
DECISION MANAGEMENT ANALYSIS  
(TASK 3: REPORT 1 OF 2) 

 
• Water Supply Uncertainties 
• Monte Carlo Simulation Model 

 
 

 
 
 
 
 
 
 
 
 
Prepared for: 
The Borrego Water District 
806 Palm Canyon Drive, Borrego Springs, CA 92004 
 
 
Prepared by: 
Environmental Navigation Services, Inc 
POB 231026, Encinitas, CA  92023-1026 
 
 
Dated: 
April 16, 2019  



DECISION MANAGEMENT ANALYSIS (TASK 3: REPORT 1 OF 2) 
 
SECTION                  PAGE 
1.0 INTRODUCTION         1 
2.0 REPORT OVERVIEW        3 
3.0 WATER BALANCE COMPONENTS      5 
 3.1  Inflows 
 3.2  Outflows 
 3.3  Current Water Balance 
4.0 SUSTAINABLE PUMPING RATE:  BASELINE RATE AND REDUCTIONS 16 
 4.1  Effect of Reduction Periods Less than 20 years 
5.0 RELATIONSHIP BETWEEN OVERDRAFT AND WATER LEVELS  21 
 5.1  Calculating Water Level Decline in Response to Overdraft 
 5.2  Water Level Decline in BWD Production Wells 
6.0 MONTE CARLO SIMULATION (MCS) WATER SUPPLY UNCERTAINTY 26 
 ANALYSIS   
 6.1 Constant Recharge Rate Case (5700 Afy) 
 6.2 MCS Uncertainty Analysis:  
  Time-varying Recharge Based on USGG Model History 
 6.3 MCS-based Analysis: What happens after 5 years of low or high rainfall? 
7.0 SUMMARY:  Sections 3, 4, 5, and 6       33 
8.0 WATER SUPPLY UNCERTAINTIES: WATER QUALITY   37 
9.0 WATER SUPPLY UNCERTAINTIES WATER PRODUCTION   41 
10.0 SUMMARY          47 
11.0 ACKNOWLEDGEMENTS        48 
 
Figures 
1.  Water Balance 
2.  Annual Recharge 
3.  Comparison of Overdraft over 20 Years:  Wet and Dry Periods vs Target Recharge 
4.  Comparison of Overdraft, 20-year reduction Period:  Irrigation Return Flow Rates 
5.  Comparison of Overdraft: 10, 15, and 20 Year Reduction Periods 
6.  Cumulative Overdraft, USGS Scenario 6 
7.  Simulated Drawdown Projected for USGS Scenario 6 
8.  MCS:  Cumulative Overdraft.   
9.  MCS:  Histogram of Cumulative Overdraft after 20 years 
10.  MCS: Cumulative Overdraft.  20th/40th/60th/80th percentiles 
11.  MCS:  Histogram of Cumulative Overdraft after 20 years 
12.  Overdraft after 20 years, MCS Results Sorted at Year 5 
 
  



Tables 
1. Recharge Values (Inflow) from USGS Model (1945 to 2016)  
 
 
Attachments 
Appendix A:  Grant Agreement Scope 
Appendix B:  Water Quality Review and Assessment: Borrego Water District (BWD) Water 
 Supply Wells. 
 ENSI Draft dated 12/7/2018  (Included as Appendix D2 of the Draft GSP) 
Appendix C:  Assessment of Water Level Decline, Hydrogeologic Conditions, and 
 Potential Overdraft Impacts For Active BWD Water Supply Wells.   
 ENSI Draft dated 1/7/2019  



 

  

ENSI:  DRAFT 4-16-2019 1 
 

DECISION MANAGEMENT ANALYSIS (TASK 3: REPORT 1 OF 2) 

1.0 INTRODUCTION 
 
Starting January 1, 2020, California State Law requires the implementation of a Groundwater 
Sustainability Plan1 (GSP) to reduce groundwater use by the Borrego Springs Community by 
approximately 75% over the next 20 years.  The community water supply is entirely reliant on 
local pumping- as explained in the GSP there are currently no feasible sources of imported water.  
It has long been recognized that the depleting groundwater is an issue that ultimately impacts the 
viability and quality of life.2 Water use has exceeded the natural replenishment rate for decades 
and the groundwater sub-basin is in a state of critical overdraft per the State Department of Water 
Resources (DWR).  This condition has existed for decades, has been the subject of ongoing debate 
and discussion, and is now subject to State Law under the Sustainable Groundwater Management 
Act (SGMA) enacted September 20143. 
 
Borrego Springs is a small unincorporated community located on the western edge of the Sonoran 
Desert.  It is a Severely Disadvantaged Community (SDAC4) and located within an Economically 
Distressed Area (EDA5).   The Borrego Water District (BWD) is the sole public provider of potable 
water to the Borrego Springs SDA Community.  Of concern are the potential impacts on the 
Borrego Water District’s (BWD) ability to produce drinking water and related increase in water 
production costs should the target pumping rate fail to achieve the SGMA-mandated sustainability 
goals as described in the Groundwater Sustainability Plan.   
 
This Report was developed to develop tools to allow the Borrego Water District (BWD) to look at 
potential water supply situations that may directly impact groundwater users in Borrego Springs, 
assess the probability of the water supply situations occurring, and make decisions accordingly.  
Included is assessment of the potential range of outcomes of the groundwater extraction 
restrictions that will allow the BWD to look at water supply situations, such as the potential need 
for water treatment, or loss of individual supply wells due to ongoing groundwater overdraft and 
be able to assess its probability of occurring.  The assessment of the potential range of outcomes 
of the groundwater extraction restrictions is supported by the use of Monte Carlo simulation 
methods.  
 
  

                                                           
1 The Draft GSP is currently being circulated for public review- a copy is available at the BWD website 
(www.BVGSP.org).  It was developed by the newly-formed Groundwater Sustainability Agency comprised of the 
County of San Diego and the Borrego Water District. 
2 Borrego Springs Community Plan, August 3, 2011, Rev. 5-15-2013, 6-18-2014. 
3 https://water.ca.gov/Programs/Groundwater-Management/SGMA-Groundwater-Management 
4 As defined by DWR, Severely Disadvantaged Communities (SDAC) are Census geographies having less than 60% of 
the Statewide annual median household income ($37,091 [2017]).  Map-based DAC information developed by the 
DWR can be reviewed at https://gis.water.ca.gov/app/dacs/ 
5 As defined by DWR, an EDA is a municipality with a population of 20,000 persons or less, a rural county, or a 
reasonably isolated and divisible segment of a larger municipality with a population of 20,000 persons or less, with 
a median household income (MHI) that is less than 85% of the Statewide MHI, and with one or more of the 
following conditions: 1) Financial hardship 2) Unemployment rate at least 2% of higher than statewide average 3) 
Low population density. 
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This Report combines two deliverables specified in Task 3 of the grant agreement (see Appendix 
A): 
 

• Water Supply Uncertainties.  This includes assessment of the overall water balance, 
Subbasin-wide water quality over time, and potential impact of overdraft on BWD well 
production.  Sections 3 to 5 provide explanation of the underlying water components that 
are considered together to quantify overdraft.   
 
Sections 6 and 7 examines the uncertainty associated with the assessment of overdraft. 
 
Sections 8 and 9 provide in-depth review of water quality and BWD water well 
productivity and associated uncertainty.  These sections reference two ENSI Reports that 
are included in their entirety. 
 

• Monte Carlo Simulation (MCS) Model.  The water balance and successful attainment of a 
sustainable groundwater is further examined specific to the proposed 5,700 AFY pumping 
target and groundwater recharge variability.  Section 6 details the results of the MCS. 

 
A second Task 3 report (2 of 2) will address analyses will be performed of the potential impacts 
of various water reduction scenarios on the SDAC, rate payers, and BWD infrastructure.  It will 
combine a cost structure uncertainty analysis with a larger scale impact assessment 
(SGMA/Environmental/Societal/Government Impacts) based on an economic model (IMPLAN) 
to examines community-wide socioeconomic impacts and changes that will result from the GSP.   
 
All of the Task 3 reports follow, in part, from an overview analysis of SDAC impacts included in 
a separate ENSI document prepared for Task 2. 
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2.0 REPORT OVERVIEW 
 
The intent of the work described in this Report is to develop decision management analyses and 
methodologies to look at potential water supply situations that may directly impact groundwater 
users in Borrego Springs, assess the odds that the problems may occur, assess impacts, and provide 
supporting analyses to make decisions accordingly.  Following detailed review and analysis of the 
overall water supply, together with ongoing GSP development, the focus of the work shifted to a 
more fundamental analysis of the impact of critical overdraft to support the GSP going forward.    
 
As described by the USGS6  “Continued pumping has resulted in an increase in pumping lifts, 
reduced well efficiency, dry wells, changes in water quality, and loss of natural groundwater 
discharge.”  Further, the uppermost and most prolific portions of the aquifer system have been or 
are becoming dewatered7.  While substantial quantities of water remain, the aquifer system with 
depth has lower yield and diminishing water quality.  Given the current rates of groundwater level 
decline this means that water wells will become less efficient and more costly to operate, and that 
water treatment may be required for potable water supplies.   
 
In essence there are two fundamental questions that impact the management of the water supply 
going forward, recognizing that water levels will continue to decline over the GSP compliance 
period before sustainable pumping rates are achieved.  The questions include: 
 
1) Can historical water quality data and ongoing water testing be used to predict future water 
quality?  
 
2) How will water supply well production be affected by ongoing water level decline?   
 
Underlying these questions specific to the attainment of sustainability is the need to understand 
the potential variability of groundwater recharge.   Ultimately the magnitude of SGMA-mandated 
water use restrictions is directly tied to recharge given the absence of imported water to the Borrego 
Springs community.   The GSP’s target pumping rate of 5700 AFY, a value based on the long-
term average annual recharge rate established in by the USGS’ 2015 Report, represents just 26% 
of the Baseline Pumping Allocation. 
 
The work done to develop the GSP has made substantial progress toward addressing these 
questions yet significant uncertainty remains.  Additional supporting information and analyses will 
be developed as the GSP proceeds and a flexible, adaptive management strategy will be employed 
to manage the water supply. 
 

                                                           
6 USGS Report 2015-5150 entitled Hydrogeology, Hydrologic Effects of Development, and Simulation of 
Groundwater Flow in the Borrego Valley, San Diego County, California.  By Claudia C. Faunt, Christina L. Stamos, 
Lorraine E. Flint, Michael T. Wright, Matthew K. Burgess, Michelle Sneed, Justin Brandt, Peter Martin, and Alissa L. 
Coes 
7 See detailed description included in the draft GSP, pages 2-44, 3-3, and 3-8.  Historical changes in water are 
documented in ENSI 12/7/2018 included in Appendix D2 of the Draft GSP. 
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There are three draft ENSI documents incorporated into this Report as follows: 
 
1) An assessment of the Subbasin-wide water balance that shows how recharge variability over 
time may affect GSP compliance (ENSI 9/12/2018).   Monte Carlo simulation methodologies were 
used to examine how the aquifer will respond under pumping over time given highly variable 
groundwater recharge rates.  The results were used to develop minimum thresholds for chronic 
lowering of groundwater levels in Section 3.3.1.1 of the Draft GSP.   
 
The main body of this Task 3 Report follows from the 9/12/2018 ENSI report.   
 
2) Multi-parameter evaluation of water quality trends based on general minerals that shows how 
water quality has changed due to long-term overdraft, and provides for a systematic overview of 
groundwater quality variations.  Also included was an assessment of water quality indicators that 
may provide ‘early warning’ for elevated sulfate and arsenic concentrations (ENSI 12/7/2018, 
Included as Appendix D2 of the Draft GSP, and Appendix B of this Report). 
 
3) A local-scale analysis of the expected changes in BWD water well production with ongoing 
overdraft based on well-specific review of the USGS Groundwater model water level calibration 
and development of lithology-based hydrogeologic aquifer properties developed from driller’s 
logs.  (ENSI 1/7/2019, Appendix C of this Report).  The primary use of this report will be in the 
GSP’s evaluation of water levels relative to groundwater model performance and predictive 
capabilities. 
 
The findings of the 12/7/2018 and 1/7/2019 ENSI Reports are summarized in this Task 3 report 
with an emphasis on how the work can be used going forward to support water supply management 
decisions.  These reports are included in their entirely as Appendices to this Task 3 document.  
Please note that the various values used as Baseline Pumping Allocations vary among reports as 
the BPA were under development as the reports were developed.  While there are minor numerical 
differences among the BPA values as the prior value of 22,044 AFY has been revised to 21,963 
AFY in the Draft GSP, the target pumping rate of 5700 AFY has not changed and the report 
conclusions remain essentially unchanged. 
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3.0 WATER BALANCE COMPONENTS 
 
The Borrego Springs Subbasin (Borrego Basin) of the Borrego Valley Groundwater Basin is 
currently in a state of critical overdraft.  Groundwater pumping reductions will be necessary under 
the Sustainable Groundwater Management Act (SGMA) to achieve long-term sustainability of the 
water supply for the Borrego Springs community.  Chronic lowering of groundwater levels and 
reduction of groundwater storage are two of six Sustainability Indicators, if found to be significant 
and unreasonable, describe the undesirable results of critical overdraft to be addressed in the GSP 
(DWR, 2017.  CA Department of Water Resources Sustainable Management Criteria Best 
Management Practice Guidance, November 2017).   The GSP includes metrics to establish 
thresholds for all of the sustainability indicators.    
 
This section of the Report focuses on the basin-wide water budget, termed here as the water 
balance.  DWR has established a maximum period of 20 years for the Borrego Basin to achieve 
sustainability where “the sustainable yield of a basin is the amount of groundwater that can be 
withdrawn annually without causing undesirable results.  Sustainable yield is referenced in SGMA 
as part of the estimated basin-wide water budget and as the outcome of avoiding undesirable 
results…for the six sustainability indicators” (DWR, 2017.  p.32).    Potential changes in BWD 
supply well water quality and production rates associated with ongoing overdraft are also of 
concern and addressed in following sections of this Draft Report. 
 
The purpose of this section is to present a methodology to examine the proposed 5700 AFY target 
pumping rate in terms of the overall hydrologic water balance and future overdraft that will occur 
as groundwater production rates decrease.   The analysis is based on the maximum 20-year 
reduction period allowable under SGMA.  The 5700 AFY target is based on the average 
groundwater recharge rate as determined by the US Geological Survey ([USGS Report, 2015] 
Faunt, C.C., Stamos, C.L., Flint, L.E., Wright, M.T., Burgess, M.K., Sneed, Michelle, Brandt, 
Justin, Martin, Peter, and Coes, A.L., 2015, Hydrogeology, hydrologic effects of development, 
and simulation of groundwater flow in the Borrego Valley, San Diego County, California: U.S. 
Geological Survey Scientific Investigations Report 2015–5150, 135 p., 
http://dx.doi.org/10.3133/sir20155150 ). 
 
The 5700 AFY target pumping rate is examined here based on an analysis of the hydrologic water 
balance (water budget) conducted by the USGS and is a water extraction rate equal to the amount 
of water that replenishes the Borrego Basin as groundwater recharge.    The model can be viewed 
as a large box that is discretized into smaller rectangular boxes to track the flow of water over time 
into and within the alluvial basin.  The target pumping rate was set equal to the average annual 
groundwater recharge inflow rate and is based on a combination of groundwater inflow (into the 
sides of the large box) and water that enters into the basin from adjacent watersheds and flows into 
the aquifer system as recharge (see Figure 1). 
 
As stated in the USGS Report (Summary and Conclusions, p. 128): “The main source of recharge 
to the system is underflow from the upstream portions of the watershed and runoff from creeks and 
streams draining the upstream portions of the watershed that, with the exception of runoff 
generated in response to exceptionally large and infrequent storms, quickly seeps into the 



 

  

ENSI:  DRAFT 4-16-2019 6 
 

DECISION MANAGEMENT ANALYSIS (TASK 3: REPORT 1 OF 2) 

permeable streambeds and infiltrates through the unsaturated zone. Over the 66-year study period 
[ed: 1945 to 2010], on average, the natural recharge that reaches to the saturated groundwater 
system is approximately 5,700 acre-ft/yr, but natural recharge fluctuates in the arid climate from 
less than 1,000 to more than 25,000 acre-ft/yr.”  
 
The groundwater recharge rate, as noted above, varies widely over time in contrast to the stated 
average.   This variability is examined here by examining the amount of overdraft that will occur 
over a 20-year period to evaluate how effective the target pumping rate of 5700 AFY will be 
towards meeting the SGMA goals.  To date the overall aquifer water balance has been negative in 
that outflows have exceeded inflows, leading to an estimated cumulative depletion (or overdraft) 
of 440,000 acre-feet (AF) as of 2010 with associated water declines of over 150 ft (USGS, 2015. 
p.129).    Cumulative overdraft was calculated to be 520,000 AF as of 2016 as described in the 
GSP (page ES-3).   
 
The Borrego Basin water balance calculations provide a direct measure of the effect of pumping 
rate reductions on a basin-wide scale by tracking how much more water will be derived from 
storage.  Long-term overdraft has been and will continue to occur because outflows exceed 
inflows. 
 
The Borrego Basin aquifer water balance consists of six flow components: 
  

• Inflows occur via groundwater inflow, surface (natural) recharge, and irrigation return 
flows. 
 

• Outflows occur via groundwater outflow, deep-rooted groundwater dependent plant use 
(termed evapotranspiration), and groundwater pumping.   
 

The six components are calculated in the USGS model.  Annual values for each of the parameters 
used in this report were obtained from Dudek’s update of the USGS model update (as presented 
in Appendix D of the Draft GSP).  An overview of these parameters is included in this Report.  
Additional details are available in Dudeks’ model update and in the USGS Model Report. 
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3.1 INFLOWS 
 
Groundwater.   
The USGS groundwater model allows for time-varying groundwater inflow rates but in this case 
the inflow rate was relatively constant over the model duration, approximately 1400 AFY as stated 
in the USGS Report.   Most of this inflow occurs along the northwestern and western edges of the 
valley.  Please refer to the GSP for additional details. 
 
There is no groundwater flow in or out of the northeastern side model domain where the NW-SE 
trending Coyote Creek Fault occurs because it is assumed to be a no-flow boundary condition.  
The potential impact of this assumption has not been assessed in this report. 
 
Natural Recharge.   
The primary source of water to the Borrego Basin is surface water (stormwater and ephemeral 
stream flow) that flows into the valley from adjacent mountain watersheds and then infiltrates.  
Direct recharge by rainfall within the valley is very low compared to surface water inflows as the 
annual rainfall averages 5.8 in/yr.  [USGS Report, page 43].   
 
The contributory watersheds are approximately 400 mi2 and much larger in area than the 
approximately 110 mi2 Borrego Valley (USGS Model Report).  Further, because the adjacent 
watersheds are higher in elevation and have higher precipitation rates they provide the bulk of the 
water that enters the Borrego Basin.  Inflows from the adjacent watersheds were not directly 
calculated by the USGS groundwater model, instead these were determined using the USGS’ 
regional scale Basin Characterization Model (BCM) for the watersheds located west and north of 
the Borrego Basin.  Per the USGS Report (p. 48) “The BCM calculates potential in-place recharge 
and potential runoff and generates distributions of both components. In this study, the BCM 
provided estimates of the underflow from the adjacent mountains and basins and potential runoff 
in stream channels into the basin. Moreover, the BCM can be used to compare the potential for 
recharge under the current climate (2010) and that for past wetter and drier climates (Flint and 
Flint, 2007a). The BCM model domain includes the watersheds that surround and drain into the 
Borrego Valley (fig. 16).”    
 
