwater is highly heterogeneous. This is one reason why groundwater 
quality data are highly variable around lagoons and cannot serve as an estimator for lagoon 
performance with respect to seepage and mass emissions. Effects on groundwater salinity may 
not always manifest downgradient of a lagoon system depending on the distribution of relatively 
higher-permeability subsurface materials and preferential groundwater flow paths. 
 
This effort investigated seven lagoons constructed in areas of permeable, sandy soils, and five 
lagoons constructed in areas of low-permeability, clay-rich soils. The investigation did not find 
categorically different results associated with these different areas.   
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5 SUMMARY AND KEY FINDINGS 
 
This report comprehensively evaluates different types of data that CVDRMP collected from 
2012-2015 to investigate the performance of earthen lagoons with respect to their ability to 
contain liquid dairy manure, their subsurface nitrogen (N) mass emissions, and effects on 
groundwater. This includes: 

1. Groundwater quality data from dedicated monitoring wells adjacent to lagoons collected 
quarterly since 2012; 

2. Seepage rates and subsurface N emissions from whole-lagoon seepage tests conducted in 
winters 2013/14 and 2014/15; 

3. Lagoon liquor quality; 
4. Lagoon perimeter soil borings and groundwater sampling at the water table conducted in 

fall 2014; and 
5. Geophysical surveys carried out in fall 2014 (reconnaissance testing) and spring/summer 

2015 (expanded testing).  
Items 1 through 4 have already been independently reported on (LSCE 2013; LSCE 2014b; 
LSCE 2015b; LSCE 2015c; LSCE 2015a). This report compiles and synthesizes pertinent 
information and findings from these previous reports and adds the results from the most recent 
investigative effort, the geophysical testing.  
 
Key Findings: 
1) Geophysical Imaging: Traditional electrical resistivity (ER) profiling was found to be useful 

in visualizing the spatial extent of the effects of seepage from earthen liquid dairy manure 
lagoons on the salinity of subsurface soils and groundwater. 
a) This effort investigated 12 lagoons without construction records6 ranging in age from 10 

to over 50 years. Seven lagoons are situated in areas of permeable, sandy soils, and five 
are situated in areas of lower-permeability, clay-rich soils. 

b) Lateral Extent: Effects were found to remain in the immediate vicinity of the lagoons’ 
footprint in most cases. Specifically, effects are most developed in the center of lagoon 
systems (i.e., between basins), they are typically significantly reduced along lagoons’ 
perimeters, and little or no impact was seen at a distance of 50-150 feet from the lagoon 
berms in 10 out of 12 cases. With increasing distance from the lagoons, influences from 
other sources such as corrals and fields become more apparent. 

c) Vertical Extent: At seven sites, lagoon systems were investigated and ER profiles were 
completed between adjacent basins. At four of these sites, effects on groundwater salinity 
in the center of the lagoon systems extend below the maximum investigation depth of 60 
feet, bgs (120 feet, bgs in one case). At one site, most of the salinity-effects remained 
limited to the unsaturated zone (~20 feet thick). At the last site, effects of lagoon seepage 
on the subsurface were not apparent. 
i) At all of the sites, salinity impacts were mostly seen above a depth of 40 feet below 

the water table along the lagoon perimeters and beyond. 

                                                 
6 Soil test results from the lagoon at MOO indicate clay content ranging from 11.7-38.6%. 
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d) The results do not suggest a relationship between variables such as ambient soil type, age 
of the lagoon, lagoon liquor strength, seepage rate, or mass loading rate and the extent of 
subsurface impacts. 

2) Groundwater Concentrations: The empirical data developed by CVDRMP illustrate: 
a) Monitoring wells are an unreliable tool for detecting impacts of lagoon seepage on 

groundwater even under relatively favorable hydrogeologic conditions. 
i) Seepage was either not evident or inconclusive based on groundwater testing 

conducted in 2012 and 2013 around lagoons on 12 of 18 Phase 1 dairies (LSCE 
2014a; LSCE 2014b). The absence of detectable impacts to groundwater quality does 
not indicate that a lagoon has zero-seepage or no impacts to groundwater. 

b) Groundwater constituent concentrations do not yield information on the concentration of 
the lagoon seepage, the seepage rate, overall subsurface mass loading rate, or the duration 
of the loading. Although groundwater monitoring generates quantitative information, this 
information can only be used qualitatively with respect to lagoon seepage, i.e., supporting 
a statement such as, “groundwater chemistry is (or is not) indicative of lagoon seepage.”  
i) As a corollary, the presence of a high concentration of an indicator parameter does 

not necessarily equate to “lots of seepage” or “lots of mass loading.” A high 
concentration may be associated with a small seepage rate and an overall small 
subsurface mass loading rate. Similarly, a low concentration of an indicator parameter 
does not necessarily equate to “little seepage” or “little mass loading.” A low 
concentration may be associated with a high seepage rate and an overall high 
subsurface mass loading rate. 

3) Seepage Rates: Mean seepage rates from 16 liquid manure lagoons exhibited a range from 
zero to 2.2 mm d-1.  
a) Two of the tested lagoons have documentation indicating that they may have been 

constructed to Title 27 regulations. Four lagoons were constructed before pertinent Title 
27 legislation was enacted. The remaining 11 lagoons have no construction 
documentation; it is unknown whether they were constructed to Title 27 regulations. 

b) One lagoon exhibited seepage rates as high as 3.9 mm d-1. This is the only location where 
the NRCS Soil Survey indicates significant gravel content (up to 35%). 

c) The two lagoons that have documentation indicating that they may have been constructed 
to Title 27 regulations performed the same as the remaining 14 lagoons (not the outlier 
lagoon, see above Item 3b). 

d) This investigation found a narrow range of seepage rates for 17 lagoons, including one 
where exposed gravel strata may exist. 
i) The field test results contradict seepage rates suggested by BVA (2003) ranging from 

centimeters to many meters per day that were based on theoretical hydraulic 
conductivities associated with soil textures in accordance with Title 27 regulations. 

e) Ten of the 17 tested lagoons had seepage rates ≤0.8 mm d-1. 
i) This is smaller than the most recent and stringent NRCS design seepage rate of 0.86 

mm d-1 for locations where credit for manure sealing is prohibited. 
ii) Five of these lagoons were built in areas of sand or sandy loams with no records 

supporting construction to Title 27 regulations. 
f) This investigation did not find a strong correlation between mapped soil type and seepage 

rates. 
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i) Mapped soil types are likely not consistently representative of the characteristics of 
the earthen lagoon floor and side walls. 

g) The results of this investigation are consistent with the pertinent academic literature as 
reviewed in LSCE (2008). 
i) Similarly small seepage rates and a narrow range of seepage rates across the soil 

textures ranging from clay to coarse sand have been documented in other studies, and 
are attributed to the moderating effect of a sludge layer of very low hydraulic 
conductivity. 