The BCM calculations rely on multiple types of hydrologic data and require streamflow 
measurements to support model calibration.  Per the report “[h]istorical discharge data are 
available for 1950–83 for Coyote Creek, 1950–2004 for Borrego Palm Creek, and 1958–83 for 
San Felipe Creek”.   The BCM is a highly complex hydrologic model that incorporates parameters 
such as precipitation data, runoff coefficients, multiple soils data and estimated parameters, in-
channel groundwater flow rates, and soil and plant evapotranspiration estimates.    As noted (USGS 
Report p.48) it calculates both surface water and groundwater flows wherein “the BCM provided 
estimates of the underflow from the adjacent mountains and basins and potential runoff in stream 
channels into the basin”.   These inflow values were then re-assessed by allowing the BCM-
determined inflows to vary when the Borrego Basin model was calibrated (USGS Report p.128).  
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FIGURE 1 
 
 

 

 
 

The basin-wide water balance is based on the USGS Model and uses a baseline pumping (BPA) 
allocation of 22,044 AFY.  
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The USGS model’s annual recharge rates calculated for the 1945 to 2010 model period of 66 years 
are shown in Figure 2.   Also shown is the rainfall record for Borrego Desert State Park (station 
040983) presented as Figure 3 in the USGS Model Report.  
 
FIGURE 2.  Annual Recharge 
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The recharge rates shown in Figure 2 include groundwater inflow and the water that enters from 
adjacent watersheds- a value that varies over time.  As noted above, the watershed inflows were 
calculated independently of the groundwater model by the USGS’ BCM.  Review of the recharge 
values shows that the inflows have a wide range of values, that high recharge events occur on a 
decadal scale, and there is some periodicity to the time series.  The average value for the 1945 to 
2010 period generally cited as the model period was 5,395 AFY.  The 20-year average, a period 
equal to that described under SGMA, is also shown in Figure 2 to also illustrate how the average 
recharge rate varies over time when viewed over the 20-year time GSP planning period.  The years 
with high recharge, though infrequent, cause the 20-year averages to generally be higher than the 
annual recharge rates. 
 
Figure 2 also includes a graph of the rainfall record included in the USGS Report for Borrego 
Valley.  Visually there is a good correlation between precipitation and recharge events.  Recharge 
predominantly occurs as a result of inflows along the basin margins so the correlation indicates 
that the inflows are readily recharged as they occur. 
 
The USGS groundwater model focused on the 1945 to 2010 period and was updated through 2016 
by Dudek (their report was included as an Appendix to the GSP).  The target pumping rate of 5700 
AFY was established based on a recharge inflow rate that consists of 1400 AFY of groundwater 
inflow and 4300 AFY of surficial recharge per the USGS Report.   Table 1 summarizes the 
statistics of the recharge values.  
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Table 1.  Recharge Values (Inflow) from USGS Model (1945 to 2016) 
 

 
Review of the model recharge values in Table 1 emphasizes how much the recharge varies over 
time and the relative impact of infrequent ‘wet’ years.  The annual recharge rate (1945 to 2016) 
has a wide range of 1,482 to 23,871 AFY with an average of 5272 AFY (versus the USGS’ stated 
average of 5700 AFY for the 1945 to 2010 period).   The median, the midpoint of all of the values, 
is 3226 AFY.  This statistic indicates that half of the time the recharge rate was 3226 AFY or less.    

 GW 
Inflow 

 Recharge  Total 
Recharge 

 20-yr 
Average 

 GW 
Inflow 

 Recharge  Total 
Recharge 

 20-yr 
Average 

Year Ending AFY AFY AFY AFY Year Ending AFY AFY AFY AFY
1945 1,366       9,182          10,548       1981 1,366       2,011          3,377          6,771       
1946 1,366       5,201          6,568          1982 1,366       10,071       11,437       7,266       
1947 1,366       196             1,562          1983 1,366       8,443          9,809          7,601       
1948 1,370       112             1,482          1984 1,370       1,679          3,049          7,496       
1949 1,366       6,232          7,599          1985 1,366       3,183          4,549          7,195       
1950 1,366       127             1,493          1986 1,366       1,402          2,769          6,888       
1951 1,366       7,915          9,282          1987 1,366       926             2,293          6,872       
1952 1,370       594             1,964          1988 1,370       2,039          3,409          6,291       
1953 1,366       4,375          5,741          1989 1,366       233             1,600          6,280       
1954 1,366       725             2,091          1990 1,366       7,016          8,382          6,614       
1955 1,366       174             1,540          1991 1,366       2,515          3,882          6,723       
1956 1,370       2,067          3,437          1992 1,370       20,913       22,283       7,659       
1957 1,366       3,566          4,932          1993 1,366       5,915          7,282          7,879       
1958 1,366       828             2,195          1994 1,366       8,348          9,714          8,263       
1959 1,366       1,151          2,517          1995 1,366       787             2,153          8,191       
1960 1,370       696             2,066          1996 1,370       656             2,026          8,000       
1961 1,366       835             2,202          1997 1,366       9,088          10,454       7,377       
1962 1,366       163             1,529          1998 1,366       2,625          3,992          7,054       
1963 1,366       1,741          3,108          1999 1,366       318             1,684          5,944       
1964 1,370       3,785          5,155          3,851       2000 1,370       450             1,820          5,798       
1965 1,366       9,204          10,570       3,852       2001 1,366       283             1,650          5,712       
1966 1,366       7,548          8,915          3,969       2002 1,366       428             1,795          5,230       
1967 1,366       1,231          2,597          4,021       2003 1,366       932             2,298          4,854       
1968 1,370       13,666       15,036       4,698       2004 1,370       10,615       11,985       5,301       
1969 1,366       459             1,825          4,410       2005 1,366       9,034          10,401       5,593       
1970 1,366       337             1,704          4,420       2006 1,366       2,563          3,929          5,652       
1971 1,366       330             1,697          4,041       2007 1,366       292             1,658          5,620       
1972 1,370       2,193          3,563          4,121       2008 1,370       1,229          2,599          5,579       
1973 1,366       1,512          2,878          3,978       2009 1,366       1,572          2,938          5,646       
1974 1,366       671             2,037          3,975       2010 1,366       234             1,601          5,307       
1975 1,366       2,215          3,581          4,077       2011 (update) 1,366       1,182          2,548          5,240       
1976 1,370       4,482          5,852          4,198       2012 (update) 1,370       6,493          7,863          4,519       
1977 1,366       21,545       22,912       5,097       2013 (update) 1,366       1,948          3,314          4,321       
1978 1,366       9,100          10,467       5,510       2014 (update) 1,366       1,617          2,983          3,985       
1979 1,366       22,504       23,871       6,578       2015 (update) 1,366       2,313          3,679          4,061       
1980 1,370       3,372          4,742          6,712       2016 (update) 1,370       1,768          3,138          4,116       

Averages: 1945 to 2010 1,367     3,905      5,395      5,833     
1945 to 2016

Average 1,367     3,905      5,272      5,668     
Median 1,366     1,858      3,226      5,593     

Maximum 1,370     22,504    23,871    8,263     
Minimum 1,366     112         1,482      3,851     

Range 4            22,392    22,388    4,412     
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The 20-year averages provide time intervals in the context of the 20-year GSP planning period.  
Due to the occurrence of a few years with very high recharge rates the 20-year values are, on 
average, greater than the annual values.   Especially noteworthy is comparison of two ‘back to 
back’ periods- 1955 to 1974, and 1975 to 1994 where the 20-year averages were 3,975 AFY and 
8,263 AFY, respectively (refer to the 20-year values for 1974 and 1994).  The effect of pumping 
reductions over a 20-year GSP would be very different during these two ‘dry’ and ‘wet’ periods.  
 
Irrigation Return Flows 
The bulk of current groundwater use is for farm and golf course irrigation.   A portion of this water 
returns to the aquifer as a ‘return flow’.  The rate and timing of irrigation return flows to the aquifer 
depend on multiple factors.  Among these include: 
 

1. How much the application rate exceeds plant and crop demand.  For example, irrigation 
may be applied at a rate that exceeds crop or turf demand to manage the soil so as to reduce 
soil salinity for plant health.  Overwatering and system leakage may also occur. 
 

2. Surface soil moisture conditions.   Soils have a ‘soil moisture capacity’ and can retain a 
significant quantity of water that will not pass downward when the moisture levels are less 
than the moisture capacity.   Water will then be lost as evaporation from wet soils.   
 

3. Plant root depth.  Crops and plants will have varying root depths and thus varying ability 
to extract water from soil after it is applied. 
 

4. Movement and potential storage of water in the unsaturated zone above the aquifer.   
Unsaturated flow is highly dependent on soil moisture (or residual moisture- water that is 
retained in soil following a wetting event).  As noted by the USGS Report (p. 3), 
“[D]epending on the thickness, permeability, and residual moisture content in the 
relatively thick unsaturated zone, it takes tens to hundreds of years for the bulk of return 
flow to reach the water table. In addition, not all water that reaches the root zone reaches 
the water table because some water is lost through evapotranspiration or goes into storage 
in the unsaturated zone. Therefore, in many areas, water that is applied to previously 
unirrigated land arrives at the underlying water table decades or longer after it is 
applied.” 
 

A distinction needs to be made here between recharge that occurs as a result of surface water 
inflows versus infiltration of irrigation return flows.  Comparison of the annual precipitation record 
and the recharge calculated by the model (Figure 2) suggests that groundwater recharge may be 
occurring fairly rapidly.   The typical conceptual model for infiltration is that of piston flow where 
infiltration is transmitted rapidly through the vadose zone.  Most of this type of recharge occurs 
along the edges of the basin as a result of surface water flows entering stream channels and 
floodplains in the valley.   In contrast the volume of recharge that occurs within the valley by direct 
infiltration of rainfall and irrigation return flow is relatively low and has the potential to occur 
more slowly as discussed above.   The USGS model included a 16 year ‘spin up’ period (prior to 
1945) to allow for the delay associated with vadose zone recharge (see page 86 of the USGS 
Report). 
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Irrigation return flows are determined in the groundwater model using the Farm Process Package, 
or FMP.  As described in the USGS Model Report (Table 9) the FMP is used to “Setup and solve 
equations simulating use and movement of water on the landscape as irrigated agriculture, 
municipal landscape, and natural vegetation.”  In turn it supports the time-dependent calculation 
of water flow within the unsaturated zone using the unsaturated zone flow package, or UZF, that 
“Simulates the infiltration and exfiltration of water below the root zone through the unsaturated 
zone in combination with FMP.”  The calculations are used in the model to determine the volume 
of irrigation that flows below the root zone and enters the unsaturated zone.  The UZF simulates 
the downward flow of water from beneath the root zone to the water table and thus incorporates a 
time delay.   
 
The vadose zone flow rate (UZF flow) is compared here to the total pumping rate based on review 
of Dudek’s model update report (as presented to the Borrego Advisory Committee 11/2017 and 
included in Appendix D of the Draft GSP).  Appendix B of the report tabulates, by year, the UZF 
flows and total pumping rates.  Over the last 10 years of the model the UZF flows are 
approximately 10% of total pumping, and range from 7 to 13%.  Combined agricultural and golf 
course irrigation represent approximately 80% of total pumping so these rates correspond to 
irrigation-specific return flow rates of approximately 9 to 16%.    
 
The return flow values used here are derived from the model output and may appear lower than 
what is stated in the USGS report introduction (p.2) where: “Since agricultural, recreational, and 
municipal land uses have been developed, a relatively small amount of recharge also occurs from 
excess irrigation water and septic-tank effluent. Recharge from irrigation return flows, as 
indicated by the model results, was about 10–30 percent of agricultural and recreational 
pumpages”.   Review of the model results do show irrigation return flow (UZF) rates historically 
occurred in the range of 10 to 30 percent; however, the rates have decreased over time and are now 
approximately 10 percent (see, for example, Figure 6 of the model update report).   The current 
model-determined irrigation return flow rate of 10 percent (of total pumping, roughly 13% of 
irrigation-related pumping) is used in this Draft Report. 
 
For reference a 15% excess water application rate for soil management is stated without basis to 
be necessary for irrigation done in the Coachella Valley per RWQCB-Colorado Region Order R9-
2014-0046 
[https://www.waterboards.ca.gov/coloradoriver/board_decisions/adopted_orders/orders/2014/00
46cv_ag_waiver.pdf]. The UZF-calculated rates are similar given that not all of the water can be 
assumed to pass through the relatively deep vadose zone that occurs in the Borrego Valley.  The 
amount of water required for soil management will vary with irrigation method, soil type, season, 
and crop type. 
 
  



 

  

ENSI:  DRAFT 4-16-2019 14 
 

DECISION MANAGEMENT ANALYSIS (TASK 3: REPORT 1 OF 2) 

These water balance calculations do not address water quality impacts due to irrigation return 
flows.  Irrigation return flows will contain elevated levels of dissolved salts due to the evaporation 
of applied water and water in excess of crop demand is necessary to manage soil salinity and 
maintain soils for cultivation.  Return flows also have the potential to mobilize minerals such as 
naturally-occurring evaporites from the vadose zone.  In addition, contaminants such as nitrates 
and pesticides can accumulate in the vadose zone and subsequent transport may indeed take years.  
As a result, irrigation water applied at the start of the 20-year GSP planning period has the potential 
to contaminate the aquifer both during and possibly after the planning period.    
 
 
3.2 Outflows 
Per the USGS model description (p.115):  “Groundwater discharge occurs from three primary 
sources - (1) evapotranspiration in areas where the water table is shallow and direct uptake from 
plants (mostly in and around the Borrego Sink) can occur; (2) a small amount of seepage from the 
southern end of the basin; and (3) groundwater pumpage for agricultural, recreational, and 
municipal uses.”  
 
Evapotranspiration (ET). 
Consumptive use of groundwater by native plants (phreatophytes) within the Borrego Basin is 
primarily associated with mesquite trees located mostly in and around the Borrego Sink where 
shallow groundwater condition historically occurred.  The current ET rate is estimated to be 400 
AFY.  Historically it is estimated that ET was 7,100 AFY prior to development-related 
groundwater extraction (USGS Report, p. 129).  It has declined over time and was estimated to be 
approximately 1,220 AFY in 1980 (Moyle, 1982).  The decrease is due to the loss of phreatophytes 
due to the long-term groundwater level decline. 
 
Groundwater Outflow. 
Similar to groundwater inflow, while the USGS model can allow for time-varying groundwater 
outflow rates, the outflow rate was relatively constant over the model duration, approximately 525 
AFY.  Note that since groundwater outflow is less than groundwater inflow (1400 AFY) there is 
a net accumulation of groundwater in the Borrego Basin at an approximate rate of 875 AFY. 
 
Total Pumping  
A starting value of 22,044 AFY is used in this draft report that corresponds to the currently-
estimated baseline pumping allocation (BPA).  The water balance calculations assume for 
demonstration purposes that pumping rates decline at a constant annual rate over a 20-year period 
until the rate is reduced to 5700 AFY.  This methodology can assume various pumping schedules 
to examine overdraft over time. 
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3.3 Current Water Balance 
 
The current water balance is shown in Figure 1.  The rate of overdraft is approximately 15,000 
AFY.  As previously described, this is based on the overall water balance parameters established 
by the USGS groundwater model and the currently-estimated baseline pumping allocation.   
 
Note that when the target pumping rate of 5700 AFY is applied there is a net negative balance of 
355 AFY equal to approximately 6% of the target pumping rate.  Given the overall uncertainties 
in the water balance, future refinements of the water balance parameters may be required should 
this methodology be used to assess cumulative overdraft under the GSP. 
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4.0 SUSTAINABLE PUMPING RATE:  
 BASELINE RATE AND REDUCTIONS 
 
SGMA describes a maximum 20-year attainment period starting in 2020 with 5-year assessment 
periods (refer to the GSP for further details).   SGMA does not mandate a 20-year period and 
therefore does not preclude using shorter timeframes for attainment.  Calculations are presented 
here for a baseline case that includes: 
 

• A baseline pumping allocation of 22,044 AFY8 
• An average annual groundwater recharge (inflow) rate of 5700 AFY (The stated value in 

the USGS Model Report.  Table 1 includes the annual values and summary statistics.) 
• Evapotranspiration (native plant ET) rate of 400 AFY 
• Groundwater outflow rate of 525 AFY 
• Irrigation return flow rate of 10% pf total pumping. 

 
An Excel spreadsheet was used to calculate the water balance where the pumping rate is reduced 
by a fixed percentage each year until the pumping rate is reduced from 22,044 to 5700 AFY at the 
end of the 20-year period.  This requires an annual reduction of approximately 6.5% per year.  The 
cumulative volume of net groundwater removal from storage, or groundwater overdraft, is 
calculated over the 20-year SGMA planning timeframe.   
 
Figure 3 shows the results.  Four groundwater recharge rates are used to calculate overdraft over 
the 20-year period using the same pumping rate reductions.   The calculates the effect of using 
recharge values from the USGS Model for low, median, and high recharge periods.  Here the 
periods of 1955 to 1974 (low), and 1975 to 1994 (high), are used to illustrate how the range of 
recharge rates compare to the rate used to set the target pumping rate.  The median recharge rate 
is also shown. 
 
Review of the results demonstrates 
  

• Total overdraft is approximately 115,000 AF when an annual average recharge rate of 5700 
AFY is assumed. 

• Overdraft is as high as 149,000 AF under the low recharge conditions (29% more than for 
the average recharge rate of 5700 AFY). 

• An overdraft of 63,000 AF occurs even under the ‘wettest’ recharge conditions 
 
 
 
  

                                                           
8 The BPA was updated to a value of 21,963 AFY in the Draft GSP after this analysis was done.  It was not revised as 
the difference is less than 0.5 percent and has no material effect on the this Report. 
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FIGURE 3 
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Irrigation return flows represent a portion of the water balance that also has a degree of variability.  
A range of 7 to 13% (of total pumping, roughly 9 to 16% of irrigation pumping) is shown in Figure 
4 using the same parameters used in Figure 3 to assess the relative impact of irrigation return flows 
on the water balance.  The overdraft after 20 years is within 6 percent of the baseline case.   
 
Overall the results demonstrate that the primary uncertainty associated with the overdraft 
calculations is due to the variability of the historically-observed recharge rates.    
 
FIGURE 4 
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4.1 Effect of Reduction Periods Less Than 20 years 
 
A maximum 20-year groundwater pumping reduction period is described in SGMA (DWR, 2017).  
The water balance calculations can be used to generally illustrate how overdraft will be affected 
by changing the reduction period.    In this case the pumping reductions are done over 10, 15, and 
20 years.  Annual pumping rates are reduced for these cases by approximately 6.5, 8.6, and 12.7 
% per year.  The same water balance values are used as done for Figure 3 with a target pumping 
rate of 5700 AFY. 
 
The result of varying the reduction periods is that overdraft is substantially reduced.  Since constant 
reduction rates were used the corresponding overdraft after 20 years went from approximately 
115,000 AF to 86,000 AF for the 15-year period.  Overdraft reduces to 58,000 AF for the 10-year 
period.  These correspond to 75% and 50%, respectively, of the overdraft that would be 
experienced after 20 years. 
 
FIGURE 5 
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The calculations are summarized in the following table.  A 10% irrigation return flow (of total 
pumping) is assumed and the total amount of recharge entering the basin is held constant at 5700 
AFY.  Outflows are also held at average annual values of 525 AFY for groundwater and 400 AFY 
for native plant consumptive use (evapotranspiration, or ET).   
 
Based on these values there is a net negative balance of 355 AFY using the target pumping rate.  
The relative impact of the negative balance is small compared to the magnitude of the cumulative 
overdraft for the 10, 15, and 20 year periods. 
 
FIGURE 5, continued 
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5.0 RELATIONSHIP BETWEEN OVERDRAFT AND WATER LEVELS 
 
The water balance calculations provide a broad overview of hydrologic conditions within the 
Borrego Basin and directly relate to the effect of pumping restrictions specific to groundwater 
sustainability.    Water level declines within the Borrego Basin will vary within the aquifer 
depending on localized pumping rates, localized aquifer response to pumping and overdraft, site-
specific aquifer conditions, and recharge.   
 
5.1 Calculating Water Level Decline in Response to Overdraft 
 
Overdraft has caused and continues to cause water levels in the aquifer system to decline fairly 
rapidly over time.  The water is coming from water stored in the aquifer.   Here the aquifer is 
comprised of sand, silt, and clay- materials that have open pore space that contains water.  When 
the water level is lowered most of the water drains from the aquifer with some of the water being 
retained.    
 
A hydrologic parameter known as the specific yield (Sy) expresses how much water will freely 
drain from an unconfined aquifer, as a percentage of the aquifer volume, as water levels drop.  For 
example, a Sy value of 10% means that a 1 cubic foot of aquifer will yield one 0.1 cubic foot of 
water for a water level drop of 1 foot9.  However, locally under pumping, water levels at specific 
wells would also depend on the hydraulic conductivity (K) of the particular aquifer materials 
intersected by the well and on the well characteristics.  For a well being pumped the drawdown 
(drop in water level in the well) is approximately proportional to pumping rates, and inversely 
proportional to hydraulic conductivity; hence an order of magnitude reduction in K would increase 
drawdown approximately by an order of magnitude.  In addition to the general consideration of 
overdraft and storage depletion this has implications on the choice of well location, well 
construction (screen interval, etc.), and potential energy costs.  
 
The USGS model uses three sets of Sy values for the upper, middle, and lower aquifers.  Review 
of Table 18 of the USGS model report indicates that Sy varies spatially for each of the aquifers.  
The average Sy values for these three aquifers in the model are: 
 
  Upper Aquifer:  0.13 
  Middle Aquifer: 0.11 
  Lower Aquifer:  0.04 
 
The model Sy values for the upper and middle aquifers are roughly similar and mean that the water 
level in the aquifer will drop at roughly the same rate as water is extracted from these aquifers.  
This is important because it means that current water level decreases are roughly proportional to 
the amount of overdraft.   In contrast the rate of water decline due to removal of water from storage 
                                                           
9 In terms of acre-feet (AF), an acre-wide area of the aquifer will yield 0.1 acre-feet of water when the water level 
drops one foot for a Sy = 0.10.  Under these conditions a ten-foot drop in water level is required to release one AF 
of water from an acre of the aquifer. However, locally, water levels in production wells will also depend on the 
hydraulic conductivity (K) of the aquifer.  Drawdown at a well will increase as K decreases in order to maintain a 
constant production rate. 
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will accelerate approximately 3-fold should the middle aquifer be dewatered.  This comparison 
assumes that the middle and lower aquifers are unconfined- an assumption made in the model 
construction that may not be valid across the Borrego Basin.   
 
The USGS Report examined six future pumping scenarios.  Scenario 6 assumed that agricultural 
pumping would be reduced to 40% of the 2010 rates and that municipal and recreational pumping 
would be reduced by 50% (USGS report Table 20).  After 20 years the pumping rates are held 
constant for another 30 years.   The starting pumping rate was 18,271 AFY and total pumping in 
year 20 decreases to 7824 AFY.   This Scenario does not comply with SGMA sustainability 
requirements but is used here to show how water levels relate to overdraft.  The reduced pumping 
rate of 7824 AFY is 37% above the 5700 AFY target and is too high to prevent long-term overdraft 
and achieve sustainability. 
 
Cumulative overdraft after 50 years, as shown in Figure 6, is approximately 200,000 AF for 
Scenario 6.  Prior water balance calculations to achieve sustainability after 20 years under SGMA 
projected an overdraft of approximately 115,000 AF – a point that is reached after 14 years of 
pumping in Scenario 6. 
 
Figure 7 (Figure 56 from the USGS Report) shows that water level drawdown calculated by 
Scenario 6 ranges from 26 to 75 feet in the northern half of the BGVB.  The scenario does not 
specifically show where water levels occur relative to the upper and middle aquifer systems but it 
noted in the report that “the levels do not decline to the middle aquifer in most of the basin” (p. 
124).   
 
If the specific yields of the upper and middle aquifers are similar where overdraft occurs, then the 
change in water levels due to loss of water in storage will be directly proportional to the degree of 
overdraft.  Under these assumptions the water levels associated with an overdraft of 115,000 AF 
will be roughly be just more than half of the drawdown indicated in Figure 7.  
 
In summary, Scenario 6 is presented as an example of how overdraft as a total volume of water 
pumped from the aquifer can be related to water level decline.  It is important to note that the 
USGS scenarios provide a large-scale depiction of groundwater conditions and may not represent 
conditions observed at individual wells or subareas of the Borrego Basin.   While local trends may 
be able to be correlated to local pumping rates, the assessment of localized groundwater conditions 
under varying pumping conditions will require use of the model.    
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FIGURE 6 
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FIGURE 7 
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5.2 Water Level Decline in BWD Production Wells 
 
The BWD currently operates eight production wells located in all three groundwater management 
areas (north, central, and south).  The current rate of water level decline in the basin is on the order 
of 1 to 3 feet per year (refer to the GSP for additional information).   
 
Conceptually groundwater occurs in three aquifers denoted as the upper, middle, and lower 
aquifers.  Long-term overdraft has effectively led to the loss of much of the upper aquifer as a 
viable water source across much of the valley.  Wells completed in the middle aquifer to date, 
while not as prolific as wells that were originally installed in the upper aquifer, have been observed 
to have good water production rates.  Of concern is that the once water levels drop into the deeper 
aquifers with finer-grained materials and lower permeability, water level declines at BWD 
production wells have the potential to increase in response to pumping. 
 
A well-by-well analysis is included in Appendix C and is the subject of further threshold analysis 
in the GSP. 
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6.0 MONTE CARLO SIMULATION (MCS) UNCERTAINTY ANALYSIS:   
 
All of the water balance inflow and outflow parameters are subject to uncertainty.   One way to 
explicitly incorporate uncertainty into the calculations is using a methodology known as Monte 
Carlo Simulation (MCS).  Each of the parameters is assigned a range of values.  The water balance 
calculations presented in Figure 3 are then done multiple times by repeated random sampling 
within the parameter ranges to obtain numerical results.  The calculations provide a range of 
values, rather than a single value.   
 
The essential idea is to create a set of randomly-generated values to examine how the overall water 
balance is affected by parameter uncertainty.  The results are then examined statistically and can 
be used to assess a plausible range of outcomes and support decision making.   In other words, the 
range of potential overdraft shown in Figure 3 can be expressed statistically instead of being 
shown as two extremes.   
 
6.1 Constant Recharge Rate Case (5700 AFY)  
The following constant recharge case assumes that recharge occurs at the stated average of 5700 
AFY and pumping is reduced from 22,044 AFY to 5700 AFY over a 20-year simulation period.  
The following are used for the constant recharge rate case MCS: 
 
Inflow: 
Groundwater Inflow:  A value of 1400 AFY that ranges +/- 10 percent.  A normal distribution 
(“bell curve”) is used for the range as the USGS model had little flow variation. 
 
Natural Recharge:  Held for this first example at the target value of 4300 AFY to assess the effect 
of uncertainty related to the other water balance parameters independent of recharge.  (Recall that 
total recharge is groundwater inflow + surficial recharge, and totals 5700 AFY as stated in the 
USGS Model Report) 
 
Irrigation Return Flow:  An irrigation return flow rate of 10% is used, with a range of 5 to 15% 
based on a normal distribution to fully capture the range of 7 to 10%. 
 
Outflow:  
Groundwater Outflow:  A value of 525 AFY that ranges +/- 10 percent.  A normal distribution is 
used for the range as the USGS model had little flow variation. 
 
Evapotranspiration:  400 AFY with a range of +/- 100.  A Uniform Distribution is used where the 
ET rate varies from 300 to 500 AFY. 
 
Pumping Rate:  Reduced over the 20-year period from 22,044 to 5700 AFY, as done in Figures 5 
and 6.   It is a time dependent variable- no uncertainty or range of values has been assigned. 
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Here the MCS was repeated 10,000 times to develop a range of values for the cumulative overdraft 
as shown in Figure 8.  Since irrigation return flows have the highest uncertainty in the MCS 
simulation the figure appears very similar to Figure 3, with the except that the range of values can now 
be expressed in terms of a probability distribution function (PDF) as shown as a histogram in Figure 9. 
 
FIGURE 8
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Figure 9 is a histogram showing the range of results after 20 years. 
 

 
 
Review of the results show that when recharge is held constant the other parameters have relatively 
minor influence.  The overdraft after 20 years in the MCS had a range of from approximately 
110,500 to 118,500 AF, or +/- 4,000 AFY (3.5 percent), and has a Normal Distribution.    
 
When Figure 8 is compared to the extremes shown in Figure 3 it is clear that the primary 
consideration for groundwater management is the potential variability in the recharge rate as driven 
by rainfall variability.   
 
The next section expands the MCS calculation to include a range of recharge rates based on the 
USGS model results.  
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6.2 MCS Uncertainty Analysis:   
Time-varying Recharge Based on USGS Model History 

 
The effect of time-varying recharge is evaluated using the MCS methodology based on the 
recharge values produced over the model period (as shown in Figure 3).  All of the simulations 
are based on the target pumping rate of 5700 AFY being achieved by year 20.  Here, 20-year 
periods are selected at random from the time series.  Alternatively, annual data could be randomly 
selected based on the distribution of values, but this was not done because review of the recharge 
values shows that there is periodicity within the time series.  In effect the MCS provides for a 
series of ‘what if’ analyses where the 20-year SGMA attainment period could occur for any 
historical 20-year period and thus examine the potential variability in the water balance as 
exhibited by the model. 
 
Fifty-three 20-year periods (from 1945 to 2016) are used in the MCS, together with the parameters 
presented in the previous section.  Figure 10 shows the MCS simulations in terms of the average 
and percentiles.  Shown are the 20th through 80th percentiles.  Percentiles group the data in order- 
a 20th percentile means that 20% of the values fall below the 20th percentile and 80% are above 
the 20th percentile.   Since the simulations are looking at different time periods the values translate 
to rate of occurrence.  For example, values below the 20th percentile occur 20% of the time.10   
 
FIGURE 10  Cumulative Overdraft.  20th/40th/60th/80th percentiles 

 

                                                           
10 Percentiles are used here to describe the results.  Figure 11 shows that the results are not well described by 
simple statistics.  For example, the average value is much different than the median since the values are ‘skewed’ 
towards lower recharge values.   
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The simulated overdraft at 20 years ranges between approximately 60,000 and 152,000 AF within 
the percentiles shown in Figure 10.   The overdraft ‘curve’ that assumes a 5700 AFY average 
annual recharge is approximately equal to the 55th percentile- meaning sustainability occurs for 
45% of the simulations.  For reference calculations that use a constant annual recharge rate of 5700 
AFY leads to an overdraft of 114,500 AF (approximately 115,000 AFY). 
 
FIGURE 11.   

 
 
The recharge variability is quite significant compared to the baseline case where a constant annual 
recharge rate is assumed.   As calculated the cumulative groundwater extraction and degree of 
overdraft after 20 years is 54,000 to 37,000 AF above or below the mean of 114,500 AF.  Figure 
10 shows the range of values at the end of the 20-year MCS period.   
 
In contrast to the results shown in Figure 8 where recharge uncertainty is not assessed, the 
histogram is asymmetric and shows that high recharge periods occur much less frequently than 
low recharge periods.   This can also be seen in Figure 2 by the ‘spikes’ in the annual data 
corresponding to high recharge years.    
 
In essence the use of random 20-year periods to develop the MCS is equivalent to saying that the 
20-year GSP period could begin any time from 1945 to 1996.  Recharge is highly variable over 
the model period.  It is noteworthy that an extreme low recharge period (1955 to 1974) was 
immediately followed by an extreme high recharge period (1975 to 1994).  The MCS allows for 
additional analysis of the recharge variability between these extremes over the model period (1945 
to 2016). 
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6.2 MCS-based Analysis:   
What happens after 5 years of low or high rainfall? 

 
The MCS results can be used to examine ‘what if’ scenarios.  In this case since the GSP is being 
proposed to be reviewed at 5-year intervals, the MCS is used to examine whether having 5 years 
of observations can allow for a prediction of the next 15 years.  In other words, if there is an initial 
5-year ‘wet’ or ‘dry’ period do the MCS results support revision to the target pumping rate?  A 5-
year period was used to correspond with the GSP review period. 
 
For this example, the MCS results shown in Figure 9 were sorted in terms of ‘wet’ and ‘dry’ 
periods where the cumulative overdraft values after 5 years were sorted from high to low.  The 
upper and lower 20% portions of the values were then separated for analysis.    
 
The cumulative overdraft for the two sets of recharge values that correspond to initially ‘wet’ or 
‘dry’ periods.  Here the maximum and minimum values are used to show the range of values for 
the two cases in Figure 12.   For reference the baseline sustainable pumping case results in an 
overdraft of approximately 115,000 AF after 20 years. 
 
Figure 12 
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The values were sorted into two sets corresponding to the highest and lowest 20% of recharge after 
five years.  Shown in the Figure are the full ranges of the two data sets described here as ‘wet’ and 
‘dry’.  Review of the MCS results shows that  
 

• The 5700 AF target pumping rate will have a high likelihood of achieving sustainability 
after an initial ‘wet’ 5-year period.   The lowest recharge rate after 20 years for this data 
set leads to an overdraft of approximately 126,000 AF (9% more than the baseline case).  
 

• If ‘dry’ conditions occur over the initial 5-year period overdraft will not exceed the 
sustainability threshold approximately 40% of the time.  However, an initial ‘dry’ period 
does not preclude the Borrego Basin from being sustainable after 20 years as 40% of the 
time there is sufficient recharge to meet the sustainability threshold. 
 

• The MCS indicate that overdraft could range from approximately 60,000 AF to 152,000 
AF due to the high level of variability in recharge rates over the 1945 to 2016 model period.  
This wide range creates a high level of uncertainty as indicated by the overlap between the 
two sets of data.    
 

• Having 5 years of observations that demonstrate that ‘dry’ conditions occur does not 
substantially improve the MCS outcome of potential overdraft after 20 years.  Here the 
range of outcomes after 5 ‘dry’ years is very wide and in years 12 to 14 can result in high 
recharge rates that are similar to the ‘wet’ data set.  Comparison of the MCS results for all 
of the data shown in Figure 9 shows that the threshold is met approximately 45% of the 
time versus 40% of the time after 5 years of ‘dry’ conditions. 
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7.0 BASELINE PUMPING AND MCS SUMMARY 
 
The 5700 AFY pumping target has been evaluated based on water balance calculations for the 
Borrego Basin.   
 

• Ongoing overdraft can be substantially controlled using the 5700 AFY pumping target.  
The water balance calculations include groundwater recharge, groundwater discharge, 
pumping, irrigation return flows, and evapotranspiration-related water demand from native 
vegetation (groundwater dependent ecosystems).  An additional 115,000 AF of overdraft 
occurs over a 20-yr period as calculated in this Draft Report.  For comparison the amount 
of overdraft was 520,000 AF as of 2016 (as reported in Chapters 2 and 3 of the Draft GSP). 
 

• Projected overdraft over a 20-year period is greatly affected by variability in recharge rates.  
Instead of assuming an average annual recharge rate of 5700 AFY, the recharge rates are 
based on the results of the USGS Groundwater model for the period of 1945 to 2016.   The 
long-term groundwater supply highly depends on ‘wet’ years with high recharge rates; 
however, these occur on a decadal scale and may not coincide with the 20-year GSP 
planning period.   
 
A clear example of the variability inherent in the recharge values is that the 20-year period 
from 1955 to 1974 was one of the ‘driest’ and it immediately preceded one of the ‘wettest’ 
periods from 1975 to 1994.   The average annual recharge rates for these two periods of 
‘dry’ and ‘wet’ precipitation were 3,975 and 11,907 AFY, respectively.  
 

• Accelerated reduction periods, for example 10 to 15 years versus 20 years, can provide 
significant and proportional decreases in total overdraft (storage loss) and related water 
level decline.  Because overdraft occurs cumulatively over the reduction period, the relative 
uncertainty associated with the overdraft also increases with time.  Thus uncertainty is 
reduced with shorter reduction periods and a longer time is available to confirm that 
sustainability has been achieved within the 20-year GSP planning period,  
 

• Uncertainty associated with the overdraft calculations is dominated by the historical 
variability of recharge rates.  The other water balance components such as groundwater 
demand of native vegetation and irrigation return flows are of lesser importance.  
Additional uncertainty is associated with the time required for irrigation return flows to 
travel from the land surface to the underlying aquifer, the amount of return flows to 
application rates that may actually ever reach the water table, and the potential 
contaminants in such return flows.   
 

• Overdraft, expressed as the total volume of water that is extracted from the aquifer, can be 
generally related to water levels when drawdown occurs within the upper and middle 
aquifers given the Sy and K values used in the USGS model.   Here the USGS model 
predictions for water level decline (USGS Scenario 6) are reviewed for comparison to the 
calculated overdraft.  Note that the USGS’ scenario does not attain sustainable groundwater 
conditions and is not acceptable under SGMA.   
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With decreasing water levels water supply wells will necessarily be pumping relatively 
more water from the middle and lower aquifers.  Because aquifer storage and permeability 
decreases with depth well yields are expected to decrease.   Water level drawdown at the 
wells will also increase in order to extract similar amounts of water compared to wells 
screened in the upper aquifer. 
 

• Statistically-based ‘what if’ Monte Carlo Simulations were used to look at what may be 
observed after 5 years of pumping reductions following ‘wet’ or ‘dry’ periods.   A 5-year 
period was used that corresponds to the proposed GSP review cycle.  Having 5 years of 
additional observations that demonstrate that ‘dry’ conditions occur does not substantially 
improve the projection of potential overdraft after 20 years.  The percentage of the time 
that the simulations showed that percentage of time that sustainability was achieved 
decreased from 45% (for all of the data) to 40% after a 5-year ‘dry’ period, if this period 
was used to ‘adjust’ the target sustainable yield amount.  