4) Subsurface N-Loading: Estimates of subsurface N-mass loading rates ranged from zero to 
3,503 lbs ac-1 y-1 with a mean of 1,045 lbs ac-1 y-1. 
a) Harter, Lund et al. (2012) reviewed a range of previous work on lagoon seepage rates and 

considered N-mass loading rates ranging from 714 to 1,628 lbs ac-1 y-1 to develop upper 
limits on total lagoon N-mass loading in the study area. This range compares favorably to 
CVDRMP’s findings. Remarkably, CVDRMP’s mean N-loading rate closely 
approximates the mean loading rate from Harter, Lund et al. (2012). 

b) The subsurface N-loading rate emanating from cropland in association with N-
management reflective of pre-General Order conditions was estimated by Harter and 
Menke (2005) to be as high as 570 lbs ac-1 y-1. It is uncertain how much N-loading rates 
can be reduced in the future due to improved, targeted N-management. However, it was 
reasoned herein, that an ambitious 36% reduction to 364 lbs ac-1 y-1 may be a realistic 
target (see Section 4.1.1.3). 
i) Application of the above loading rates to the summed areas on the 41 monitored 

CVDRMP dairies that are occupied by lagoons/settling basins and manured cropland 
suggests that lagoon N-loading contributes only 2.3% (pre-General Order) to 3.5% 
(targeted N-management) of the total N-mass on a dairy farm scale. These estimates 
are considered overestimates because they do not account for N-contributions from 
corrals and non-manured cropland on dairies. 
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6 TOWARD RECOMMENDATIONS 
 
Due to fairly consistent performance across the range of lagoons evaluated (i.e., wide range of 
ambient soil types, ages of lagoons, lagoon construction details and operational characteristics), 
CVDRMP was not able to identify variables (other than exposed gravel strata) that could be used 
to predict performance in existing earthen-lined lagoons. This suggests that rather than devoting 
further technical effort to evaluating performance of individual lagoons as a means for 
prioritizing those lagoons most in need of additional or standardized management practices, a 
more appropriate strategy may be to develop practicable management measures that may be 
deployed on all existing earthen-lined ponds. CVDRMP explored this issue in depth with a 
review of pertinent literature that was reported on in the Literature Review and Workplan – 
Controlling Seepage from Liquid Dairy Manure Lagoons in the Central Valley of California 
(Draft) (LSCE 2016b). In summary, the literature review did not find quantitative information 
indicating the effectiveness of specific management measures in reducing seepage below 
existing levels. Many management measures appear to be based on what is considered common 
sense. However, whether such measures actually reduce seepage is largely unknown. 
 
The development of evidence that demonstrates further seepage reductions for existing earthen 
lagoons will be exceedingly difficult and probably not practical because seepage rates are 
already very small without the implementation of management measures. Documenting 
incremental improvements would require essentially the level of control associated with 
laboratory experiments. However, laboratory tests are not a viable option because results have 
been amply shown to not be scalable to whole lagoon performance. A difficulty related to the 
small seepage rates and even smaller incremental improvements is the imprecision (i.e., 
uncertainty) inherent in whole-lagoon seepage rate estimates. It is expected that, in most cases, 
the uncertainty interval would be prohibitively large to support comparative analysis. 
 
As a consequence of the above conditions, it is expected that the development of management 
measures will largely need to rely on qualitative reasoning rather than quantitative evidence. This 
highlights the importance of weighing the (quantitative) cost of management measures against 
the perceived (qualitative) benefits. 
 
The Literature Review and Workplan identified several outstanding work efforts and a schedule 
toward the formulation of recommendations. These work efforts are well underway and on track 
with the schedule. For example, CVDRMP is presently evaluating the utility and feasibility of 
the following items: 

 Further limiting N-subsurface emissions after lagoon decommissioning, 
 Different soil treatments of lagoon banks, and 
 Partial synthetic liners for lagoon banks.  

In addition, CVDRMP devised and sent a producer survey to dairies that have lagoons with 
synthetic membranes. This effort aims to collect information on practical experiences with these 
facilities. Also, in winter 2016/17, several electrical leak location surveys paired with whole-
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lagoon seepage testing were carried out and are being evaluated. This effort addresses the 
following questions: 

 What is the magnitude and range of whole-lagoon seepage rates from operational lagoons 
with synthetic membranes, and can it be measured with the water balance method? 

 How does the seepage rate relate to the size of identified leaks? 
The results from these efforts are expected to help devise recommendations guiding the role of 
synthetic-lined lagoons on dairies, particularly the role of single-membrane synthetic liners. 
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WWS-1:1993/earthen, no records/above ground/earthen depth= 13 ft
WWS-2:1993/earthen, no records/above ground/earthen depth= 13 ft
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ANC-MW1 ANC-MW2 ANC-MW3 ANC-MW4

ANALYTE ANC-SB1 ANC-SB2 ANC-SB3 ANC-SB4 ANC-SB5 ANC-SB6 MW-1¹ MW-2¹ MW-3¹ MW-4¹
TKN 100 120 120 19 4.6 190 0.41 1.1 0.23 0.15
NH3 97 110 110 15 1.0 160 0.033 0.043 0.026 0.025
NO3-N 0.67 17 4.1 0.57 13 1.6 8 21 51 33
NO2-N <0.050 0.13 0.14 <0.050 0.14 <0.050 0.22 0.47 0.032 0.01
TDS 1,700 1,800 1,700 1,000 1,300 2,400 1,100 1,600 1,300 710

¹- Shown concentrations from monitoring well are median values
compiled from 2012-2014 record.
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WWS:2000/earthen, no records/above ground/earthen depth= 14 ft
SSB-N:2000/earthen, no records/above ground/earthen depth= 4 ft
SSB-2:2000/earthen, no records/above ground/earthen depth= 4 ft

WWS

SSB-S
SSB-N

S= 0.7 mm d-1

Mass Load:
FluxN= 811 lbs ac-1 y-1 
FluxSalt= 8,872 lbs ac-1 y-1 

ANALYTE BET-SB1 BET-SB2 BET-SB3 BET-SB4 BET-SB5 BET-SB6 MW-1¹
TKN 1.5 8.4 2.1 0.59 0.80 4.6 0.66
NH3 0.18 5.4 1.2 0.21 0.12 0.17 0.046
NO3-N 36 38 25 28 17 12 27
NO2-N 0.14 0.28 0.37 0.084 0.057 0.13 0.01
TDS 670 1,200 390 420 600 1,600 410

¹- Shown concentrations from monitoring well are median 
valuescompiled from 2012-2014 record.
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2014 Lagoon Perimeter Subsurface Hydrogeologic Investigation

WWS:1979/earthen, no records/above ground/earthen depth= 14 ft
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FG1-MW1s FG1-MW1d

ANALYTE FG1-SB1 FG1-SB2 FG1-SB3 FG1-SB4 FG1-SB5 MW-1¹
TKN 1.1 0.61 3.7 73 33 0.26
NH3 0.24 0.18 1.6 70 33 0.09
NO3-N 0.30 9.2 43 <0.50 <0.50 1.7
NO2-N 0.031J 0.28 0.068 <0.050 <0.050 0.01
TDS 940 900 1,000 1,900 1,700 850

¹- Shown concentrations from monitoring well are median 
valuescompiled from 2012-2014 record.
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S= 1.7  mm d-1

Mass Load:
FluxN= 241 lbs ac-1 y-1 
FluxSalt= 6,261 lbs ac-1 y-1

WWS

WWS:2001/earthen, no records/above ground/earthen depth= ina ft
SSB-1:2001/earthen, no records/above ground/earthen depth= 6 ft
SSB-2:2001/earthen, no records/above ground/earthen depth= 6 ft
Horseshoe:2001/earthen, no records/above ground/earthen depth= 6 ft
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Soil Boring Locations and Select Analytical Results as mg/L
COT 

2014 Lagoon Perimeter Subsurface Hydrogeologic Investigation

WWS:2003/earthen, no records/above ground/earthen depth= 24 ft
DIGESTER:2003/earthen, no records/above ground/earthen depth= 24 ft
SSB-N:1980's/earthen, no records/above ground/earthen depth= 10 ft
SSB-S:1980's/earthen, no records/above ground/earthen depth= 10 ft
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SSB-S

SSB-N

ANALYTE COT-SB1 COT-SB2 COT-SB3 COT-SB4 MW-11¹
TKN 1.3 0.22 20 59 1.1
NH3 0.16 0.44 17 58 0.036
NO3-N 87 69 30 0.073J 73
NO2-N 0.32 0.38 0.17 <0.050 0.047
TDS 1,300 1,200 1,100 860 1,200

¹- Shown concentrations from monitoring well are median 
valuescompiled from 2012-2014 record.
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Hilmar loamy sand, 
slightly saline-alkali, 
0 to 3 percent slope

Fresno loam, 
strongly saline-alkali, 
0 to 1 percent slopes
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Soil Boring Locations and Select Analytical Results as mg/L
SAN 

2014 Lagoon Perimeter Subsurface Hydrogeologic Investigation

WWS:2001/earthen, no records/above ground/earthen depth= 25 ft
SSB-1:2001/earthen, no records/above ground/earthen depth= 5 ft
SSB-2:2001/earthen, no records/above ground/earthen depth= 5 ft
SSB-3:2001/earthen, no records/above ground/earthen depth= 5 ft
SSB-4:2001/earthen, no records/above ground/earthen depth= 5 ft
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ANALYTE SAN-SB1 SAN-SB2 SAN-SB3 MW-1¹
TKN 1.4 1.4 1.3 0.46
NH3 0.21 0.63 0.094J 0.031
NO3-N 25 17 19 47
NO2-N 0.11 0.21 0.11 0.010
TDS 1,200 1,100 1,600 1,600

¹- Shown concentrations from monitoring well are median 
valuescompiled from 2012-2014 record.
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Select Field Testing Results
PLS 

S= 0.6  mm d-1

Mass Load:
FluxN= 286 lbs ac-1 y-1 
FluxSalt= 3,250 lbs ac-1 y-1

WWS:1960's/earthen, no records/above ground/earthen depth= 15 ft
SSB:1980's/earthen, no records/above ground/earthen depth= 13 ft

WWS

ANALYTE PLS-SB1 PLS-SB2 MW-1¹ MW-2¹
TKN 2.5 2.8 1.1 1.2
NH3 0.16 0.59 0.037 0.033
NO3-N 98 69 61 60
NO2-N 0.42 1.1 0.17 0.17
TDS 1,800 1,700 1,400 1,400

¹- Shown concentrations from monitoring well are median 
values compiled from 2012-2014 record.
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Select Field Testing Results
CAE 

SSB-2

SSB-1

S= 0.8  mm d-1

Mass Load:
FluxN= 1,118 lbs ac-1 y-1 
FluxSalt= 10,659 lbs ac-1 y-1

WWS

WWS:1998/earthen, no records/above ground/earthen depth= 15 ft
SSB-1:2004/earthen, no records/above ground/earthen depth= 7 ft
SSB-2:2004/earthen, no records/above ground/earthen depth= 7 ft
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7-18% Clay
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0 to 1 percent slopes,

0-15% Clay
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Select Field Testing Results
ROB 

S= 2.0  mm d-1

Mass Load:
FluxN= 988 lbs ac-1 y-1 
FluxSalt= 10,183 lbs ac-1 y-1

WWS-1:1975/earthen, no records/above ground/earthen depth= 11 ft
WWS-2:2003/earthen, no records/above ground/earthen depth= 11 ft
SSB-1:1993/earthen, no records/above ground/earthen depth= 4 ft
SSB-2:1993/earthen, no records/above ground/earthen depth= 3 ft
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Vernalis loam, 0 to 2 percent 
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Select Field Testing Results
ANT 

WWS-1:2002/earthen, no records/above ground/earthen depth= 15 ft
WWS-2:1980/earthen, no records/above ground/earthen depth= 15 ft
SSB-1:1990/earthen, no records/above ground/earthen depth= 14 ft
SSB-2:1990/earthen, no records/above ground/earthen depth= 14 ft

WWS-1

SSB-1

S= 0.2 mm d-1

Mass Load:
FluxN= 308 lbs ac-1 y-1 
FluxSalt= 4,225 lbs ac-1 y-1 

ANALYTE ANT-SB1 ANT-SB2 MW-1¹
TKN 3.3 5.2 0.88
NH3 2.2 3.2 0.031
NO3-N 25 17 27
NO2-N 0.013J <0.050 0.01
TDS 880 1,100 1,100

¹- Shown concentrations from monitoring 
well are median values compiled from 
2012-2014 record.

WWS-2

SSB-2
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PEDCAT LOAM, 0 TO 2 PERCENT SLOPES
18-50% CLAY

PEDCAT CLAY LOAM, LEVELED, 
0 TO 2 PERCENT SLOPES

CHINVAR LOAM

CHINVAR LOAM

PEDCAT CLAY LOAM, LEVELED, 0 TO 2 PERCENT SLOPES

PEDCAT CLAY, 0 TO 2 PERCENT SLOPES, 
SEVERELY ERODED, 

30-50% CLAY

CHINVAR LOAM

PEDCAT CLAY, 0 TO 2 PERCENT SLOPES, SEVERELY ERODED

CHINVAR LOAM
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Soil Boring Locations and Select Analytical Results as mg/L
COR 

2014 Lagoon Perimeter Subsurface Hydrogeologic Investigation

WWS:2001/earthen, no records/above ground/earthen depth= 9 ft
SSB:2001/earthen, no records/above ground/earthen depth= 9 ft
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ANALYTE COR-SB1 COR-SB2 COR-SB3 COR-SB4 MW-1¹
TKN 1.3 1.5 3.1 5.5 0.79
NH3 0.088J 0.14 0.47 0.41 0.027
NO3-N 0.82 2.9 27 97 1.4
NO2-N <0.050 0.056 0.14 0.24 0.01
TDS 2,400 1,800 4,200 1,900 2,200