 
The draft report is limited to assessment of the volume of water associated with ongoing overdraft 
and pumping reduction necessary to balance groundwater use with groundwater replenishment by 
recharge.  While the calculations presented in this report can provide insights towards 
quantification of overdraft and related changes in water levels calculations, it cannot replace 
ongoing observations and continued efforts to reduce groundwater pumping.   Considerations 
going forward include: 
 

• Are there changes in Water Quality related to overdraft that would necessitate additional 
pumping restrictions?   The Borrego Basin is a relatively ‘closed’ groundwater system 
where minerals and contaminants will accumulate as water is used.  The water balance 
analyses do not consider or account for changes in water quality related to natural or 
anthropogenic sources. 
 

• The USGS model includes three layers for the upper, middle, and lower aquifers.  Model-
based projections of water level decline do not account for depth-dependent variations that 
may occur in the aquifer systems.  It also assumes that unconfined conditions occur- should 
locally confined aquifer conditions occur more rapid drawdown is expected to occur in 
production wells than would be projected by the model.  

 
• How to incorporate the effect of decadal recharge events given the 20-year SGMA planning 

period?  Recharge variability occurs at a time scale greater than 20 years.  A clear example 
is the two consecutive ‘dry’ and ‘wet’ periods- 1955 to 1974, and 1975 to 1994 as noted in 
the summary. 
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• How much of a ‘miss’ can be allowed during and after the 20-yr GSP planning and 
management period?  Based on the MCS calculations (Figure 10) if overdraft is allowed 
to exceed by 20% (20% above the 114,500 AF mark or 137,400 AF) the MCS calculations 
support that the target pumping rate will succeed approximately 70 percent of the time.   
 

• The MCS is based on recharge values from the model for the historical period of 1945 to 
2016.  The analysis assumes that the time series can be projected into the future and that 
the statistics (such as the mean and variance) don’t change and can also be projected 
forward in time and are described as ‘stationary’.   The reasonability of this assumption 
must be considered by BWD when managing financial risk.  One factor to consider is the 
potential for future recharge rates to decrease due to climate change.  It is understood that 
the GSP will incorporate climate change projections when using the groundwater model to 
examine future overdraft conditions. 
 
The uncertainty associated with the magnitude of Irrigation return flows and time required 
for water to transit the vadose zone affects the water balance.   While recharge variability 
is the dominant factor specific to the water balance, and inflow from adjacent watersheds 
provides the bulk of the water being recharged, irrigation return flows are a significant 
component of the current water balance during ‘dry years’.  This has the greatest impact 
early in the GSP process as the relative contribution of irrigation flows will decrease over 
time as pumping will be required to be reduced on the order of 70% to achieve 
sustainability.  
 

• Should a factor of safety be applied to the target pumping rate or can revisions to the 
pumping rate be adaptively managed during a 20-year GSP period?  Or should both be 
considered together?   Or should a more aggressive reduction schedule be used to reduce 
the attainment period? 
 

• Of concern is the relatively low resilience of BWD and its SDAC customer base to recover 
from miscalculations of initial GSP policy decisions.  BWD is a relatively small municipal 
water district with limited borrowing capacity and small amount of cash reserves. Failure 
to include an adequate factor of safely into starting GSP policies could potentially place 
undue financial risk on the BWD and unrecoverable economic risk on its SDAC customer 
base.  Based on the present analysis, an assumption that adaptive management by making 
policy changes every 5-year period, does not assure a means to recover from mistakes in 
initial GSP policy decisions based on ‘better’ future data. 
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Recommendations 
 

• Additional analysis is needed as to the potential financial risk for the BWD and economic 
risk to the Borrego community from policy and starting assumptions in the GSP.  Among 
the considerations include the impact of potential water quality changes and overdraft 
impacts on BWD production wells, potentially unexpected cost impacts to BWD, and the 
potential impact of costs and water reductions to the severely disadvantaged Borrego 
Springs community. 
 

• Additional analysis and contingency planning are needed to determine how adaptive 
management will be used during implementation of the GSP to correct or modify initial 
policy assumptions, should the ongoing decrease in water levels exceed expectations either 
due to exceptionally low rainfall or other unexpected conditions.  Among the factors 
necessary to implement effective adaptive management practices include sustainability 
agency governance, and enforcement, identification of potential funding methods, ongoing 
evaluation of pumping and water quality data, and ongoing review of monitoring and water 
quality standards.  
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8.0 WATER SUPPLY VARIABILITY AND UNCERTAINTY:   
 WATER QUALITY 
 
A detailed analysis of water quality data was developed to address the question of whether 
historical water quality data and ongoing water testing be used to predict future water quality.  The 
work is included in its entirety as Appendix B, and was included in the Draft GSP as Appendix 
D2.   The ENSI report is entitled Water Quality Review and Assessment: Borrego Water District 
(BWD) Water Supply Wells, dated 12/7/2018.  
 
The 12/7/2018 water quality assessment report expanded on the water quality trend analyses 
conducted by Dudek prior to development of the GSP.   The spatial variability of water quality 
within the Subbasin was organized by Dudek in terms of the Northern, Central, and Southern 
Management Areas (NMA, CMA, and SMA).    The report also organizes the wells and data by 
these management areas.   
 
A multi-parameter analysis of major anion and cation sampling data was conducted for historical 
and active BWD wells dating back in some instances to the 1970s.  The results showed that 
systematic variations in groundwater quality occur within the Subbasin that generally follow pre-
development groundwater conditions.  The NMA and CMA waters are similar in nature and can 
be viewed from a groundwater perspective as having evolved along flowpaths that go from 
recharge areas into the central portion of the basin coincident with the Borrego Sink.  The SMA 
differs due to having recharge waters from San Felipe Creek that originate from a different 
hydrologic regime.  The aquifer sediment characteristics are also different. 
 
Historical data, particularly when plotted on tri-linear (Piper) diagrams, reveal how dewatering of 
the upper aquifer has led to changes concentrations of naturally-occurring minerals, and show how 
overdraft has affected the quality of water.   In general, the water that has been extracted from the 
upper aquifer system as a result of overdraft was of higher quality (specifically lower TDS and 
sulfate) that occurs deeper in the aquifer system. 
 
Relationships among multiple water quality parameters were examined as a means to support trend 
analyses for the five primary chemicals of concern (COCs) that include arsenic, total dissolved 
solids (TDS), nitrate, sulfate, and fluoride (As, TDS, NO3, SO4, and F).  A well-by-well analysis 
was performed for each of BWD’s active water supply wells.  Currently the wells produce potable 
water that meets drinking water standards without the need for treatment. 
 
Inorganic water quality for naturally-occurring minerals (sulfate, TDS, sodium, and chloride) 
generally decreases with depth; however, there is a lack of depth-specific sampling data primarily 
because the production wells have relatively long screen sections and water samples represent a 
mixture of water derived from the wells.  Exceptions include short-screened monitoring wells 
installed as part of the GSA’s groundwater monitoring program, and limited profiling data from 
2013 presented by the DWR (See Figure 10, Appendix B). 
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Sulfate in groundwater is increasingly becoming of concern as the upper aquifer system dewaters 
due to overdraft.  Sulfate is shown in Appendix B to generally correlate with TDS.  Electrical 
conductivity measurements are commonly used to assess TDS.  In this case they can be used as a 
field-based monitoring tool for TDS, and in turn support tracking of sulfate.  The TDS profiles 
presented by DWR (Figure 10 of Appendix B) are examples of electrical conductivity 
measurements used to evaluate TDS. 
 
Nitrate in groundwater, as commonly noted in prior water quality studies referenced in Appendix 
B, has led to maximum contaminant level (MCL) exceedances and the primary sources of nitrate 
in the Subbasin include fertilizers associated with agriculture and turf grasses (golf courses), and 
septic systems.  Nitrate concentrations are primarily related to land-based activities and do not 
correlate with inorganic water quality data.  Overall determination of historical impacts and 
ongoing susceptibility of the aquifer to nitrate contamination will require review of prior, current, 
and future land use placed in a spatial context.  Work done by DWR (for example as illustrated in 
Figure 11 [Appendix B]) is an example of how land use information can be used. Among the land 
use parameters that would go into a nitrate source analysis would the location and types of septic 
and sewer systems, current and historical agricultural activities, and current and historical irrigated 
turf/golf courses. 
 
Arsenic in groundwater is of high concern because treatment to drinking water standards (MCLs) 
is relatively expensive.  Arsenic concentrations above MCLs currently occur in groundwater in the 
South Management Area, primarily in wells installed for the Ram’s Hill Golf Course.  Historically, 
during the period of ~2010 to 2014, arsenic concentrations were at or near the MCL in multiple 
BWD production wells.  Fortunately, the trends have reversed.  The potential for MCLS to be 
exceeded is of high concern to BWD due to the potential cost of water treatment and/or well 
replacement. The MCL was temporarily exceeded in one well, ID1-10.  Review of the data shows 
that there is a relationship between pH and arsenic where elevated arsenic concentrations occur 
under alkaline conditions with pH levels of approximately 8 and greater.  Especially noteworthy 
is that peak arsenic concentrations can be observed to occur after the peak pH was observed in 
multiple wells (ID1-10, ID1-16, Wilcox, and ID1-8).  The lag time is approximately 2 to 4 years.  
While additional data and observations are required to further assess the connection between 
arsenic and pH, this relationship could prove important toward the monitoring and management of 
BWD’s water supply. 
 
Overall, work to date has determined that well water quality trends can generally be identified 
spatially and with depth.  Temporal trends for COCs in BWD production wells have been observed 
to be variable, and for example with arsenic, showed temporary increases that are not fully 
understood and will require further attention as BWD’s water supply management and cost would 
be dramatically impacted by the need for water treatment, should that arise in the future.   
 
Please refer to Appendix B for specific details and recommendations.  The report summarizes the 
geochemical analysis of 22 historical and current BWD wells as depicted in Figure 7 of the report: 
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The table of contents of the 12/7/2018 report follows for reference.  Section 1 of the report provides a 
summary overview of hydrologic conditions used to support the water quality review and assessment.  
The remaining sections present the data analysis as indicated. 
 
1.0 HYDROLOGIC CONDITIONS  
 1.1 Basin Location and Setting: Contributory Watersheds  
 1.2 Historical Groundwater Conditions  
 1.3 Stratigraphy and Aquifer Conceptual Model  
 
2.0 WELLS AND DATA USED IN THIS ANALYSIS  
 
3.0 SUBBASIN-WIDE WATER QUALITY: GENERAL MINERALS, ARSENIC, AND NITRATE  
 3.1 Spatial Overview (DWR, 2014; Stiff Diagrams)  
 3.2 General Minerals: Spatial Variability Based on Piper Diagrams  
  3.2.1 Data Quality Review: General Minerals  
 3.3 General Minerals: Variations Over Time at Wells, Piper Trilinear Diagrams  
 3.4 TDS with Depth  
 3.5 Nitrate  
  3.5.1 Supporting Information Regarding Nitrate  
 3.6 Arsenic  
  3.6.1 Supporting Information Regarding Arsenic  
 3.7 Correlations Among Water Quality Parameters (Combined Data Assessment)  
  3.7.1 Water Quality Data Correlations  
 3.8 General Minerals: Summary of Observations  
 
4.0 COCS AT BWD WATER SUPPLY WELLS  
 4.1 North Management Area (3 Wells: ID4-4, ID4-11, and ID4-18)  
 4.2 Central Management Area (5 Wells: ID1-10, ID1-12, ID1-16, ID5-5, and Wilcox)  
 4.3 South Management Area (1 Well: ID1-8)  
 
5.0 SUMMARY  
 5.1 Other Potential COCs  
 5.2 Recommendations 
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9.0 WATER SUPPLY VARIABILITY AND UNCERTAINTY:   
 BWD WATER PRODUCTION 
 
A detailed analysis of hydrogeologic conditions and groundwater model results was developed to 
address the question of how will continued overdraft affect BWD water supply well production.   
The ENSI report is entitled Assessment of Water Level Decline, Hydrogeologic Conditions, and 
Potential Overdraft Impacts for Active BWD Water Supply Wells, dated 1/7/2019.  The work is 
included in its entirety as Appendix C. 
 
The 1/7/2019 Report is intended for use as the GSP is implemented as a means of evaluating well 
performance relative to the SGMA threshold criteria (see Section 3 of the Draft GSP).  For 
example, the Draft GSP has established drawdown thresholds for BWD wells based on screen 
intervals (see Table 3-4 of the GSP) with the intent to establish a maximum allowable impact in 
support of the SGMA sustainability criteria.  This is explained in the draft GSP (Section 3.3.1) as 
follows: 
 
“The GSP regulations provide that the “minimum threshold for chronic lowering of groundwater 
levels shall be the groundwater level indicating a depletion of supply at a given location that may 
lead to undesirable results” (Title 23 CCR Section 354.28(c)(2)).  
 
Chronic lowering of groundwater levels in the Subbasin, as discussed in Section 3.2.1, Chronic 
Lowering of Groundwater Levels – Undesirable Results, cause significant and unreasonable 
declines if they are sufficient in magnitude to lower the rate of production of pre-existing 
groundwater wells below that necessary to meet the minimum required to support the overlying 
beneficial use(s), where alternative means of obtaining sufficient groundwater resources are not 
technically or financially feasible.  In addition, GWEs [ed:  groundwater elevations] will be 
managed under the minimum thresholds to ensure the several aquifers in the Subbasin are not 
depleted in a manner to cause significant and unreasonable impacts to other sustainability 
indicators. At the same time, the GSA is mindful that groundwater levels are anticipated to fall 
below 2015 levels before they are stabilized by the end of the GSP implementation period. Thus, 
the minimum thresholds have been designed with that circumstance in mind. 
 
Maintaining groundwater levels above saturated screen intervals for pre-existing municipal wells 
during an anticipated multi-year drought circumstance was selected as the minimum desired 
threshold for GWEs that would be protective of beneficial uses in the Subbasin.  This minimum 
threshold in most cases would also be protective of non-potable irrigation beneficial uses. 
 
Explained as follows, these minimum thresholds are also intended to protect against significant 
and unreasonable impacts to groundwater storage volumes, water quality and the beneficial uses 
of interconnected surface water.” 
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A key concept going forward is that ongoing overdraft is causing water levels to continue to drop 
and affect hydraulic conditions and well operation.  In many cases sparse well-specific hydraulic 
test data are available, and the model developed to assess basin-wide hydrologic conditions is 
being used assess local, well-specific conditions.  This gives rise to substantial uncertainty as the 
groundwater model is being used to predict future water level decline.  The report, included as 
Appendix C, was developed as follows: 
  
1) Construct and evaluate hydrographs depicting measured groundwater levels and model 
predicted groundwater levels at each well, and examine water level decline trends at 
each BWD water supply well.  The hydrograph data were provided to ENSI by Dudek as the GSP 
was being developed.  These data will be updated as part of the GSP process.  
 
Observed groundwater elevations at the nine BWD wells and model-estimated groundwater 
elevations calculated as part of the Groundwater Model Update by Dudek are presented in 
hydrograph plots (Figures 3 to 12 [Appendix C]).  Dudek’s update used the calibrated USGS 
model (1945 to 2005) and incorporated additional hydrologic data to extend the model period 
through 2016. (Their model update report is included in Appendix D of the Draft GSP). 
 
In the larger perspective the groundwater model generally replicates the overall decrease in water 
levels and loss of groundwater from storage that has been and continues to occur in the Subbasin 
due to overdraft.  Groundwater elevation decline observed at each of the BWD wells has ranged 
from 20 to 89 feet for each of the wells.  The water level elevation decline rates observed in eight 
of the nine wells over the past decade range from 0.6 to 4.5 feet/year based on linear trends fitted 
to the water level data (Table 3 of Appendix C).  Well ID1-10 is an exception and has exhibited a 
rise in groundwater elevation over the past 10 years.  Note that ID4-4 is scheduled to be replaced 
in 2019. 
 
The differences between the observed and modeled groundwater elevations over time are depicted 
for eight of the nine BWD water supply wells (Figure 3, included below).  Figure 3, further 
described in Appendix C, clearly illustrates how the model calibration process provide a large-
scale statistical fit that results in both over- and under-estimates of water level elevation and that 
the differences can vary over time.  Future work done in support of the 20-year GSP process will 
likely include review and revision of the groundwater model. 
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2) Develop lithologic logs for each of the BWD wells as derived from driller’s logs and 
available detailed geologic cross-sections and related studies.  Use the interpreted logs 
to compare local well conditions to the larger-scale hydrogeologic parameters used in 
the USGS Model [USGS Model Report, 201511]. 
 
Here the driller’s logs are the only available subsurface data for each of the wells.  Driller 
observation can vary significantly in terms of detail and quality so the logs presented in Appendix 
C are based on professional experience and a high level of interpretation was employed, including 
the review of underlying hydrogeologic reports. 
 
3) Compare the hydrographs and model-based water level predictions to the lithologic logs 
to provide an understanding of well-specific hydrogeologic conditions at BWD’s nine 
water supply wells. 
 
Comparison of the observed and model-calculated water level elevations can be used to support 
the use of the groundwater model at BWD well locations. The model works to provide a 
statistically-based ‘fit’ of observed and predicted water levels and tends to average conditions 
across the Subbasin.  As a result, while the model provides a Subbasin-wide assessment of 
hydrologic conditions, local water level elevations calculated by the model can be higher or lower 
than those observed by water level elevations obtained by measurements at the wells.  If the water 
level elevations calculated by the model are lower than observed, the model is said here to 
overestimate water level declines and thus overestimate overdraft.  From a BWD management 
perspective this means that the use of the model is protectively conservative and allows for a 
margin of error.  Conversely, if the model-calculated water levels are higher than those observed 
at a well the model is said to underestimate water level decline and overdraft.  In both cases the 
understanding of model behavior can be used to support the localized use of the model. 
 
  

                                                           
11 [USGS Model Report, 2015] Faunt, C.C., Stamos, C.L., Flint, L.E., Wright, M.T., Burgess, M.K., Sneed, Michelle, 
Brandt, Justin, Martin, Peter, and Coes, A.L., 2015, Hydrogeology, hydrologic effects of development, and 
simulation of groundwater flow in the Borrego Valley, San Diego County, California: U.S. Geological Survey 
Scientific Investigations Report 2015–5150, 135 p., http://dx.doi.org/10.3133/sir20155150 
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4) Use the model aquifer geometry and local hydraulic conductivity values to calculate 
aquifer transmissivity, a measure of aquifer productivity, for each BWD well location. 
Based on observed water level decline, calculate the change in transmissivity as a function 
of aquifer saturation to assess how overdraft will potentially affect BWD water supply 
well production. 
 

 
Figure 22, further explained in Appendix C, depicts the change in transmissivity over time 
expressed as a ratio, starting at a value of 1 and decreasing.  The annual rate of water level decline 
is noted for each well in the chart labels, was assumed constant, and ranges from 0.6 to 4.5 ft/year.  
A future water level decline rate of 1.0 ft/year is provisionally assumed for the ID1-10 replacement 
well.  
 
Transmissivity is a parameter the is equal to the hydraulic conductivity of the sediment 
encountered by the well multiplied by the saturated thickness.  As water levels decline due to 
overdraft so does the ability of the well to produce water as flow is proportional to the 
transmissivity.  Wells where large declines in transmissivity occur, such as ID5-5, ID4-18, and 
ID1-8, will be the most vulnerable to continued overdraft.   
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Overdraft will affect all of the wells, with the most significant loss in production occurring in a 
subset of the wells when the upper aquifer is dewatered.  As water production shifts to the middle 
aquifer the well capacities decrease and production rates are expected to generally decrease to 
varying degrees as a function of water level. 
 
The table of contents of the 1/7/2019 report follows for reference.  Section 1 of the 12/7/2018 
report (Appendix B) provide a summary overview of hydrologic conditions.   
 
1.0 WELLS USED IN THIS ANALYSIS 
 1.1 BWD Well Production and Demand 
  1.1.1 Future Water Demand 
 
2.0 HYDROGEOLOGIC CONDITIONS AND CONCEPTUAL MODEL 
 2.1 Aquifer Properties Assigned to the Groundwater Model at BWD Wells 
 2.2 BWD Water Supply Wells: Water Level Hydrographs 
       and Observed Long-Term Water Level Decline 
 
3.0 BWD WATER SUPPLY WELLS: INTERPRETED HYDROGEOLOGY FROM 
 DRILLER’S LOGS 
 
4.0 EFFECT OF CONTINUED OVERDRAFT (LONG-TERM WATER LEVEL DECLINE)  
 ON AQUIFER CONDITIONS AT BWD WELLS 
 
5.0 SUMMARY 
 
6.0 RECOMMENDATIONS 
 
7.0 REFERENCES 
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10.0 SUMMARY 
 
Three aspects of the effect of chronic overdraft are reviewed and assessed in this Report: 
 

• Uncertainty associated with the long-term aquifer water balance (water budget) due to 
decadal variability of groundwater recharge.  This variability occurs on a time-scale longer 
than the 20-year GSP compliance period.  Sections 3, 4, and 5 present an overview analysis 
of the aquifer water balance components.  The goal of SGMA is to attain a sustainable 
water supply condition where groundwater used is replaced by recharge.  Monte Carlo 
simulations (Section 6) were developed based on water balance components determined 
by the groundwater model that are being used in the GSP to support minimum thresholds 
for groundwater elevation.  As noted in the Draft GSP (page 3-21) “[T]he minimum 
threshold is based on the estimated degree of groundwater level decline that would occur 
in each indicator well if the 20th percentile scenario for groundwater recharge were to be 
realized.” 

 
• Changes in groundwater quality (Appendix B) have occurred and will continue to occur 

as a result of chronic overdraft.  A multi-parameter analysis of water quality data was 
conducted for 22 wells located across the Subbasin.  Sulfate, nitrate, and arsenic are the 
primary chemicals of concern specific to drinking water.  Overdraft has affected water 
quality, particularly where the upper aquifer system has been extensively or completely 
dewatered.  Groundwater quality decreases with depth and distance away from recharge 
areas where surface waters enter the Subbasin.   The lack of depth-specific data represents 
a significant data gap and source of uncertainty; however, existing data clearly establish 
the relationship between overdraft and water quality. 
 

• Decreases well productivity have been and will continue to be associated with dewatering 
of the most prolific portion of the aquifer system.   Further well yields are expected to 
decrease with time due to decreasing transmissivity (relative rate of inflow) with depth.  
Appendix C provides an assessment based on the aquifer characteristic included in the 
groundwater model together with a hydrogeologic interpretation of driller’s well logs.   A 
review of the impact of overdraft and comparison of model-predicted and observed water 
levels was conducted for BWD water supply wells that can be used to guide future GSP 
work. 
 

The GSP provides for a maximum 20-year time frame for the ~75% water use reductions to be 
accomplished and additional overdraft will occur that has the potential to adversely affect the 
groundwater supply.  An overall framework for the water supply management process has been 
developed that will revised and updated as the actions outlined in the GSP are implemented.  Going 
forward, the information and analyses included in this Report provide tools and a methodology 
framework to allow the Borrego Water District (BWD) and others to look at potential water supply 
situations that may directly impact groundwater users in Borrego Springs, assess the probability 
of the water supply situations occurring, and make decisions accordingly.     
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EXHIBIT A 

WORK PLAN 

 
Project Title: San Diego County GSP Development (Project) 
 
Project Description: The Grantee’s Project shall: 1) identify vulnerabilities and potential impacts from the 
GSP process on the SDAC in Borrego Valley; 2) assess programmatic level environmental impacts from 
implementation actions identified in the GSP; and 3) prepare a GSP. Although, the Project will cover the entire 
Borrego Valley Groundwater Basin (BVGB), the focus will be the Borrego Springs Subbasin (Subbasin) rather 
than the Ocotillo Wells Subbasin since the latter is not overdrafted and minimally developed. 
 
Component 1: Grant Administration 
Category (a): Grant Management, Invoicing, and Reporting  
Manage and administer the Project. Prepare and submit invoices to DWR, track progress and schedule, and 
manage contracts and budgets associated with the Grant Agreement. Administer and track contracts with 
consultants or other agencies that are necessary to complete tasks in the Work Plan and compile the required 
invoice back-up information. Conduct administrative responsibilities associated with the Project such as 
coordinating with partnering agencies and managing consultants/contractors including coordination of 
conference calls/meetings as needed. 
 
Compile quarterly Progress Reports and invoices for submittal to DWR. Progress Reports will be prepared in 
accordance with Exhibit F. Invoices will include backup documentation. For each component, backup 
documentation will be collected and organized by category, along with an Excel compatible summary 
document detailing the contents of the backup documentation. 
 
Prepare draft Component Completion Reports for Components 2 and 3 and submit to DWR for the Project 
Manager’s comment and review no later than 90 days after work completion. Prepare a draft Grant Completion 
Report and submit to DWR for the Project Manager’s comment and review no later than 90 days after work 
completion. Prepare the final Component Completion Reports and Grant Completion Report addressing the 
Project Manager’s comments and submit to DWR in accordance with the provisions of Exhibit F. 
 
Deliverables: 

• Environmental Information Form (EIF) 
• Progress Reports 
• Invoices and associated backup documentation  
• Final Component 2 and 3 Grant Completion Reports 
• Final Grant Completion Report 

 
Component 2: Borrego Valley SDAC Impact Assessment/Environmental Planning  
Provide support for the GSP and projects in the Subbasin by identifying vulnerabilities and potential impacts 
from the GSP process on water supply, accessibility, and usage, as well as assessing environmental, 
economic, cost, governance, and infrastructure concerns. The deliverables produced support the GSA’s work 
by providing reference materials that will aid GSP planning and implementation outreach and decision-making 
efforts.   
 
Category (a): Planning/Environmental Documentation 
Task 1:  SDAC Engagement 
Establish community characteristics baseline data on SDAC rate payers and the economic structure of Borrego 
Valley and provide an overview of GSP planning activities to date and an update on engagement efforts.  
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Deliverables: 

• Summary Report: Community Characteristics 
• Summary Report: SDAC Engagement 
• Summary of activities included in Progress Report(s) 

 
Task 2:  SDAC Impact/Vulnerability Analysis 
Understand implications that the implementation of SGMA will have on the SDAC including impacts based on 
potential water reduction scenarios by analyzing baseline data and identifying the primary vulnerabilities of the 
SDACs within each subarea. 
 
Deliverables: 

• Summary Report: Baseline Water Use 
• Summary Report: Water Supply Impact/SDAC Vulnerability/SGMA Impacts Analysis 

 
Task 3:  Decision Management Analysis 
Develop tools to allow the Borrego Water District (BWD) to look at potential water supply situations that may 
directly impact groundwater users in Borrego Springs, assess the probability of the water supply situations 
occurring, and make decisions accordingly. Assess the potential range of outcomes of the groundwater 
extraction restrictions that will allow the BWD to look at water supply situations, such as the potential need for 
water treatment, or loss of individual supply wells due to ongoing groundwater overdraft and be able to assess 
its probability of occurring. Assessment of the potential range of outcomes of the groundwater extraction 
restrictions using Monte Carlo simulation methods and alike. Analyses will be performed of the potential 
impacts of various water reduction scenarios on the SDAC, rate payers, and BWD infrastructure. A larger scale 
impact assessment (SGMA/Environmental/Societal/Government Impacts) will be developed that examines 
community-wide socioeconomic impacts and changes that will result from the GSP. 
 
Deliverables: 

• Summary Report: Water Supply Uncertainties 
• Summary Report: Monte Carlo simulation model 
• Summary Report: Cost and Rate Structure Uncertainty and Impact Analysis  
• Summary Report: SGMA/Environmental/Societal/Government Impacts 

 
Task 4:  Well Metering 
Refine groundwater extraction data, particularly for agricultural use, that is being pumped within the Subbasin. 
Well meters will be installed on non-de minimis production wells within the Subbasin of the BVGB.     
 
Deliverables: 

• Meter Installation and Calibration Report 
 
Task 5:  Water Vulnerability/New Well Site Feasibility Study 
Assess water supply vulnerability and determine a new well site to provide potable water to the SDAC in 
Borrego Springs via the BWD. Once alternative well locations are identified and prioritized, a test well will be 
drilled to identify geologic and hydrogeologic conditions of the selected location including lithology and 
borehole geophysics. The test well will be drilled to the depth of optimal supply quantity expected (possibly up 
to 1,000 feet) and evaluated for production capacity, aquifer properties, and water quality parameters. Upon 
completion of the evaluation, the test well may be utilized as a production well for BWD, if appropriate.  
Complete environmental review pursuant to CEQA and procure necessary permits as set forth in Paragraphs 
14 and D.7 of this Agreement. 

 
Deliverables: 

• Summary Report: Well Ranking System  
• Summary Report: Updates on WaterCAD hydraulic modeling files 
• Well Installation Report 
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• Monitoring Plan for the newly installed well 
• EIF, all necessary California Environmental Quality Act (CEQA) documents, permits, and access 

agreements to construct test well as applicable 
 

Category (b): Environmental Planning 
Prepare the appropriate CEQA analysis and programmatic documentation, anticipated to be an EIR, for the 
tasks identified in the GSP that will aid GSP planning. No costs to be reimbursed with grant funds for 
Component 2, Category (b) may be incurred prior to the adoption of the GSP by the GSA. 
 
Task 6. Project Description, Initial Study, Notice of Preparation, and Scoping 
Prepare a project description, which forms the basis of analysis of potential impacts in the EIR. The Notice of 
Preparation (NOP) will be prepared consistent with CEQA Guidelines and include a completed Initial Study 
checklist attached to the NOP.   
 
Deliverables: 

• Project Description 
• Initial Study and NOP 

 
Task 7. Draft EIR, Notice of Availability, and Notice of Completion 
Prepare a Draft EIR, Notice of Availability, and Notice of Completion. The EIR will focus on the issues that are 
identified to have potentially significant impacts in the Initial Study. The EIR will include all contents required by 
County requirements, the CEQA statute, and State CEQA Guidelines. 
 
Deliverables: 

• Draft EIR 
• Notice of Availability 
• Notice of Completion 

 
Task 8. Final EIR 
Review and respond to comments received on the Draft EIR. This task will also include preparation of CEQA 
Findings of Fact (Finding), Mitigation Monitoring and Reporting Program (MMRP), Notice of Determination 
(NOD) and, if necessary, a Statement of Overriding Considerations (SOC).   
 
Deliverables: 

• Final EIR 
• CEQA Findings 
• Mitigation Monitoring and Reporting Program 
• Notice of Determination 
• Statement of Overriding Considerations (if necessary) 
• Environmental Information Form for subsequent implementation actions identified in an adopted 

GSP 
 
Component 3: Borrego Valley GSP Development 
Category (a): Planning Activities  
Task 1:  Advisory Committee Meetings and Public Hearings 
Participate in advisory committee meetings throughout GSP development and attend public hearings at key 
milestones in the process.   
 
Deliverables: 

• Summary of activities and meetings included in Progress Report(s) 
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Task 2:  GSA Coordination Meetings 
Coordinate GSA activities with consultants and partner agencies to develop GSP components and collaborate 
on appropriate projects and management actions to achieve sustainability within the Subbasin.   
 
Deliverables: 

• Summary of activities and meetings included in Progress Report(s) 
 
Category (b): GSP Development  
Task 3:  Data Management System, Data Collection and Analysis 
Develop a data management system (DMS) that can store information to support development and 
implementation of the GSP, as well as continued monitoring of the Subbasin and sustainability tracking. 
Conduct semi-annual water level monitoring and groundwater quality sampling of wells located in areas where 
pumping and water-level decline are greatest.   
 
Deliverables: 

• Summary of the DMS 
 
Task 4:  GSP Development 
Prepare a GSP for the BVGB that meets SGMA regulations and DWR requirements. Provide summaries of 
GSP development activities within the Progress Reports. The GSP will include, at a minimum, the sections 
outlined below: 

1. Administrative Information 
Prepare the Introduction section of the GSP. Components of this task includes defining the 
Purpose of GSP, establishing Sustainability Goal, providing Agency Information, and discussing 
GSP Organization.   

 
2. Plan Area and Basin Setting 

Identify the geographic area covered by GSP and develop a description of the area. Evaluate 
the existing monitoring network and providing recommendations on expanding the network and 
developing an ongoing monitoring program to include water level monitoring and water quality 
sampling throughout the GSP implementation phase.   

 
3. Water Budget and Hydrogeologic Model 

Develop a water budget and create a hydrogeologic conceptual model to be included in the 
GSP. Update the United States Geological Survey Numerical Model for the basin.    

 
4. Sustainable Management Criteria 

Prepare the Sustainable Management Criteria section of the GSP. Components of this task 
include establishing a Sustainability Goal, defining Undesirable Results, determining Minimum 
Thresholds, establishing Measurable Objectives, and preparing a section on Monitoring 
Network.   

 
5. Project and Management Actions to Achieve Sustainability Goal 

Prepare the Projects and Management Actions to achieve the identified Sustainability Goal and 
interim goals. Projects and management actions will be identified and Project Descriptions will 
be provided.  

 
6. Plan Implementation 

Prepare the Plan Implementation section of the GSP. Components of this task include the 
Estimate of GSP Implementation Costs, Schedule for Implementation, Annual Reporting, and 
Periodic Evaluations.   

  
7. Final GSP 

Review public comments, drafting responses to public comments, and finalizing the GSP. 
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Deliverables: 

• Summaries of activities included as attachments in the Progress Reports 
• Final GSP 
• Proof of final GSP submittal to DWR 

 
Task 5:  Well Permitting 
Perform adequate revisions to the County’s well permitting process for Borrego Valley.     
 
Deliverables: 

• Revised Well Permitting Requirements  



 
 
 
 
 

Appendix B:   
Water Quality Review and Assessment:  

Borrego Water District (BWD) Water Supply Wells. 
   ENSI Draft dated 12/7/2018   

(Included as Appendix D2 of the Draft GSP) 
  



 

  

POB 231026, ENCINITAS, CA  92023-1026 1 

 

ENVIRONMENTAL NAVIGATION SERVICES, INC. 

December 7, 2018 
 
Mr. Geoff Poole 
General Manager, Borrego Water District 
806 Palm Canyon Drive, 
Borrego Springs, CA  92004 
 
RE: Water Quality Review and Assessment:  

Borrego Water District (BWD) Water Supply Wells 
 
Dear Geoff, 
 
The following draft Report was produced under our existing contract to provide 
technical support to BWD for to the Borrego Valley Groundwater Basin 
Groundwater Sustainability Plan Proposition 1 Grant Project.   It addresses 
portions of Tasks 2.1 and 2.2, and will support Tasks 3.1 and 3.2 specific to water 
quality changes related to groundwater overdraft.   
 
Subsequent analyses are in process that will build from this Report to examine the 
effect of overdraft on BWD’s long-term water supply.    
 
Thank you for your time and attention. 
 
Sincerely, 
 

 
 

Jay W. Jones   
CA PG#4106  
Environmental Navigation Services Inc. 



 

  

ENSI:  DRAFT 12/7/2018 1 
 

WATER QUALITY REVIEW AND ASSESSMENT:  BWD WATER SUPPLY WELLS 

WATER QUALITY REVIEW AND ASSESSMENT:  
BORREGO WATER DISTRICT (BWD) WATER SUPPLY WELLS 
 
OVERVIEW 
 
The purpose of this Report is to review water quality data for active Borrego Water District 
(BWD) water supply production wells to  
 

1) Provide an overview of water quality conditions among the wells and assess spatial 
variations; 

2) Examine how water quality has changed over time due to overdraft; 
3) Evaluate the potential relationships among multiple water quality parameters as a 

means to support trend analyses for the five primary chemicals of concern (COCs) that 
include arsenic, total dissolved solids (TDS), nitrate, sulfate, and fluoride (As, TDS, NO3, 
SO4, and F);  

4) Determine how well water quality trends may (or may not) be able to be identified 
among BWD water supply wells; and,  
 

The Borrego Springs Subbasin (Subbasin) of the Borrego Valley Groundwater Basin is in a state 
of critical overdraft and subject to the Sustainable Groundwater Management Act (SGMA).  As 
defined under SGMA1 “A basin is subject to critical overdraft when continuation of present 
water management practices would probably result in significant adverse overdraft-related 
environmental, social, or economic impacts.”   
 
Pursuant to SGMA a Groundwater Sustainability Plan (GSP) is currently under development for 
the Subbasin.  This work updates and extends beyond prior work done by Dudek to assess 
water quality trends for BWD wells as described in the Draft Borrego Springs Subbasin 
Groundwater Quality Risk Assessment presented to the BWD Board on 6/28/2017.2    
 
The analyses included herein will be used in subsequent ENSI reports to examine potential BWD 
water supply impacts and costs associated with current and future water quality conditions.   
 
  

                                                           
1 See: https://water.ca.gov/Programs/Groundwater-Management/Bulletin-118/Critically-Overdrafted-Basins 
2 The data used in the Report were located and compiled by Dudek staff as part of the GSP preparation process.  
The analyses presented in this Report would not have been possible without their support.  
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WATER QUALITY REVIEW AND ASSESSMENT:  BWD WATER SUPPLY WELLS 

Preparation of the GSP is underway and it is understood that the draft GSP will be available for 
public review by January 20193.  The GSP will include a range of potential options for Projects 
and Managements Actions (PMAs), including PMAs to address water quality and water quality 
optimization.  Among the direct impacts of degraded groundwater quality to BWD include: 
 

• Need for Water Treatment to achieve drinking water standards (on a per well basis) 
• Impact of water quality on the choice and design of replacement wells at existing well 

locations  
• Potential need for Intra-Subbasin Transfer of Potable water from new or existing wells 

due to degraded water quality due to natural or anthropogenic sources 
 
Groundwater quality data also have a role in the assessment of potential water management 
options that include but are not limited to:  
 

• Options for Enhanced Natural Recharge (understood to be limited)4 
• Artificial Recharge using Treated Wastewater  

 
Of primary concern to BWD is the ability of historical data combined with ongoing water quality 
monitoring program to assess water quality trends.  The data are needed to support 
management of their water system, for example to assess the probability of MCL (maximum 
contaminant level) exceedances and to plan for water treatment, if needed.   
 