¹- Shown concentrations from monitoring well are median 
values compiled from 2012-2014 record.
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FG2-MW5

PEDCAT CLAY LOAM, LEVELED, 0 TO 2 PERCENT 
SLOPES, 27-50% CLAY

MARCUSE CLAY, LEVELED

DOSAMIGOS CLAY, PARTIALLY DRAINED

DOSAMIGOS CLAY LOAM, PARTIALLY DRAINED
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Soil Boring Locations and Select Analytical Results as mg/L
FG2 

2014 Lagoon Perimeter Subsurface Hydrogeologic Investigation

WWS:2002/earthen, no records/above ground/earthen depth= 11 ft
SSB-1:1970/earthen, no records/above ground/earthen depth= 12 ft
SSB-2:2003/earthen, no records/above ground/earthen depth= 12 ft

WWS

SS
B-

1

SSB-2

ANALYTE FG2-SB1 FG2-SB2 FG2-SB3 FG2-SB4 FG2-SB5 MW-1¹
TKN 7.9 7.9 1.3 2.1 0.60 0.53
NH3 4.5 1.5 0.56 0.96 0.13 0.029
NO3-N 95 44 0.92 24 1.1 2.9
NO2-N 0.023J 0.022J <0.050 0.037J <0.050 0.014
TDS 3,700 3,000 1,700 2,600 8,000 4,400

¹- Shown concentrations from monitoring well are median 
values compiled from 2012-2014 record.
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WOO LOAM, 0 TO 2 PERCENT 
SLOPES, 18-35% CLAY
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Select Field Testing Results
GOD 

WWS:2005/earthen, no records/above ground/earthen depth= 13 ft
SSB-1:2005/earthen, no records/above ground/earthen depth= 12 ft
SSB-2:2005/earthen, no records/above ground/earthen depth= 12 ft WWS

SSB-1 SSB-2

ANALYTE GOD-SB1 GOD-SB2 GOD-SB3 GOD-SB4 GOD-SB5 MW-1¹
TKN 1.4 2.5 2.2 6.1 8.1 0.46
NH3 0.36 0.57 0.11 2.0 2.8 0.033
NO3-N 110 110 57 73 94 0.94
NO2-N 0.43 0.25 0.73 0.24 0.052 0.01
TDS 2,000 3,000 2,800 3,600 3,700 2,000

¹- Shown concentrations from monitoring well are median 
valuescompiled from 2012-2014 record.

S= 0.2 mm d-1

Mass Load:
FluxN= 555 lbs ac-1 y-1 
FluxSalt= 4,376 lbs ac-1 y-1 



")2 ")2

")2

")2

")2

!(A

!(D

!(D

!(D
!(D!(D

!(

!(

!(

!( !(

MAC-MW3

MAC-SB5MAC-SB4

MAC-SB3

MAC-SB2

MAC-SB1

MAC-MW5

MAC-MW4

MAC-MW3

MAC-MW2
MAC-MW1

TRULAE SILTY CLAY, PARTIALLY 
DRAINED, 30-65% CLAY

WOO CLAY LOAM, WET, 0 TO 2 
PERCENT SLOPES, 18-45% CLAY

WOO CLAY LOAM, WET, 
0 TO 2 PERCENT SLOPES
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Soil Boring Locations and Select Analytical Results as mg/L
MAC 

2014 Lagoon Perimeter Subsurface Hydrogeologic Investigation

WWS:1979/earthen, no records/above ground/earthen depth= 17 ft

WWS

ANALYTE MAC-SB1 MAC-SB2 MAC-SB3 MAC-SB4 MAC-SB5 MW-1¹ MW-2¹
TKN 1.2 7.6 1.1 0.60 0.92 0.5 0.4
NH3 0.42 0.74 0.064J 0.056J 0.16 0.033 0.033
NO3-N 18 17 7.0 2.4 21 16 19
NO2-N 0.061 0.050 0.23 0.24 0.21 0.069 0.016
TDS 1,700 2,500 1,900 1,400 1,500 1,600 1,800
¹- Shown concentrations from monitoring well are median 
values compiled from 2012-2014 record.

0

1

2

3

4

5

6

7

8

9

10
Dec-11 Jun-12 Dec-12 Jun-13 Dec-13 Jun-14 Dec-14 Jun-15

De
pt

h T
o G

ro
un

dw
ate

r (f
t b

gs
)

Date
MAC-MW1s MAC-MW1d MAC-MW2s MAC-MW2d

Jeanette
Rectangle

Jeanette
Typewritten Text
Select Field Testing Results		               MAC



")2

")2

")2

")2

!(D

!(D

!(
!(

!(
!(
NUN-SB4
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NUN-MW4

NUN-MW3

NUN-MW2

NUN-MW1

TRULAE SILTY CLAY, PARTIALLY 
DRAINED, 30-65% CLAY

WOO CLAY LOAM, WET, 
0 TO 2 PERCENT SLOPESÜ
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Select Field Testing Results
NUN 

WWS:1981/earthen, no records/above ground/earthen depth= 8 ft

WWS

Lagoon located approx. 
1,100 ft north of facility.
S= 0.0 mm d-1

Mass Load:
FluxN= 0 lbs ac-1 y-1 
FluxSalt= 0 lbs ac-1 y-1 

ANALYTE NUN-SB1 NUN-SB2 NUN-SB3 NUN-SB4 MW-1**
TKN 3.0 2.9 20 14 0.59
NH3 1.2 1.8 19 13 0.032
NO3-N 56 550* 12 12 1.1
NO2-N 0.086 0.51 0.011J 0.068 0.01
TDS 9,500 6,400 5,400 16,000 4,900
¹- Shown concentrations from monitoring well are median 
values compiled from 2012-2014 record.
*-Sample hold time exceeded
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Arbuckle gravelly loam,
clayey substratum,

channeled

BRE-MW3

BRE-MW2d

Corning gravelly loam,
3 to 8 percent slopes 

Hillgate loam,
0 to 3 percent slopes ,

10-45% Clay

Kimball gravelly loam0 to 3 percent slopes 

Kimball gravelly loam,
0 to 3 percent slopes,

15-60% Clay 

Altamont clay terrace,
0 to 3 percent slopes,

35-60% Clay

Arbuckle gravelly loam,
0 to 3 percent slopes ,

12-30% Clay

Kimball gravelly loam,
0 to 3 percent slopes 

Kimball gravelly loam,
0 to 3 percent slopes,

15-60% Clay

Arbuckle gravelly loam,
0 to 3 percent slopes 
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Select Field Testing Results
BRE 

Holding Pond-1:2004/earthen, no records/above ground/earthen depth= 10 ft
Holding Pond-2:~1989/earthen/no records/above ground/earthen depth= 10 ft
Settling Pond-1:2004/earthen, no records/above ground/earthen depth= TBD
Settling Pond-2:2004/earthen, no records/above ground/earthen depth= TBD
Settling Pond 3:2004/earthen, no records/above ground/earthen depth= TBD
Settling Pond-4:2004/earthen, no records/above ground/earthen depth= TBD
Heifer Pond:2004/earthen, no records/above ground/earthen depth= 10 ft

S= 2.9  mm d-1

Mass Load:
FluxN= 2,387 lbs ac-1 y-1 
FluxSalt= 27,330 lbs ac-1 y-1 
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Myers clay,
0 to 3 percent slopes ,

40-60% ClayHillgate loam,
0 to 2 percent slopes ,

10-45% Clay

Hillgate loam,
0 to 2 percent slopes,

10-45% Clay

Arbuckle gravelly loam,
clayey substratum,
0 to 2 percent slope

Arbuckle gravelly loam,
0 to 2 percent slopes,
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0 to 2 percent slopes 
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Tehama silt loam,
0 to 2 percent slopes
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Hillgate loam0 to 2 percent slopes 
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Select Field Testing Results
CRE 

WWS-1:~1980/earthen, no records/above ground/earthen depth= 8 ft
WWS-2:~1980/earthen, no records/above ground/earthen depth= 9 ft
SSB-1:~1980/earthen, no records/above ground/earthen depth= 8 ft
SSB-2:~1980/earthen, no records/above ground/earthen depth= 8 ft
SSB-3:~1980/earthen, no records/above ground/earthen depth= 8 ft
SSB-4:~1980/earthen, no records/above ground/earthen depth= 8 ft
SSB-5:~1980/earthen, no records/above ground/earthen depth= 3 ft
SSB-6:~1980/earthen, no records/above ground/earthen depth= 4 ft

S= 1.9  mm d-1

Mass Load:
FluxN= 844 lbs ac-1 y-1 
FluxSalt= 15,025 lbs ac-1 y-1 

WWS-1

WWS-2

SS
B-

1
SS

B-
2

SSB-3

SSB-4

SSB-6

SS
B-

5



""1
""1

""1""2

!(

!(A

!(A

!(
!(

Nord fine sandy loam, 
0 to 2 percent slopes, 

2-18% Clay
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Select Field Testing Results
DLF 

S= 2.2  mm d-1

Mass Load:
FluxN= 3,503 lbs ac-1 y-1 
FluxSalt= 21,925 lbs ac-1 y-1

POND-1:1970's/earthen, no records/above ground/earthen depth= 15 ft
POND-2:1990's/earthen, no records/above ground/earthen depth= 8 ft
POND-3:1990's/earthen, no records/above ground/earthen depth= 6 ft
POND-4:1990's/earthen, no records/above ground/earthen depth= 12 ft
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Select Field Testing Results
ZZI 

POND-1: 1970's/earthen, no records/above ground/earthen depth= 35 ft
POND-2: 2000/earthen, no records/above ground/earthen depth= 20 ft
SSB: 1970's/earthen, no records/above ground/earthen depth= 12 ft

SS
B

S= 2.0  mm d-1

Mass Load:
FluxN= 1,452 lbs ac-1 y-1 
FluxSalt= 14,732 lbs ac-1 y-1

POND-1 POND-2



""1

""1

""1

!(A

!(A

!(D

!(D

!(D

!(D

!(D

!(D

!(D

!(D

!(A

Grangeville fine sandy loam
 

Grangeville fine sandy loam
sandy substratum, 0-18 % Clay

Dello sandy loam,
0-18% Clay

 

Traver sandy loam
 

Calhi loamy sand
0 to 3 percent slopes,

0-8% Clay

Grangeville fine sandy 
loam, hard substratum,

saline-alkali

Traver fine sandy loam
 

Grangeville fine sandy loam
hard substratum

Tujunga sand
0 to 3 percent slopes

Grangeville sandy loam
saline alkali

El Peco fine 
sandy loam

 

Traver fine sandy loam
 

Grangeville fine 
sandy loam

 

Grangeville fine sandy loam
sandy substratum

Grangeville fine sandy 
loam, hard substratum,

saline-alkali

Grangeville fine 
sandy loam,

hard substratum

Tujunga loamy sand
0 to 3 percent slopes

Grangeville sandy
loam, saline alkali

Grangeville fine sandy 
loam, saline alkali

El Peco fine 
sandy loam

 

Tujunga loamy sand
0 to 3 percent slopes

MAP-MW9

MAP-MW8

MAP-MW10

Ü
0 300 600 900 1,200150

Feet
Y:\Dairy GIS\GIS\JH Maps and Layers\Soil Borings Lagoon Hydrogeologic Investigation\Soil_Boring_Areas_160122.mxd

Select Field Testing Results
MAP 

WWS1:2002/earthen, no records/above ground/earthen depth= 24 ft
WWS-2:2002/earthen, no records/above ground/earthen depth= 24 ft
SSB:2003/earthen, no records/above ground/earthen depth= 8 ft

SSB

S= 0.3  mm d-1

WWS-1
WWS-2



""1

""1

""1

""1

")2

")2

!(D !(D !(D !(D

!(

!(A

!(D

!(A
!(A !(D

!(D

!(A!(A !(D
!(A

Hesperia sandy loam,
5-30% Clay

 

Hesperia sandy loam
moderately deep

El Peco fine sandy loam
 

Hesperia sandy loam,
moderately deep,

saline-alkali

El Peco 
sandy loam

 

El Peco sandy loam
 

Delhi loamy sand
0 to 3 percent slopes

Calhi loamy sand
0 to 3 percent slopes

SO2-MW8

SO2-MW5

SO2-MW4

SO2-MW3

SO2-MW2

SO2-MW1

Ü
0 300 600 900 1,200150

Feet
Y:\Dairy GIS\GIS\JH Maps and Layers\Soil Borings Lagoon Hydrogeologic Investigation\Soil_Boring_Areas_160122.mxd

Select Field Testing Results
SO2 

PO
ND

-1
SS

B-
2

SS
B-

1

S= 0.1  mm d-1

Pond-1:Late 1980's/1 to 2 ft thick engineered clay liner (imported material); 
construction report (True Engineering 1989)/above ground/earthen depth= 30 ft
SSB-1:ina/earthen, no records/above ground/earthen depth= ina
SSB-2:ina/earthen, no records/above ground/earthen depth= ina

Jeanette
Typewritten Text



Biggriz-Biggriz
saline-Sodic

Complex, 18-33% Clay

Colpien loam
0 to 2 percent slopes

Colpien loam
0 to 2 percent slopes

Biggriz-Biggriz
saline-Sodic

Complex

Biggriz-Biggriz
saline-Sodic

Complex

Biggriz-Biggriz
saline-Sodic

Complex

Tagus loam
0 to 2 percent slopes

Gambogy loam
drained
Ü
0 300 600 900 1,200150

Feet
Y:\Dairy GIS\GIS\JH Maps and Layers\Soil Borings Lagoon Hydrogeologic Investigation\Soil_Boring_Areas_151208.mxd