  

                                                           
3 The GSP is being developed by the Groundwater Sustainability Agency (GSA) that consists of the County of San 
Diego and the Borrego Water District.  See overview at:  https://www.sandiegocounty.gov/pds/SGMA.html  
4 It is understood that that recharge basins within the floodplains where much of Borrego Springs’ residential 
population is located are likely not permittable due to County Flood Control Management concerns.  Similarly 
managed artificial recharge areas located along mountain fronts within or nearby to the Anza Borrego State Park 
are also not likely permittable given their potential impact on the State Park.  
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This report includes the following sections: 

1.0 HYDROLOGIC CONDITIONS 
1.1 Basin Location and Setting:  Contributory Watersheds 
1.2  Historical Groundwater Conditions 
1.3  Stratigraphy and Aquifer Conceptual Model 

2.0 WELLS AND DATA USED IN THIS ANALYSIS 

3.0 SUBBASIN-WIDE WATER QUALITY: GENERAL MINERALS, ARSENIC, AND NITRATE 
3.1 Spatial Overview (DWR, 2014; Stiff Diagrams) 
3.2 General Minerals:  Spatial Variability Based on Piper Diagrams 
  3.2.1 Data Quality Review:  General Minerals 
3.3 General Minerals:  Variations Over Time at Wells, Piper Trilinear Diagrams 
3.4 TDS with Depth 
3.5 Nitrate 
  3.5.1 Supporting Information Regarding Nitrate 
3.6 Arsenic 
  3.6.1 Supporting Information Regarding Arsenic 
3.7 Correlations Among Water Quality Parameters (Combined Data Assessment) 
  3.7.1 Water Quality Data Correlations 
3.8 General Minerals:  Summary of Observations 

4.0 COCS AT BWD WATER SUPPLY WELLS 
4.1 North Management Area (3 Wells: ID4-4, ID4-11, and ID4-18) 
4.2 Central Management Area (5 Wells: ID1-10, ID1-12, ID1-16, ID5-5, and Wilcox) 
4.3 South Management Area (1 Well: ID1-8) 

5.0  SUMMARY 
5.1 Other Potential COCs 
5.2 Recommendations 

Appendix A 
Appendix B  
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WATER QUALITY REVIEW AND ASSESSMENT:  BWD WATER SUPPLY WELLS 

 1.0 HYDROLOGIC CONDITIONS 
 
A brief summary of the hydrologic conditions of the Subbasin is provided here to support 
review of the water chemistry data.  Included is a description of groundwater recharge, pre- 
and post-development groundwater levels, and aquifer conditions.  Many of the figures and 
much of the discussion included in this section was derived from the USGS Model Report 
prepared in 2015 entitled Hydrogeology, hydrologic effects of development, and simulation of 
groundwater flow in the Borrego Valley, San Diego County, California: U.S. Geological Survey 
Scientific Investigations Report 2015–51505.  For reference the simulation of groundwater flow 
refers to the use of a numerical model (in this case the USGS Modflow Model as described in 
the 2015 report) to examine the groundwater levels, recharge, and overall hydrologic 
conditions for the period of 1945 to 2010.  The GSP contains additional detailed hydrologic 
information, and updates the USGS modeling work. 
 
1.1 Basin Location and Setting:  Contributory Watersheds 
 
The Borrego Springs Subbasin (Subbasin) of the Borrego Valley Groundwater Basin is located at 
the western-most extent of the Sonoran Desert.  The primary source of water to the Subbasin is 
surface water (storm water and ephemeral stream flow) that flows into the valley from 
adjacent mountain watersheds and infiltrates within the valley.  The contributory watersheds 
are approximately 400 square miles (mi2) and much larger in area than the approximately 98mi2 
Subbasin as illustrated in Figure 1.  
 
Direct recharge by rainfall within the valley is very low compared to surface water inflows as 
the annual rainfall averages 5.8 inches per year (in/yr.)  [USGS Model Report, page 43].  Stream 
and flood flows from the adjacent watersheds provide the bulk of the water that enters the 
Subbasin.   
 
 
  

                                                           
5 Referenced herein as the “USGS Model Report”:  Faunt, C.C., Stamos, C.L., Flint, L.E., Wright, M.T., Burgess, M.K., 
Sneed, Michelle, Brandt, Justin, Martin, Peter, and Coes, A.L., 2015, Hydrogeology, hydrologic effects of 
development, and simulation of groundwater flow in the Borrego Valley, San Diego County, California: U.S. 
Geological Survey Scientific Investigations Report 2015–5150, 135 p. 
See:  http://dx.doi.org/10.3133/sir20155150 
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WATER QUALITY REVIEW AND ASSESSMENT:  BWD WATER SUPPLY WELLS 

FIGURE 1 (from USGS Model Report) 

 
Note:  The Subbasin lies within the area defined by alluvium.  The tributary watersheds (e.g. 
that support Coyote Creek, Borrego Palm Creek, and San Felipe Creek) are outside of the 
Subbasin.  
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1.2  Historical Groundwater Conditions 
 
The Subbasin receives recharge waters from the adjacent watersheds that include Coyote 
Creek, watersheds along the northwestern edge of the valley such as Borrego Palm Canyon, and 
San Felipe Creek that enters the south side of the valley (Figure 1). 
 
Two water level maps from the USGS Model Report are included in Figures 2A and 2B that 
depict pre- and post- development water levels (1945 and 2010).  In both cases the Subbasin 
can be generally described as “closed” where surface water flows typically do not discharge 
from the valley but instead, if sufficient flows occur, terminate at the Borrego Sink.  
 
Prior to development (Figure 2A) groundwater flow within the northern and central portions of 
the valley can generally be described as moving from northwest to southeast towards the 
Borrego Sink.  Flow in the southern portion of the Subbasin is directed northeast towards the 
Borrego Sink.  Pumping since 1945 has lowered groundwater levels and led the development of 
significant depressions of the water table associated with ‘pumping centers’ (see Figure 2B).  
From a groundwater perspective the overall flow patterns in the northern and central areas of 
the valley have changed from a roughly uniform flow (generally towards the Borrego Sink) to a 
condition where groundwater flow is reversed in some areas and now flows toward the 
pumping centers.  The rate of pumping has greatly exceeded groundwater recharge rates and 
water levels have dropped well over 100 feet in some areas.  Because the current rate of 
groundwater use continues to cause significant water level decline and loss of water from 
subsurface storage the Subbasin is now classified as being in critical overdraft. 
 
Further description of historical and current groundwater conditions is included in the GSP. 
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FIGURE 2A (from USGS Model Report) 

 
Note:  The arrows indicating groundwater flow are roughly coincident with intermittent 
surface water channels (dashed blue lines) that enter from adjacent watersheds and flow 
towards the Borrego Sink. 
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WATER QUALITY REVIEW AND ASSESSMENT:  BWD WATER SUPPLY WELLS 

FIGURE 2B (from USGS Model Report) 

 
NOTE:  Hachured areas show the two major pumping centers in the Subbasin.  The influence 
of northern pumping center has caused groundwater to reverse flow direction (see arrow at 
well 10S/6E-21A1).  The central pumping center captures groundwater that was previously 
flowing south and southeastward towards the Borrego Sink. 
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WATER QUALITY REVIEW AND ASSESSMENT:  BWD WATER SUPPLY WELLS 

1.3  Stratigraphy and Aquifer Conceptual Model 
 
The current conceptual model for the aquifer system as incorporated in the USGS Model is that 
it consists of three unconfined aquifers named the upper, middle and lower aquifers.  The 
upper and middle aquifers are the primary sources of water currently and are typically 
comprised of unconsolidated sediments.  However, with time, the upper aquifer has become or 
is expected to become dewatered and the lower aquifer will become a more important source 
of water as overdraft continues. 
 
The lower aquifer sediments become consolidated with depth and have been subject to folding 
and faulting.  The lower aquifer provides water supply for some pumpers, especially in the 
southern area of the Subbasin.  Figure 3 (Figure 7 of the USGS Model Report) depicts the 
Borrego Valley Groundwater Basin as described by Moyle, 1982.6  Additional work has been 
done by Mitten et al (1989),7 and by Netto (2001).8  Of these, Netto (2001) provides the most 
detailed analysis of basin stratigraphy based on well log review and interpretation.  Review of 
their work supports that locally confined aquifer conditions are expected to occur. 
 
In brief there are a number of geologic features relevant to groundwater conditions and water 
quality: 
 

• The Subbasin, as exemplified by the flow of water and sediment toward the current-day 
Borrego Sink, has historically been the locus of sediment deposition.  Sedimentation 
initially occurred in a marine environment (with sediment sources located to the east) 
and transitioned to terrestrial environments as seen today.9 

• The Borrego Sink, similar to dry lake beds that occur in the desert, is a location where 
water evaporates and minerals will accumulate and can form evaporite deposits.  
Historically similar conditions occurred as sediments were deposited.  Thus, the middle 
and upper aquifers have the potential to include evaporite deposits that can re-dissolve 
and lead to elevated concentrations of sulfates and carbonates that result in 
corresponding increase in TDS. 

                                                           
6 Moyle, W. R., 1982, Water resources of Borrego Valley and vicinity, California; Phase 1, Definition of geologic and 
hydrologic characteristics of basin: U.S. Geological Survey Open-File Report 82–855, 39 p. 
7 Mitten, H.T., Lines, G.C., Berenbrock, Charles., and Durbin, T.J., 1988, Water resources of Borrego Valley and 
vicinity, California, San Diego County, California; Phase 2, Development of a groundwater flow model: U.S. 
Geological Survey Water-Resources Investigation Report 87–4199, 27 p. 
8 Netto, S.P., 2001, Water Resources of Borrego Valley San Diego County, California: Master’s Thesis, San Diego 
State University, 143 p. 
9 See GSP.  For general reference see:  Dorsey, R.J., 2005.  Stratigraphy, Tectonics, and Basin Evolution in the Anza-
Borrego Desert Region.  In "Fossil Treasures of the Anza-Borrego Desert", George T. Jefferson and Lowell Lindsay, 
editors, Sunbelt Publications, San Diego California, 2006 
https://pages.uoregon.edu/rdorsey/Downloads/DorseyChaperNov05.pdf 
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• Structural features such as the Coyote Creek Fault, the Desert Lodge anticline, and the 
effect of basement uplift and exposure of lower aquifer sediments along the 
southeastern portion of the Subbasin (cross-section A-A’ in Figure 3) limit groundwater 
flow within and out of the basin.  The Coyote Creek Fault is assumed to be a ‘no flow’ 
boundary condition in the USGS Groundwater Model and as such serves to contain 
groundwater within the basin and direct flow to the southeast towards the Borrego 
Sink.  The current-day topography combined with the geologic structure creates a 
‘closed’ groundwater condition where ongoing evaporation of water will lead to the 
long-term accumulation of minerals (often referred to as ‘salts’) in soil and 
groundwater. 

• While the lower aquifer is quite deep and contains a significant volume of groundwater, 
the sediments have less storage capacity than the upper and middle aquifers as 
quantified in the USGS Model by lower specific storage and specific yield.  The lower 
aquifer is also expected to have poor water quality with depth. 

• Waters that flow into the Subbasin from the adjacent watersheds will have varying 
chemistry depending on the geologic and hydrologic conditions encountered in the 
watersheds.  For example, water that flows in Borrego Palm Creek from nearby 
crystalline rock of the San Ysidro Mountains (see Figure 1) will be different than the 
waters of San Felipe Creek that drain from an alluvial desert valley and more likely to 
accumulate dissolved minerals. 

 
Please refer to the GSP for additional details. 
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FIGURE 3 
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FIGURE 3, continued 

 
 
 



 

  

ENSI:  DRAFT 12/7/2018 13 
 

WATER QUALITY REVIEW AND ASSESSMENT:  BWD WATER SUPPLY WELLS 

 
FIGURE 3, continued 
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2.0 WELLS AND DATA USED IN THIS ANALYSIS 
 
A total of 23 wells were included in this water quality analysis.  Of these eight are active BWD 
supply wells and a ninth is used for emergency supply.  The data for the wells were compiled 
and tabulated by Dudek staff as part of the GSP preparation process.  
 
It is important to note that the wells were typically completed with long screened sections and 
can be open to flow from the upper, middle, and/or lower aquifers depending on the well 
construction, current groundwater levels, and well hydraulics.  As a result, the data were not 
segregated by aquifer or depth.  
 
Table 1A lists the active BWD wells and indicates the time periods when general minerals data 
were obtained.  The wells have been segregated into three management areas (North, Central, 
and South) as established in prior work by Dudek. 
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TABLE 1A:  BWD Water Supply Wells 
 
 

 
 
The ‘plot ID’ listed in Tables 1A and 1B supports the map-based location of the wells and 
roughly proceeds from north to south.  

Plot 
ID

Area Well Name
GSA 

GWM 
Well

Year Inst. gpm

Static 
Water 
Level 

(ft)

Draw 
Down 

(ft)
gpm/ft ***

Plant  
Eff.****

Well 
Depth (ft)

  start end

4 North ID4-4* Yes 1979** 365 205.4 63.5 6 71 802 1954** 2017

5  ID4-11 Yes 1995 620 223.2 5.8 107 73 770 1995 2017

2  ID4-18* Yes 1982 130 311.2 7.6 17 50 570 1984 2017

 
14 Central ID1-10* Yes 1972 317 213.9 11.5 28 54 392 1972 2017

9 ID1-12 No 1984 890 145.5 10.4 86 72 580 1988 2018

12 ID1-16 Yes 1989 848 230.9 24.3 35 71 550 1993 2016

8 ID5-5 Yes 2000 542 182.1 16.1 34 62 700 2004 2016

13 Wilcox Yes 1981 205 305.2 5.8 35 NA 502 2000 2017

 

15 South ID1-8 Yes 1972 448 71.2 47.7 9 51 830 1972 2018

Notes: Data from 2018 Pump Check Results (in Dudek New Wellsite Feasibility Report, in process)
*, wells being considered for replacement (3)
**, ID4-4 was redrilled in 1979.  
***, gpm/ft calculated from Pump Check data
****, Plant Efficiency from Pump Check, in percent.  Values less than 60% are viewed to be of concern.

Sampling Period



  

ENSI:  DRAFT 12/7/2018 16 
 

TABLE 1B 
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Figure 4 shows the well locations and names used in this Report.  Review of Figure 4 shows that 
the well locations are spatially biased along the western portion of the valley and the Subbasin.  
This is because the BWD wells are located in populated areas within their historical service 
areas (or Improvement Districts [ID] as indicated by the well names). 
 
The analytical data used in the Report were located and compiled by Dudek staff from multiple 
sources as part of the GSP preparation process.  The data base used here is from July 2018- the 
GSP data base is updated and revised on an ongoing basis.  This Report focuses on: 
 

• Chemicals of Concern (COCs) that include arsenic, TDS, nitrate, sulfate, and fluoride (As, 
TDS, NO3, SO4, and F).  

• General Minerals: comprised of four cations- calcium (Ca+2), sodium (Na+), magnesium 
(Mg+2), and potassium (K+); and four anions- sulfate (SO4-2 [also a COC]), chloride (Cl-), 
carbonate (CO3-2) and bicarbonate (HCO3-).  

• Hardness and pH. 
 
The overall intent of this Report is to assess the use of multiple water quality parameters to 
examine how the primary COCs at BWD wells vary over time and to examine the likelihood that 
drinking water quality criteria will be exceeded.  Of primary concern are arsenic and nitrate.  
Sulfate is also of concern. 
 
Other COCs not examined in this Report include pesticides, herbicides, naturally-occurring 
radionuclides, and unregulated contaminants for which monitoring is required.  Per State Law 
the Borrego Water District tests their water supply wells in accordance with California Code of 
Regulations Title 22 for a wide variety of potential contaminants because they operate a 
publicly-regulated water system.  For additional information refer to their Consumer 
Confidence Report (CCR, available at http://www.bvgsp.org/sgma-blank.html).  
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FIGURE 4 
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3.0 SUBBASIN-WIDE WATER QUALITY:  
GENERAL MINERALS, ARSENIC, AND NITRATE 

 
The term “general minerals” is a descriptor that includes the eight anions and cations that 
typically comprise most of the minerals, by mass, dissolved in groundwater.  Anions are 
negatively charged and cations are positively charged.  The eight dominant ions include four 
cations- calcium (Ca+2), sodium (Na+), magnesium (Mg+2), and potassium (K+); and four anions- 
sulfate (SO4-2), chloride (Cl-), carbonate (CO3-2) and bicarbonate (HCO3-).  Of these, sulfate is a 
COC.  TDS is also a COC and represents the sum all of the anions and cations in solution.  
 
Table 2.  Common Cations and Anions Analyzed in the Subbasin 

Common Cations Common Anions 
calcium (Ca+2) sulfate (SO4-2) 
sodium (Na+) chloride (Cl-) 

magnesium (Mg+2) carbonate (CO3-2) 
potassium (K+) bicarbonate (HCO3-) 

 
The dominant anions and cations can be used to examine how the chemistry of groundwater 
varies in time at a well, or spatially among wells.  Because they occur as a result of rock and 
mineral dissolution, they can also be diagnostic of minerals such as sulfates and carbonates that 
occur in the subsurface, or that occur in water being recharged to the aquifer system.  
 
Graphical methods used to depict multiple anions and cations include Stiff Diagrams and 
Trilinear or Piper Diagrams.10  Both are used in this Report and will be explained in more detail 
in Sections 3.1 and 3.2, respectively. 
 
3.1 Spatial Overview (DWR, 2014; Stiff Diagrams) 
 
Stiff diagrams graphically depict the relative concentrations of three dominant anions (Cl, 
HCO3, and SO4) together with three dominant cations (Na, Ca, and Mg) determined from water 
samples.11  A 2014 groundwater quality study was conducted by the California Department of 
Water Resources (DWR)12 based on the compilation of DWR, BWD, and USGS water quality 
data generally obtained between 1950 and 2014.  A map depicting Stiff Diagrams of water 
quality is depicted in Figure 5. 
  

                                                           
10 An overview summary is provided by:  Hem, J.D., 1989, Study and interpretation of the chemical characteristics 
of natural water: U.S. 
Geological Survey Water-Supply Paper 2254, 3rd edition, Washington D.C., 263 p. 
11 Stiff, H.A., Jr., 1951, The interpretation of chemical water analysis by means of patterns: Journal 
of Petroleum Technology, v. 3, no. 10, p. 15-17. 
12 DWR, 2014. Powerpoint presentation by Dr. Tim Ross dated May 2014.  A copy is included for reference in 
Appendix A. 
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FIGURE 5
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An explanation of how the analytes are depicted using Stiff Diagrams is also included in Figure 
5.  The ‘legs’ and overall size of the diagrams increase as the analytes increase in concentration 
and allow visual comparison of each of the sample results.  Also included in the diagrams is the 
TDS in milligrams per liter.  For reference the TDS of drinking water should be no more than 
1,000 mg/L and ideally less than 500 mg/L (the recommended and maximum secondary MCLs, 
respectively). 
 
DWR noted based on comparison of surface water and groundwater chemistry that “The high 
proportion of Sulfate in the surface water of Coyote Creek appears to dominate the character of 
groundwater in the northern and eastern parts of the basin.  The more Bicarbonate waters of 
Borrego Palm Canyon and Big Spring influence the groundwater along the western and southern 
parts of the basin.”  For reference, the surface water watersheds are shown in Figure 1.  
 
Additional observations that can be made from the Stiff Diagrams include: 
 

• Surface water inflows that enter the along the edges of the valley are the primary 
source of recharge.  The highest quality groundwater (TDS < 500 mg/L) generally occurs 
near recharge areas.  

• Groundwater quality tends to increase in TDS towards the Borrego Sink with distance 
from the recharge areas.  Ongoing evaporation and accumulation of minerals is 
occurring within the Subbasin.  The Subbasin is effectively a closed basin and has been a 
closed basin during much of the time that alluvial sediments have been deposited from 
current watersheds.  (Please refer to the GSP for a detailed description of the Subbasin 
geology and sedimentology.) 