Select Field Testing Results
AIR 

S= 0.7  mm d-1

Mass Load:
FluxN= 1,103 lbs ac-1 y-1 
FluxSalt= 17,857 lbs ac-1 y-1

WW
S

SS
B

SS
B



!(A!(A

Nord fine sandy loam
saline-alkali

Kimberlina saline alkali-Garces 
complex, 6-35% Clay

 

Kimberlina fine sandy loam
saline-alkali

Nord fine sandy loam
 

Nord fine 
sandy loam,
10-18% Clay

 

Nord fine 
sandy loam

 

Ü
0 300 600 900 1,200150

Feet
Y:\Dairy GIS\GIS\JH Maps and Layers\Soil Borings Lagoon Hydrogeologic Investigation\Soil_Boring_Areas_151208.mxd

Select Field Testing Results
MNS 

S= 0.0  mm d-1

Mass Load:
FluxN= 0 lbs ac-1 y-1 
FluxSalt= 0 lbs ac-1 y-1

WWS
WWS



Colpien loam
0 to 2 percent slopes, 

10-31% Clay Akers-Akers
saline-Sodic

Complex

Akers-Akers
saline-Sodic

Complex

Flamen loam
0 to 2 percent slopes

Nord fine sandy loam
0 to 2 percent slopes

Colpien loam
0 to 2 percent slopes

Nord fine sandy loam
0 to 2 percent slopes

San Joaquin loam
0 to 2 percent slopes

Ü
0 300 600 900 1,200150

Feet
Y:\Dairy GIS\GIS\JH Maps and Layers\Soil Borings Lagoon Hydrogeologic Investigation\Soil_Boring_Areas_151208.mxd

Select Field Testing Results
TBR 

S= 2.2  mm d-1

Mass Load:
FluxN= 2,073 lbs ac-1 y-1 
FluxSalt= 18,589 lbs ac-1 y-1

WW
S



 

 
Evaluation of Earthen Liquid Dairy Manure Lagoons in the Central Valley of California | April 2017 

 
 

Map Series 3 
 

Geophysical Lines and Results 
  





 
 
 

MEN 
  



MEN 2015



MEN 2015



MEN 2015



 
 
 

ANC 
  



SB1

SB4

SB5

SB3

SB2

ANC 2015

SB6

Red arrows indicate range of predominant groundwater flow directions 



ANC 2015



Depth 

(feet)

0

5

10

15

20

Clayey silty sand

Silty clay

SB6 ANC 2015

25

First encountered groundwater 

Field sample TDS ≈ 3475 mg/L

Lab sample TDS = 2400 mg/L

Silty clay

Silty sand

Sand

Depth 

(feet)

0

5

10

15

20

SB5

25

Clayey silt

Silty clay

Sand

First encountered groundwater 

Field sample TDS ≈ 1815 mg/L

Lab sample TDS = 1300 mg/L

Depth 

(feet)

0

5

10

15

20

SB4

25

Silty clay

Silty sand
Clayey silt

Sand

First encountered groundwater 

Field sample TDS ≈ 1140 mg/L

Lab sample TDS = 1000 mg/L

Clayey sandy silt

Silty clay

Sandy silt
Silty clay
Silty sand
Silty clay
Silty sand
Silty clay
Silty sand

Silty sand
Clayey silt

Sandy silt
Clay

Silty clay

Clay
Clayey silt
Clayey silt

Silty clay

Clay

Sand

Sandy silt
Sand

Clayey silt

Clayey silt
Silty clay
Silty sand
Silty clay
Sandy silt

Silty clay

Sandy silt

Sand



Depth 

(feet)

0

5

10

15

20

Clay

Clay

Sandy clay

SB1 ANC 2015

25

Silty clay

Clayey silt

First encountered groundwater 

Field sample TDS ≈ 2250 mg/L

Lab sample TDS = 1700 mg/L

Silty clay

Clayey sandy silt

Silty sand

Sandy silty clay
Clayey silty sand

Silty sand

Clayey silt

Sand

Depth 

(feet)

0

5

10

15

20

SB2

25

Silty clay

Clayey silt

Silty clay

Sandy silty clay

Silty sand

Clay

Clayey sand

Clayey silt
Sand

Clayey silt

Silty clay

Sand

First encountered groundwater 

Field sample TDS ≈ 2700 mg/L

Lab sample = 1800 mg/L

Depth 

(feet)

0

5

10

15

20

SB3

25

Silty clay

Clayey silt

Sandy silt

Clayey silt

Sand

Clayey silt

Sand

First encountered groundwater 

Field sample TDS ≈ 2615 mg/L

Lab sample TDS = 1700 mg/L

Clay

Clayey silt

Silty clay

Clay

Silt

Silt
Clayey silt



ANC 2015



 
 
 

BET 
  



SB3

SB4

SB1

SB6SB5

SB2

BET 2014

Red arrows indicate range of predominant groundwater flow directions 



Depth 

(feet)

0

5

10

15

20

Clay

Fine sand

Depth 

(feet)

0

5

10

15

20

Clay

Fine sand

Fine to medium sand

Silt

Fine sand

Silt

Fine to medium sand

Silt

SB1SB2BET 2014

First encountered groundwater 

Lab sample TDS = 670 mg/L

First encountered groundwater 

Lab sample TDS = 1200 mg/L



Depth 

(feet)
0

5

10

15

20

Sandy silt

Clay
Sandy silt

Sandy clay

Silty sand

No return

Sand

Clay

Depth 

(feet)

0

5

10

15

20

Silt

Clayey silt

Medium sand

Clayey sand

No return

Fine sand

Sandy silt

Silty clay
Silt

Silty clay
Sandy clayey silt
Silty clay
Silt

Fine sand
Clay

SB4 SB3BET 2014

First encountered groundwater 

Field sample TDS ≈ 400 mg/L

Lab sample TDS = 420 mg/L

First encountered groundwater

Field sample TDS ≈ 425 mg/L

Lab sample TDS = 390 mg/L



First encountered groundwater 

Field sample TDS ≈ 660 mg/L

Lab sample TDS = 600 mg/L

Depth 

(feet)

0

5

10

15

20

Sandy silt

Clay

Sandy silt

Clay
Clayey silt

Clay

Sandy clay

Sandy silt

Depth 

(feet)

0

5

10

15

20

Sandy silt

Silty clay

Sand

Clay

Silty clay

Clay

Clay
Sandy silt

Clayey silt
Silty clay
Silty sand
Silty clay

Sand
Silty sand

Silty clay

SB5 SB6

First encountered groundwater 

Field sample TDS ≈ 1870 mg/L

Lab sample TDS = 1600 mg/L

BET 2014



BET 2014



BET 2014



BET 2014



 
 
 

DUR 
  



DUR 2015



DUR 2015



DUR 2015



 
 
 

FG1 
  



FG1 2015

SB1

SB3

SB2

SB4 SB5

Red arrows indicate range of predominant groundwater flow directions 



FG1 2015

Depth 

(feet)

0

5

10

15

20

No return

Silty clay

SB2

First encountered groundwater 

Field sample TDS ≈ 1035 mg/L

Lab sample TDS = 900 mg/L

Clay

Sand

Depth 

(feet)

0

5

10

15

20

No return

SB1

First encountered groundwater 

Field sample TDS ≈ 1075 mg/L

Lab sample = 940 mg/L

Clay

Clay

Sand

Silty clay

No return

Silty clayey topsoil

Silty sand
Clayey sand



FG1 2015

Depth 

(feet)
0

5

10

15

20

No return

Silty clay

SB4

First encountered groundwater 

Field sample TDS ≈ 2475 mg/L

Lab sample TDS = 1900 mg/L

Clayey silt

Clay

Silt

Sand

Depth 

(feet)

0

5

10

15

20

No return

Silty clay

SB5

First encountered groundwater 

Field sample TDS ≈ 2000 mg/L

Lab sample = 1700 mg/L

Clayey silt

Clay

Sand

Clay

Silty sand
Clay
Sand

Silty sand



FG1 2015



FG1 2015



FG1 2015



 
 
 

PLS 
  



PLS 2015

SB1

SB2

Red arrows indicate range of predominant groundwater flow directions 



Depth 

(feet)
0

5

10

15

SB1

Sand

Silty sand

Silt

PLS 2015
Depth 

(feet)

0

5

10

15

SB2

Sand

Silty sand

Sand

First encountered groundwater

Lab sample TDS = 1800 mg/L

First encountered groundwater

Lab sample TDS = 1700 mg/L



PLS 2015



PLS 2015



 
 
 

ROB 
  



ROB 2015



ROB 2015



ROB 2015



 
 
 

ANT 
  



ANT 2015

SB1 SB3SB2

Red arrows indicate range of predominant groundwater flow directions 



Depth 

(feet)

0

5

10

15

20

SB1 ANT 2015

25

First encountered groundwater 

Field sample TDS ≈ 1145 mg/L

Lab sample TDS = 880 mg/L

Sandy gravel
30

35

Clay

Silty clay

Sandy silt

Silty clay

Silty sand
Silty clay

Clay

Sand

Sandy gravel
Silty sand

Depth 

(feet)

0

5

10

15

20

SB2

25

First encountered groundwater 

Field sample TDS ≈ 1310 mg/L

Lab sample TDS = 1100 mg/L

Sandy gravel30

35

Clay

Silty clay

Sand

Silty clay

Clay
Sandy clay

Depth 

(feet)

0

5

10

15

20

SB3

25

Sandy gravel30

35

Clay

Silty clay

Sand

Silty clay

Silty clay

Clay40

Clay

Sandy gravel
Sand



ANT 2015



ANT 2015



ANT 2015



 
 
 

GOD 
  



GOD 2015

SB1 SB3SB2

SB4SB5SB6

Red arrows indicate range of predominant groundwater flow directions 



Depth 

(feet)

0

5

10

15

20

Sand

No return

SB3

Silty clay

Silty clay

Silty sandy clay
Sand

First encountered groundwater 

Field sample TDS ≈ 2445 mg/L

Lab sample TDS = 2800 mg/L

Depth 

(feet)

0

5

10

15

20

SB2

25

30

Silty clay

Sand

Clay

No return

Silty sandy clay

Silty clay

Silty clay

Clay

Clayey silty sand

Silt

First encountered groundwater 

Field sample TDS ≈ 2585 mg/L

Lab sample TDS = 3000 mg/L

Depth 

(feet)
0

5

10

15

20

SB1

25

First encountered groundwater 

Field sample TDS ≈ 2070 mg/L

Lab sample TDS = 2000 mg/L

Silty clay30

35

Silty clay
Silt

Clay

Sand

No return

Silty sandy clay

Silty clay

Silty clay

Sand

Clay

Clay

Silty sandy clay
Silty clay

GOD 2015



Depth 

(feet)

0

5

10

15

20

Silty sand

No return

SB4

Silty clay

Silty clay

First encountered groundwater 

Field sample TDS ≈ 2960 mg/L

Lab sample TDS = 3600 mg/L

First encountered groundwater 

Field sample TDS ≈ 3355 mg/L

Lab sample TDS = 3700 mg/L

Depth 

(feet)

0

5

10

15

20

SB6

25

Silty clay

Clay

No return

Silty clay

Silty clay

Silty clay

Clay

Sand

Silty clay

Depth 

(feet)
0

5

10

15

20

Silt

No return

SB5

Silty clay

Silty clay

Silt

Silty clay

Sand

Clay

Clay

Sand

Silty clay

Silty clay

Clay

GOD 2015

No groundwater sample recovered 



GOD 2015



GOD 2015



 
 
 

MAC 
  



SB1 SB3

SB2

SB4 SB5

MAC 2014

Red arrows indicate range of predominant groundwater flow directions 



Depth 

(feet)

0

5

10

15

20

Clay

No return

Silty clay

Sand

Silty clay

Sand
Silty clay

Silt

Silty sand

Clay

Depth 

(feet)

0

5

10

15

20

No return

Very fine sand

Clay

SB1 SB3
Depth 

(feet)

0

5

10

15

No return

Silty clay

SB2

Clay
Silt
Clay

MAC 2014

First encountered groundwater

Field sample TDS ≈ 1610 mg/L

Lab sample TDS = 1700 mg/L

First encountered groundwater 

Field sample TDS ≈ 1845 mg/L

Lab sample = 2500 mg/L

First encountered groundwater 

Field sample TDS ≈ 1780 mg/L

Lab sample TDS = 1900 mg/L



Depth 

(feet)
0

5

10

15

20

Clay

Sandy clay

No return

Very fine sand

Clay

Depth 

(feet)

0

5

10

15

20

Clay

No return

Very fine sand

Clay

SB4 SB5

MAC 2014

First encountered groundwater

Field sample TDS ≈ 1200 mg/L

Lab sample TDS = 1400 mg/L

First encountered groundwater

Field sample TDS ≈ 1550 mg/L

Lab sample = 1500 mg/L



MAC 2014



MAC 2014



MAC 2014



SB1 SB3

SB2

SB4 SB5

MAC 2015

Red arrows indicate range of predominant groundwater flow directions 



MAC 2015



MAC 2015



MAC 2015



MAC 2015

SB1 SB3

SB2

SB4 SB5

Red arrows indicate range of predominant groundwater flow directions 



MAC 2015



 
 
 

NUN 
  



NUN 2015

SB1
SB2

SB4
SB3

Red arrows indicate range of predominant groundwater flow directions 



Depth 

(feet)