• Elevated concentrations of sulfate in surface waters are of concern from a water quality 
standpoint.  Groundwater within the San Felipe Creek watershed that potentially 
recharges the South Management Area contains relatively high concentrations of 
sulfate, calcium and sodium. 

• The Stiff Diagrams highlight the dominance of sulfate in groundwater (lower right 
portion of the diagrams).  Sodium and chloride (upper right and upper left ‘legs’) also 
occur at significant concentrations in many samples. 

 
The DWR presentation also reviewed TDS trends with time and depth at selected wells.  No 
consistent trends were identified.  The data were not evaluated in terms of the upper, middle, 
or lower aquifer.  
 
DWR also assessed nitrate.  Review of their results is included in Section 3.5. 
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3.2 General Minerals:  Spatial Variability Based on Piper Diagrams 
 
The eight dominant anions and cations can also be analyzed using Piper trilinear diagrams 
(Piper, 1944).13  In brief, the Piper plot is a visualization technique for groundwater chemistry 
data.  It is based on a combination of ternary diagrams for the major anions and cations that 
are then projected onto a central diamond.  The concentration data on (milligrams/liter) are 
converted to milliequivalent (meq/L), a measure of the number of electrochemically active ions 
in the solution.14  The analytes are plotted as relative proportions in order to examine the 
relative percentages of each of the dissolved minerals, primarily to show clustering or patterns 
of samples.  The diagrams also support interpretation of trends and potential mixing of waters 
that have different chemistry.  
 
Figure 6A provides a brief explanation of the Piper diagram.  The methodology is explained in 
more detail in Appendix B, together with the Piper trilinear diagrams for all of the wells as 
noted in Table 1B. Ternary diagrams present a combination of three values that add up to 100 
percent.  The three values are ‘picked off of’ the sides of triangle by projection along a 
triangular grid.  Please refer to Appendix B as needed for additional explanation. 
 
Recent general minerals data, dating from 2004 to present, were used to represent the water 
chemistry at each of the wells.  Review of the data supported the use of two data subsets.  The 
North and Central Management Area wells have been combined and the South Management 
Area wells are presented as a second set.  Figure 6 depicts the data.  Each of the wells are 
numbered per Figure 4 and Table 1 to simplify the data presentation.  The numbering generally 
follows from north to south along the axis of the valley. 
 
3.2.1 Data Quality Review:  General Minerals 
 
The data presented in the Piper diagrams underwent a data quality review based on the ion 
chemistry.  Groundwater under natural conditions should be at or near electrochemical 
equilibrium.  Here the sum of the negatively charged anions (in meq/L) was checked versus the 
sum of the positively charged cations.  The sums should be similar (within ~5%) for a solution 
that is in equilibrium.  Not all of the data were used because in some cases not all of the eight 
general minerals data were analyzed and in other cases the anion/cation balance test failed.  As 
explained above, the anion/cation balance test may fail as a result of less common anions or 
cations being present within the water quality sample that were not analyzed.  Charge 
imbalance may also indicate laboratory error. 
                                                           
13 Piper, A.M. 1944.  A graphic procedure in the geochemical interpretation of water-analyses.  Transactions-
American Geophysical Union 25, no. 6: 914–923 
14  The number of ions in a solution is expressed in terms of moles, a unit widely used in chemistry as a convenient 
way to express amounts of reactants and products of chemical reactions.  An equivalent is the number of moles of 
an ion in a solution, multiplied by the valence of that ion.  For example, if 1 mole of NaCl and 1 mole of CaCl2 are 
dissolved in a solution, there is 1 equivalent of Na, 2 equivalents of Ca, and 3 equivalents of Cl in that solution.  The 
calculation is based on:  mEq/L = (mg/L × valence) ÷ molecular weight.  
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The eight anions and cations generally comprise the bulk of the minerals that comprise TDS.  
Sodium and calcium are the dominant cations; bicarbonate, sulfate, and chloride are the 
dominant anions.  The long-term average concentrations, in mg/L, for the nine BWD wells were 
TDS (378), calcium (39), sodium (82), magnesium (5.4), and potassium (5), sulfate (112), 
chloride (56), carbonate (0.6) and bicarbonate (124).  Nitrate averaged 1.8 mg/L. 
 
A calculation of TDS was made by summing the concentrations of the eight anions and cations 
and comparing it to the TDS for all samples that met a 5% or less charge imbalance criteria.  On 
average the sum was less than the TDS by 40 mg/L, where the mass of cations exceeded the 
mass of anions.  Other anionic COCs not included in the calculation include fluoride and nitrate, 
but when these were added into the calculations the mass of anions remained lower than the 
mass of cations.  While the mass balances remained within tolerance, the results suggest that 
additional anions occur in groundwater that have not been tested.  Phosphates are one type of 
anion that may occur but have not been included in the analytical program.  
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FIGURE 6: Piper Diagram, recent data for all wells (2004 to 2018) 
 
 

 

 
Notes: 
1. Numbers correspond to IDs shown in Figure 4.  These generally increase from north to 
south. 
2.  The wells by management area include: 
 North Management Area: Wells # 1 to 5, #7, and #11 
 Central Management Area: Wells #8, #9, #10, and 12 
 “Transitional”: Wells #6, #13, #15, #16, #22 
 South Management Area: Wells #17 to 21, #23 
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FIGURE 6A 
The Piper diagram is used to plot the 8 general minerals based on two ternary diagrams 
(triangles, at the base) that are projected onto a central diamond area.  From 
(www.goldensoftware.com) 

 
Where the subregions generally depict the chemical characteristics of the water (from 
http://inside.mines.edu/~epoeter/_GW/18WaterChem2/WaterChem2pdf.pdf) 

 
Here colors are used to show subareas following a methodology presented by Peeters, 2014. 
(A Background Color Scheme for Piper Plots to Spatially Visualize Hydrochemical Patterns 
by Luk Peeters, Vol. 52, No. 1–Groundwater–January-February 2014).  Also see Appendix B.  

http://www.goldensoftware.com/
http://inside.mines.edu/%7Eepoeter/_GW/18WaterChem2/WaterChem2pdf.pdf


 

  

ENSI:  DRAFT 12/7/2018 26 
 

WATER QUALITY REVIEW AND ASSESSMENT:  BWD WATER SUPPLY WELLS 

No distinction was made regarding well completion by aquifer because of a lack of water 
quality data as a function of depth.  However, while the wells include a range of ell 
completions, the data do not indicate that any differentiation can be made among wells based 
on recent data (2004 to present).  Review of the Piper Diagrams indicates that a systematic 
variation of water quality can be observed from north to south, and that the water quality in 
the South Management Area is sufficiently different to support segregation of the data into two 
data sets.  Inorganic water quality depicted in the central Piper diagrams (Figure 7) indicates 
the data generally group by management area (MA): North MA (Wells # 1 to 7, and 11), Central 
MA (Wells #8, #9, #10, and 12), “Transitional” between the Central and South MAs (#13, #15, 
#16, #22), and South MA (#17 to 21, #23).  Data from sets of wells align on the Piper diagram 
(Figure 6) indicative of waters that are mixing.  Some general observations follow: 
 
North and Central Management Areas 

• A subset of the wells in the northern part of the basin (#1, #2, #3, and #4) occur along a 
line of anion data where high sulfate occurs. 

• The North and Central Management Areas subdivide into two groups within the Piper 
diagram.  With distance towards the south a general trend occurs where chloride 
decreases, bicarbonate increases, and sulfate decreases.  Two mixing lines may occur 
where the waters go from sulfate dominant to a mixed condition (no dominant anion). 

 
South Management Area 

• A transitional zone occurs roughly coincident with the location of the Desert Lodge 
anticline (as depicted in Figure 3).  The anticline is regarded as a structure that 
influences groundwater flow (refer to the GSP for further details). 

• Mixing lines are observed for both cations and anions.  For anions: as chloride 
decreases, bicarbonate increases, and sulfate decreases.  For cations: as calcium 
decreases, sodium and magnesium increase. 

• As also noted by the Stiff diagrams, the North Management Area has high sulfate as 
indicated by points that occur in the upper part of the cation ternary diagram.  In 
contrast the South Management Area wells either have no dominant anion or become 
bicarbonate dominant (the lower left portion of the ternary diagram for anions). 

 
Overall the Piper diagrams support that the inorganic water chemistry systematically varies 
across the Subbasin.  The primary observations are summarized in Figure 7: 

• Water quality gradually changes from north to south within the North and Central 
Management Areas, consistent with pre-development groundwater flow patterns. 

• For both areas the cation relationships (calcium, magnesium, and sodium) are similar 
and are generally sodium dominant.  In both cases the water quality is characterized by 
decreasing calcium and increasing percentages of sodium and magnesium. 

• The South Management Area anionic water chemistry is different than the North and 
Central Management Areas, likely due to the difference in the San Felipe Creek recharge 
water and potential differences in aquifer mineralogy.  
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FIGURE 7 
Shows water chemistry classified into the three Management Areas North, 
Central, and South.  Also notes Transition (between central and south) 
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3.3 General Minerals:  Variations Over Time at Wells, Piper Trilinear Diagrams 
 
Of central concern to BWD and all other users of groundwater within the Subbasin is water 
quality degradation over time due to ongoing overdraft, irrigation and septic-related return 
flows, and loss of higher quality water due to dewatering of the upper aquifer.  Piper trilinear 
diagrams were constructed for each of the wells using available historical data (compiled in 
Appendix B).  Two examples are included as Figures 8 and 9 where one well has had significant 
changes in water quality over time versus another that has been relatively stable.  
 
The Piper diagrams depict relative ratios of the anions and cations, not the total concentrations.  
Also included in the figures are graphs of the anions and cations that present the measured 
concentrations (in mg/L).  
 
ID1-8 (South Management Area, Well#15 on Figure 7) 
Water chemistry has significantly changed over time at ID1-8.  This well is in the South 
Management Area as depicted as Well #15 on Figure 7.  It has been sampled since 1972.  Figure 
8 includes a Piper Diagram and charts depicting TDS, cations, and anion concentrations over 
time. 
 
Observed is historically decreasing bicarbonate, increasing chloride, and increasing calcium.  
Recent data indicates that water quality may be stabilizing. 
 
In terms of overall chemistry (see Figure 6A) the water in this well in now described as sodium 
chloride dominant, typical of marine and deep ancient groundwater. 
 
ID4-18 (North Management Area, Well #2 on Figure 7) 
This well is in the North Management Area as depicted as Well #2 on Figure 7.  It also has been 
sampled since 1972.  Figure 9 includes a Piper Diagram and charts depicting TDS, cations, and 
anion concentrations over time.  
 
There is much less overall change with time compared to ID1-8, but the sampling data do show 
sulfate is increasing.  The change is subtle change but significant since concentrations are above 
the recommended secondary MCL of 250 mg/L, but do remain below the upper MCL of 500 
mg/L. Sulfate is increasing as bicarbonate decreases over time.  The points in the anion portion 
of the diagram (lower right triangle) occur along a line indicative of increasing sulfate.  
 
In terms of anion chemistry (see Figure 6A) the water in this well in now described as sulfate 
dominant.  Sulfate is a COC.    
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FIGURE 8:  ID1-8 (see Figure 8A for explanation of the diagram and axes) 
 

 
 
Notes:   
1. The last two digits of the year the samples were taken are shown in the Piper diagram. 
2. Chemistry has changed due to increases in sulfate, chloride, and sodium; and decreased 
bicarbonate.  The change from 1970s to the 2000s is evident.  TDS is also increasing.  
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FIGURE 9:  ID4-18 
 

 

 
 
Note:   
1. The last two digits of the year the samples were taken are shown in the Piper diagram. 
2. Water chemistry is fairly stable with a slow increase in sulfate and decrease in bicarbonate.  
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3.4 TDS with Depth 
 
Well profiles based on TDS and temperature were presented by the DWR in a 2014 
presentation (as referenced in footnote #11, a copy is included in Appendix A).  Figure 10 
presents the profile data obtained from eleven wells that ranged in depth from 280 to 900 feet.  
For reference BWD water supply wells currently range in depth from 392 to 830 feet (Table 1). 
 
Review of Figure 10 supports the following: 
 

• TDS varied by well, with linear increase with depth at each well.  The exception is well 
ID4-3 where a step-wise increase in TDS was observed at a depth of approximately 350 
feet. 

• Groundwater temperature was relatively warm, ranging from approximately 80 to 90 oF.  
All wells exhibited increasing temperature with depth. 

 
Geologic conditions and lithologies do change with depth, and it is generally expected that 
water quality change will decrease with depth.  While quite important towards understanding 
the effect of overdraft on water quality, relatively few depth-specific groundwater chemistry 
data have been obtained in the Subbasin.  The data presented in Figure 10 are obtained by 
lowering measurement probes into the wells and are relatively inexpensive to collect provided 
there are no obstructions in the well.  Additional discussion of well profiling methods is 
included in the report recommendations. 
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FIGURE 10 
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FIGURE 10, continued 
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3.5 Nitrate 
 
Nitrate (NO3) is a groundwater contaminant that is commonly detected in drinking water 
supplies obtained from alluvial basins throughout the southwestern US (see, for example, USGS 
NAWQA15, CA SWRCB GAMA16, and others).  Nitrate in groundwater has many natural sources, 
but nitrate concentrations in groundwater underlying agricultural and urban areas are 
commonly higher than in other areas.  The primary sources of nitrate in the Subbasin include 
fertilizers associated with agriculture and turf grasses (golf courses), and septic systems.   
 
The relationship between groundwater quality and overlying land uses was examined by DWR 
(DWR, 2014; in Appendix A).  Figure 11 shows “the distribution of nitrate analyses for the 
Borrego Basin.  Maximum content is shown per section and sections are colored according to 
the number of analyses in the section.  Sections where the maximum contaminant level (MCL) 
are exceeded are shown in hatched patterns.”  The DWR analysis shows that nitrates occur 
above MCLs in multiple wells. 
 
The USGS reviewed nitrate data and stated that “TDS and nitrate concentrations were generally 
highest in the upper aquifer and in the northern part of the Borrego Valley where agricultural 
activities are primarily concentrated.” (USGS Model Report, p.2) … “Water-quality samples from 
wells distributed throughout the valley show that NO3-N concentrations ranged from less than 1 
mg/L to almost 67 mg/L. NO3-N concentrations were highest in the shallow aquifer and 
exceeded the CA-MCL of 10 mg/L in some samples from the shallow and middle aquifers in the 
northwestern part of the basin (fig. 26).  NO3-N concentrations in samples from the lower 
aquifer did not exceed 6.7 mg/L.“ (USGS Model Report p.64) 
 
Further spatial analysis of the occurrence of nitrate relative to land use is not included in this 
report.  Additional review of nitrate data is included in Section 3.7, and in the GSP. 
 
  

                                                           
15 Thiros, S.A., Paul, A.P., Bexfield, L.M., and Anning, D.W., 2014, The quality of our Nation’s waters—Water quality 
in basin-fill aquifers of the southwestern United States: Arizona, California, Colorado, Nevada, New Mexico, and 
Utah, 1993–2009: U.S. Geological Survey Circular 1358, 113 p., http://dx.doi.org/10.3133/cir1358. National 
Ambient Water Quality Assessment (NAWQA) 
16 Groundwater Ambient Monitoring and Assessment Program (GAMA 
See:  )https://www.waterboards.ca.gov/gama/ 

http://dx.doi.org/10.3133/cir1358
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3.5.1 Supporting Information Regarding Nitrate 
 
Historical groundwater quality impairment for nitrates is noted in the GSP to predominantly 
occur in the upper aquifer of the North Management Area underlying the agricultural areas, 
and near areas with a high density of septic point sources.  The primary source of nitrates is 
likely associated with either fertilizer applications.  
 
Information provided by Dudek in the GSP supports that nitrates have historically impacted 
multiple wells as follows.  It is understood that the BWD Improvement District 4 (ID4) well 1 
and 4, Borrego Springs Water Company Well No. 1 (located at the BWD office), the Roadrunner 
Mobile Home Park, and Santiago Estates wells were all taken out of potable service due to 
elevated nitrate.  The latter two developments were connected to municipal wells operated by 
the BWD as an alternative source of supply.  Well ID4-4 was re-drilled and screened deeper at 
the same location and successfully accessed good water quality not impacted by nitrates.  The 
DiGiorgio wells 11, 14 and 15 located north of Henderson Road have historical detections of 
nitrate and TDS above drinking water standards.  The existing groundwater network indicates 
elevated nitrate currently occurs at the Fortiner well No.1 in the North Management Area and 
at the BWD’s WWTP monitoring well (see map, Figure 4). 
 
Nitrate contamination enters the unconfined aquifer system via irrigation return flows and 
septic system discharge.  An unconfined aquifer is directly open to the downward percolation of 
water.  Thus, the uppermost portion of the aquifer is the most susceptible to nitrate impacts.  
However, as noted in Table 1B, nitrate impacts have been observed at low concentrations in all 
of the active BWD water supply wells.  
 
There are two factors that can facilitate the downward migration of nitrates within the aquifer 
system- both caused by wells.  The first is that ongoing pumping from deeper portions of the 
aquifer can actively draw shallow groundwater deeper into the aquifer system.  The second is 
that inactive wells can act as conduits for groundwater flow and facilitate the drainage of water 
from the upper aquifer into deeper aquifers because of downward hydraulic gradients induced 
by ongoing pumping and overdraft (see Recommendations, Section 5.2, for additional 
discussion).    
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FIGURE 11 
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3.6 Arsenic 
 
Arsenic is the primary drinking water COC identified throughout alluvial basins across the desert 
southwest (see, for example, previously cited USGS NWQA Report, 2014).  The fate and 
transport of arsenic highly depends on the hadrochemical environment.  Chemical conditions 
control the chemical state (valence) of the ion in solution- here arsenic can occur as either 
arsenate (As+3) or arsenate (As+5).  The chemical behavior of arsenic in groundwater depends on 
multiple factors including the pH and the relative state of oxidation (i.e., chemically oxidizing or 
reducing, or ‘redox’ state).  Arsenate (As+5) for example, tends to become more soluble as pH 
increases.  Microbial processes are also known to be involved in the oxidation and mobility of 
arsenic.17  
 
Arsenic concentrations above MCLs currently occur in groundwater in the South Management 
Area, primarily in wells installed for the Ram’s Hill Golf Course.  Figure 12, from BWD Board 
presentation by Dudek dated 1/25/2018, shows prior sampling results.  Sampling results for the 
remainder of the Subbasin indicate arsenic to occur at less than half the MCL (5 micrograms per 
liter [µg/L]).  The sampling results for active BWD wells are summarized in Section 4. 
 
FIGURE 12 

 
                                                           
17 Sun 2010.  The Role of Denitrification on Arsenite Oxidation and Arsenic Mobility in An Anoxic Sediment Column 
Model with Activated Alumina.  In Bioengineering and Biotechnology.  
https://onlinelibrary.wiley.com/doi/abs/10.1002/bit.22883  This work is cited because it supports that Nitrate, an 
alternative electron acceptor, can support oxidation of As+3 to As+5 (arsenate) by denitrifying bacteria in the 
absence of oxygen.  Arsenate is generally considered to be mobile in groundwater at pH levels greater than 8. 

https://onlinelibrary.wiley.com/doi/abs/10.1002/bit.22883
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3.6.1 Supporting Information Regarding Arsenic 
 
To date all water quality testing has reported ‘total arsenic’.  While this is consistent with the 
reporting requirements for drinking water testing, the current monitoring program does not 
speciate arsenic by valence.  The species that occur in groundwater can generally be inferred 
based on knowledge of water conditions- specifically the pH and Eh (or redox state). 
 