0

5

10

15

20

Sandy clay

No return

Clay

SB1

Sandy clay

Clay

First encountered groundwater

Field sample TDS ≈ 3055 mg/L

Lab sample TDS = 9500 mg/L

NUN 2015



Depth 

(feet)

0

5

10

15

20

Sandy clay

No return

Clay

SB2

Sandy clay

Clay

First encountered groundwater

Field sample TDS ≈ 4870 mg/L

Lab sample TDS = 6400 mg/L

NUN 2015



Depth 

(feet)

0

5

10

15

20

Sandy clay

No return

Clay

SB4

Sandy clay

Clay

First encountered groundwater

Field sample TDS ≈ 4960 mg/L

Lab sample TDS = 16000 mg/L

Depth 

(feet)

0

5

10

15

20

SB3

Sandy clay

No return

Clay

Clay

Sand

First encountered groundwater

Field sample TDS ≈ 3350 mg/L

Lab sample TDS = 5400 mg/L

NUN 2015



NUN 2015



NUN 2015

SB1

SB3

SB2

SB4

Red arrows indicate range of predominant groundwater flow directions 



NUN 2015



 
 
 

MOO 
 
 

 



MOO 2015



MOO 2015



MOO 2015


	Executive Summary
	1 Introduction
	1.1 Purpose and Motivation
	1.2 Background
	1.2.1 Title 27 Regulations and Theoretical Seepage Rates
	1.2.2 Dairy General Order
	1.2.3 CVDRMP Efforts

	1.3 Role of Lagoons on Dairies

	2 Methods
	2.1 Seepage Testing
	2.1.1 Multi-Day Testing
	2.1.2 Overnight or Short-Term Testing

	2.2 Lagoon Water Sampling
	2.3 Estimation of Lagoon Subsurface Mass Emissions
	2.4 Lagoon Perimeter Soil Borings and Sampling
	2.5 Groundwater Data Collection
	2.5.1 Groundwater Level Measurements
	2.5.2 Purging Protocol
	2.5.3 Instrumentation and Maintenance
	2.5.4 Sample Handling and Recordation
	2.5.4.1 Quality Assurance Procedures
	2.5.4.1.1 Field Quality Control
	2.5.4.1.2 Laboratory Quality Control
	2.5.4.1.3 Review of Laboratory Data Reports



	2.6 Geophysical Investigations
	2.6.1 Electrical Resistivity Profiling
	2.6.2 OhmMapper
	2.6.3 Electromagnetic Profiling


	3 Results and Discussion
	3.1 Description of Ambient Soils and Lagoons
	3.1.1 Ambient Soil Characteristics
	3.1.2 Lagoon Construction Records and Operational Characteristics
	3.1.3 Lagoon Operational Characteristics

	3.2 Seepage Rates and Subsurface Mass Loading
	3.2.1 Seepage Rates
	3.2.1.1 Effects of Rapid Lagoon Level Fluctuations on Seepage Rates
	3.2.1.2 Correlation of Mapped Soil Types and Seepage Rates

	3.2.2 Nitrogen and Mineral Subsurface Mass Loading

	3.3 Groundwater Concentrations and Geophysical Imaging
	3.3.1 MEN
	3.3.1.1 Geophysical Imaging
	3.3.1.2 Summary

	3.3.2 ANC
	3.3.2.1 Soil Boring Water Quality
	3.3.2.2 Geophysical Imaging
	3.3.2.3 Summary

	3.3.3 BET
	3.3.3.1 Soil Boring Water Quality
	3.3.3.2 Geophysical Imaging
	3.3.3.3 Summary

	3.3.4 DUR
	3.3.4.1 Geophysical Imaging
	3.3.4.2 Summary

	3.3.5 FG1
	3.3.5.1 Soil Boring Water Quality
	3.3.5.2 Geophysical Imaging
	3.3.5.3 Summary

	3.3.6 BEA
	3.3.7 COT
	3.3.7.1 Soil Boring Water Quality
	3.3.7.2 Summary

	3.3.8 SAN
	3.3.8.1 Soil Boring Water Quality
	3.3.8.2 Summary

	3.3.9 PLS
	3.3.9.1 Soil Boring Water Quality
	3.3.9.2 Geophysical Imaging
	3.3.9.3 Summary

	3.3.10 CAE
	3.3.11 ROB
	3.3.11.1 Geophysical Imaging
	3.3.11.2 Summary

	3.3.12 ANT
	3.3.12.1 Soil Boring Water Quality
	3.3.12.2 Geophysical Imaging
	3.3.12.3 Summary

	3.3.13 COR
	3.3.13.1 Soil Boring Water Quality
	3.3.13.2 Summary

	3.3.14 FG2
	3.3.14.1 Soil Boring Water Quality
	3.3.14.2 Summary

	3.3.15 GOD
	3.3.15.1 Soil Boring Water Quality
	3.3.15.2 Geophysical Imaging
	3.3.15.3 Summary

	3.3.16 MAC
	3.3.16.1 Soil Boring Water Quality
	3.3.16.2 Geophysical Imaging
	3.3.16.3 Summary

	3.3.17 NUN
	3.3.17.1 Soil Boring Water Quality
	3.3.17.2 Geophysical Imaging
	3.3.17.3 Summary

	3.3.18 MOO
	3.3.18.1 Geophysical Imaging
	3.3.18.2 Summary

	3.3.19 DLF
	3.3.20 ZZI
	3.3.21 SO2


	4 Discussion
	4.1 Seepage Rates and N-Loading Rates
	4.1.1 Context to Other’s Estimates of N-Loading Rates – Lagoons and Fields
	4.1.1.1 Addressing Nitrate in California’s Groundwater
	4.1.1.2 Managing Dairy Manure in the Central Valley of California
	4.1.1.3 A Field-Scale Mass Balance


	4.2 Groundwater Quality from Monitoring Wells and Temporary Boreholes
	4.3 Comparison of Seepage Rates, Mass Loading, and Groundwater Quality
	4.4 Geophysical Imaging
	4.4.1 Methods Review
	4.4.2 Results
	4.4.3 Summary


	5 Summary and Key Findings
	6 Toward Recommendations
	7 References
	MaoSeries.pdf
	Blank Page
	Blank Page
	Blank Page
	Map Series 1.pdf
	Site Map_MEN
	Site Map_ANC
	Site Map_BET
	Site Map_DUR
	Site Map_FG1
	Site Map_BEA
	Site Map_COT
	Site Map_SAN
	Site Map_PLS
	Site Map_CAE
	Site Map_ROB
	Site Map_ANT
	Site Map_COR
	Site Map_FG2
	Site Map_GOD
	Site Map_MAC
	Site Map_NUN
	Site Map_MOO
	Site Map_BRE
	Site Map_CRE
	Site Map_DLF
	Site Map_ZZI
	Site Map_MAP
	Site Map_SO2
	Site Map_AIR
	Site Map_MNS
	Site Map_TBR

	Blank Page
	Attachment Separators.pdf
	Map Series 1
	Map Series 2
	Map Series 3


	Blank Page