A study of arsenic and nitrate in the Subbasin done in cooperation with the BWD was published 
by Rezaie-Boroon et al, in 2014.18  The study was based on data from six BWD wells (ID4-18, 
ID4-11, ID1-12, ID4-10, ID1-10, and Wilcox) for the period of 2006 to 2014.  Their trend analyses 
are not summarized here because four more years of data have since been collected and the 
trends have changed.  Their work emphasized the following: 
 

• The chemical environment as determined by pH and Eh is important.  Both pH and Eh 
conditions control how dissolved arsenic occurs in aqueous environment (see 
reference).19  Arsenic is more soluble in an alkaline (high pH) and anoxic environments.  
The relative mobility of arsenic depends on its valence, typically occurring as either 
arsenite (As+3) or arsenate (As+5).  As+3 is typically more mobile than As+5 in anoxic 
groundwater. 

• The presence of iron oxide coatings on soil and sediment particles supports arsenic 
adsorbtion and can cause the concentration of arsenic in solution to decrease.  This will 
typically occur under oxidizing conditions where As+5 will generally occur versus As+3, 
and where iron oxides will occur. 

• “The most common forms of arsenic in groundwater are their oxy-anions, arsenite (As+3) 
and arsenate (As+5).  Both cations are capable of adsorbing to various subsurface 
materials, such as iron oxides and clay particles.  Iron oxides are particularly important 
to arsenate fate and transport” because…”arsenate [ed:  As+5] strongly adsorbs to these 
surfaces in acidic to neutral waters.”  Thus, increases in pH will support the desorption 
or release of arsenate into groundwater. 

 
The interaction of arsenic with soil and aquifer material containing iron oxide is summarized in 
a 2015 report by the Water Research Foundation.20  This study is potentially relevant to the use 
of arsenic-bearing irrigation water, because it shows that arsenic can be removed from water 
when passed through soil.  The Water Research Foundation report concluded that “Results of 
this study provide an inexpensive arsenic treatment method for water utilities”, while 
                                                           
18 Rezaie-Boroon et al, 2014.  The Source of Arsenic and Nitrate in Borrego Valley Groundwater Aquifer.  Journal of 
Water Resource and Protection, 5, p1589-1602.  
https://www.scirp.org/journal/PaperInformation.aspx?PaperID=51944 
19 Stein, C.L., Brandon, W.C. and McTigue, D.F. (2005) Arsenic Behavior under Sulfate-Reducing Conditions: Beware 
of the “Danger Zone”.  EPA Science Forum 2005: Collaborative Science for Environmental Solutions, 16-18 May 
2005, Washington DC. 
20 Water Research Foundation, 2015.  In-situ Arsenic Removal During Groundwater Recharge 
Through Unsaturated Alluvium.  Web Report #4299. 
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recognizing that the work was a pilot study and that a good understanding of site conditions is 
necessary to achieve similar results. 
 
Arsenic may also be released from the dewatering or release of water in from clays.  A recent 
study published in 2018 for the San Joaquin Valley of California examined the potential release 
of arsenic from the Corcoran Clay, a regionally extensive clay deposit that is being compressed 
as a result of land subsidence due to groundwater overdraft.21  Their results “support the 
premise that arsenic can reside within pore water of clay strata within aquifers and is released 
due to overpumping”.  
 
Four factors were seen to contribute to the occurrence of arsenic in groundwater that included 
clay thickness, dissolved manganese (Mn) concentrations, elevation (depth), and recent 
subsidence.   As stated in their report “We highlighted four of the most important variables 
describing arsenic concentration within the Tulare Basin in the recent model, shown in Fig. 2a-d 
[of their report].  Of these, the thickness of the Corcoran Clay (a confining unit that overlies a 
lower aquifer) shows a positive correlation with arsenic concentrations due to increased clay 
content.    Elevation has a negative correlation, as lower areas are more likely to have been 
water-saturated and thus anaerobic.  A positive correlation was found between log10(Mn) and 
arsenic concentrations, as the presence of manganese indicates an anoxic environment, in 
which arsenic tends to be more soluble.  Significantly, recent subsidence from InSAR22 [ed: land 
surface elevation data] showed a positive correlation, as over-pumping leads to increased pore 
water drainage from clays.  The first three variables are well-known from the literature and not 
related to human activity.  The quantitative link between pumping-induced subsidence and 
arsenic concentrations has not been shown before, and is directly related to human activity.” 
 
Their analysis supports that geochemical data that include measurements of oxidation-
reduction potential (redox) and oxygen content, and testing for minerals that are indicative of 
geochemical conditions (such as ferrous and ferric iron, and manganese) can support 
assessment of the potential for arsenic to become mobile in the aquifer system.  A recent USGS 
publication provides further explanation of the role of iron oxides under varying pH and redox 
conditions (USGS Scientific Investigations Report 2012–506523).    A key point made by the USGS 
is that arsenic becomes mobile at a pH greater than 8 under oxidizing and neutral/transitional 

                                                           
21 Overpumping leads to California groundwater arsenic threat.  By Ryan Smith, Rosemary Knight, and Scott 
Fendorf.  June 2018.  In Nature Communications (2018) 9:2089, DOI: 10.1038/s41467-018-04475, 
www.nature.com/naturecommunications.  or at 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5988660/pdf/41467_2018_Article_4475.pdf 
22 “InSAR (Interferometric Synthetic Aperture Radar) is a technique for mapping ground deformation using radar 
images of the Earth's surface that are collected from orbiting satellites”.  see 
https://volcanoes.usgs.gov/vhp/insar.html 
23 Predicted Nitrate and Arsenic Concentrations in Basin-Fill Aquifers of the Southwestern United States, by David 
W. Anning, Angela P. Paul, Tim S. McKinney, Jena M. Huntington, Laura M. Bexfield, and Susan A. Thiros;  
https://pubs.usgs.gov/sir/2012/5065/pdf/sir20125065.pdf 

http://www.nature.com/naturecommunications
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redox conditions, and is potentially mobile under strongly reducing conditions where both 
arsenite and iron can be in solution.  
 
The USGS Model Report evaluated land subsidence in the Subbasin for the period of the 1960s 
to 2010 (page 70 of their report) and concluded that “…land subsidence attributed to aquifer-
system compaction is not currently a problem in the Borrego Valley and is unlikely to be a 
significant problem in the future”.  However, this does not preclude the potential release or 
extraction of arsenic from clay-rich portions of the aquifer system that may occur under current 
or future pumping absent subsidence, or as a result of changes in geochemical conditions that 
could mobilize arsenic from clay-rich sediments that may contain arsenic. 
 
Overall the occurrence, nature, and extent of arsenic in the Subbasin is not well understood.  It 
is more prevalent in South Management Area wells.  While currently water quality conditions 
are good relative to arsenic, it was observed to be at or near drinking water MCLs in multiple 
BWD water supply wells during the last decade and could affect BWD’s water supply in the 
future. 
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3.7 Correlations Among Water Quality Parameters  
(Combined Data Assessment) 

 
One of the goals of this Report is to evaluate whether multiple chemical parameters can be 
used to better define and predict COC trends at BWD water supply wells.  Piper diagrams 
presented in Section 3.2 were used to examine spatial trends and also illustrate that there are 
definable relationships among the general minerals seen in the trilinear diagrams.  In this 
section the water chemistry data are combined for all wells to examine general relationships 
and correlations.  The data set also includes pH, hardness.  Other potentially important 
geochemical parameters such as iron and manganese were not included because they were not 
uniformly obtained for the water quality samples historically collected. 
 
3.7.1 Water Quality Data Correlations 
 
Water quality data obtained since 2004 were used to examine potential correlations and 
relationships.  The recent data were selected to represent current conditions as water quality 
has changed over time in many wells.  Among the parameters that were tested include anions 
(HCO3, Cl, SO4), cations (Ca, Mg, and Na [potassium was not included as less data were 
collected]), pH, TDS, Ca+ Na, Cl+HCO3, As, F, and NO3.  Also included in the correlation analysis 
were two parameters named Midst and Low Sat that represented the percentage of well screen 
open to flow per aquifer unit as described in each of the wells (for example if a well is 
completed with the same amount of screen length per aquifer then both values would be 50 
percent).  
 
Correlations greater than 0.5 or less than -0.5 are highlighted in Table 3.  Values between 0.5 
and 0.7 are underlined, and values greater than 0.7 are in bold.  The South Management Area 
data have been separated from the North and Central Management Areas. 
 
Selected data are shown in graphical form in this section.  The data set used in the correlations 
was limited to those samples where the general minerals charge balance was within 10 
percent.  The graphs further restrict the data to only include higher quality data with a +/- 5 % 
charge balance.  Hem (1985) considers data with 5% charge balance to be of good quality24. 
 
 

                                                           
24 John Hem, 1985.  Study and Interpretation of the Chemical Characteristics of Natural Water.  USGS Water-Supply 
Paper 2254.  From page 163: “Under optimum conditions, the analytical results for major constituents of water 
have an accuracy of +/-2 - +/- 10 percent.  That is, the difference between the reported result and the actual 
concentration in the sample at the time of analysis should be between 2 and 10 percent of the actual value.  
Solutes present in concentrations above 100 mg/L generally can be determined with an accuracy of better than +/-
5 percent.  Limits of precision (reproducibility) are similar.” 
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Table 3 

 
 

COC North and Central South 
Arsenic pH (.68), F (.66) F (.73), pH (.55) 
Nitrate Cl (.72) -none- 
Sulfate TDS (.70), Na (.67)  TDS (.96), Ca (.95), Cl (.87), Na (.73)  

Fluoride As (.66), Na (.54) As (.73), pH (.56) 
TDS Na (.83), Ca (.72), SO4 (.70), Mg (.57)  SO4(.96), Cl (.92), Ca (.92), Na (.81) 

 
 
 
 
 
 
 
  

NORTH and CENTRAL
 Bicarbonate Chloride Sulfate Fluoride Calcium Magnesium Sodium cation anion pct middle pct lower Arsenic Nitrate

HCO3 Cl SO4 F Ca Mg Na pH TDS Ca+Na Cl+HCO3 MidSat LowSat As NO3
HCO3 1.00 0.73 -0.38 -0.30 0.46 0.76 -0.10 -0.69 0.27 0.18 0.94 -0.48 0.30 -0.28 0.49

Cl 1.00 -0.26 -0.09 0.28 0.54 0.31 -0.53 0.43 0.36 0.92 -0.40 0.15 -0.13 0.72
SO4 1.00 0.26 0.46 0.07 0.67 0.16 0.70 0.70 -0.35 0.01 0.09 0.23 -0.43

F 1.00 -0.30 -0.23 0.54 0.48 0.15 0.21 -0.21 -0.43 0.47 0.66 -0.14
Ca 1.00 0.79 0.34 -0.60 0.72 0.77 0.40 -0.31 0.25 -0.32 0.14
Mg 1.00 0.23 -0.75 0.57 0.58 0.70 -0.48 0.40 -0.33 0.37
Na 1.00 0.03 0.83 0.86 0.10 -0.39 0.38 0.31 0.22
pH 1.00 -0.31 -0.30 -0.65 0.24 -0.12 0.68 -0.46

TDS 1.00 0.95 0.37 -0.41 0.33 0.04 0.21
Ca+Na 1.00 0.28 -0.43 0.39 0.04 0.23

Cl+HCO3 1.00 -0.47 0.24 -0.23 0.65
MidSat 1.00 -0.86 -0.30 -0.43
LowSat 1.00 0.30 0.22

As 1.00 -0.18
NO3 1.00

SOUTH
 Bicarbonate Chloride Sulfate Fluoride Calcium Magnesium Sodium pct middle pct lower Arsenic Nitrate

HCO3 Cl SO4 F Ca Mg Na pH TDS Ca+Na Cl+HCO3 MidSat LowSat As NO3
HCO3 1.00 -0.45 -0.44 0.14 -0.37 -0.31 -0.16 0.27 -0.33 -0.25 0.14 0.31 -0.33 0.10 0.19

Cl 1.00 0.87 -0.31 0.80 0.36 0.83 -0.34 0.92 0.84 0.47 0.17 -0.19 -0.08 0.11
SO4 1.00 -0.37 0.95 0.46 0.73 -0.31 0.96 0.86 0.37 -0.03 0.04 -0.01 0.01

F 1.00 -0.48 -0.16 -0.14 0.56 -0.40 -0.41 -0.33 -0.23 0.23 0.73 -0.22
Ca 1.00 0.42 0.60 -0.46 0.92 0.78 0.29 0.05 -0.05 -0.13 0.08
Mg 1.00 -0.03 -0.13 0.42 0.16 0.07 -0.11 0.11 0.06 -0.05
Na 1.00 -0.10 0.81 0.86 0.49 0.24 -0.24 0.09 0.19
pH 1.00 -0.35 -0.25 -0.13 -0.18 0.19 0.55 -0.30

TDS 1.00 0.89 0.44 0.14 -0.14 -0.03 0.18
Ca+Na 1.00 0.70 0.18 -0.19 -0.06 0.15

Cl+HCO3 1.00 0.27 -0.30 -0.14 0.05
MidSat 1.00 -1.00 -0.15 0.46
LowSat 1.00 0.17 -0.45

As 1.00 -0.06
NO3 1.00
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Arsenic and Fluoride 
Arsenic and fluoride concentrations are correlated and both increase with pH.  Figure 13 
depicts arsenic versus fluoride and pH.  (pH versus As is in the upper portion of the graph and 
the y-axis label is to the right; fluoride versus As is in the lower portion and the y-axis is to the 
left).  In both cases the correlations are influenced by the higher arsenic concentrations 
observed in the South Management Area (as noted by squares drawn around the data points).  
Every occurrence of arsenic above the MCL of 10 µg/L is associated with pH values greater than 
8.5 (upper portion of the graph). 
 
FIGURE 13 
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Nitrate 
Nitrate had few water quality parameter correlations.  Nitrate versus chloride is depicted in 
Figure 14.  While there was a statistically-indicated correlation in Table 3 for the North and 
Central Management Areas, chloride does not appear to be a globally useful predictor of 
nitrate. 
 
FIGURE 14 
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Sulfate 
 
The correlation of sulfate with TDS is depicted in Figure 15.  The three high sulfate values (> 500 
mg/L) from the South Management Area strongly influence the correlation.  
 
 
FIGURE 15 
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TDS 
 
Multiple analytes correlated with TDS.  Sulfate is shown in the previous figure.  Sodium and 
calcium are shown versus TDS in Figure 16, and chloride versus TDS is shown in Figure 17.  Both 
figures show that the South Management Area water chemistry is different than that observed 
to the north.  The regression lines in Figure 16 effectively split the two sets of data by 
management area. 
 
While correlations exist for all three analytes, sodium and chloride represents a higher 
percentage of TDS and calcium represents a smaller percentage of TDS in the South 
Management Area. 
 
FIGURE 16 
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Chloride data segregated by management area are depicted in Figure 17.  The highest chloride 
concentrations typically occur in the South Management Area.  
 
FIGURE 17 
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3.8 General Minerals:  Summary of Observations 
 
A summary of the Piper diagram analyses for the 23 wells used in this Report is included in 
Table 1B.   
 

• Water quality has clearly changed over time.  Of the 23 wells, six had insufficient general 
minerals data to assess trends.  Of the 17 wells with sufficient temporal data, 
approximately 70 percent showed a change in natural water chemistry over time.  

• Sulfate is the general mineral most commonly observed to be increasing in groundwater 
(as a relative percentage per the Piper diagrams). 

• Groundwater quality systematically varies with distance along the valley, with water in 
the South Management Area being noticeably different.  Here the well data were not 
differentiated by aquifer or relative depth    

 
Five COCs are included in this Report.  Nitrate and arsenic are currently the chemical of highest 
concern specific to BWD drinking water quality.  Fluoride, sulfate, and TDS are other three 
COCs.  The data were collected over varying time periods and not all sampling events included a 
complete set of the eight general minerals.  A review of the COCs for all of the active BWD wells 
is provided in Section 4. 
 
Limited depth-specific hydraulic and contaminant data are available to assess the nature and 
extent of COCs in groundwater.  As a result, the analyses among wells is limited to spatial 
comparisons.  The lack of depth-specific data is a data gap that affects the assessment of all 
water quality parameters.  The primary impact of this data gap is that the depth-dependent 
data will provide a good indication of how water quality will change over time as water levels 
decline.   If specific zones are contributing poor water quality, then the data can be used to 
selectively complete future water wells to reduce the impact of the inflow of poor water 
quality. 
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4.0 CHEMICALS OF CONCERN (COCs) AT BWD WATER SUPPLY WELLS 
 
The five chemicals of concern (COCs) include arsenic, total dissolved solids, nitrate, sulfate, and 
fluoride (As, TDS, NO3, SO4, and F).  There are nine BWD water supply wells reviewed here.  The 
COC and Piper diagram data for these wells is depicted in the following Figures that follow this 
subsection: 
 
Figure 18 ID4-4 (Well #4, as depicted in Figure 4) 
Figure 19 ID4-11 (Well #5, as depicted in Figure 4) 
Figure 20 ID4-18 (Well #2, as depicted in Figure 4) 
Figure 21 ID1-10 (Well #14, as depicted in Figure 4) 
Figure 22 ID1-12 (Well #9, as depicted in Figure 4) 
Figure 23 ID1-16 (Well #12, as depicted in Figure 4) 
Figure 24 ID5-5 (Well #8, as depicted in Figure 4) 
Figure 25 Wilcox (Well #13, as depicted in Figure 4) 
Figure 26 ID1-8 (Well #15, as depicted in Figure 4) 
 
Of these, three wells are being considered for replacement- ID4-4, ID4-18, and ID1-10.  Table 4 
summarizes the review of Figures 18 through 26.   
 
Water quality trends, if identified, are based on visual description of the various data.  The GSP 
describes the use of Mann-Kendall statistical trend analyses, a non-parametric way to detect a 
monotonic trend (up or down), to assess individual water quality parameters.   The work here is 
focused on identifying correlations among parameters. 
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NOT E:  We ll ID4-4 wa s re d ril le d   in 1979.  Wa te r che mis try  cha ng e d .

FIGURE 18.  BWD Well ID4-4

Notes:  pH and COC concentrations versus time shown left panel.  
Piper trilinear diagram depicts change over time- the labels indicate the last two digits of the year when sampled (e.g. 72 = 1972)
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FIGURE 19.  BWD Well ID4-11

Notes:  pH and COC concentrations versus time shown left panel.  
Piper trilinear diagram depicts change over time- the labels indicate the last two digits of the year when sampled (e.g. 72 = 1972)
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FIGURE 20.  BWD Well ID4-18

Notes:  pH and COC concentrations versus time shown left panel.  
Piper trilinear diagram depicts change over time- the labels indicate the last two digits of the year when sampled (e.g. 72 = 1972)
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FIGURE 21.  BWD Well ID1-10

Notes:  pH and COC concentrations versus time shown left panel.  
Piper trilinear diagram depicts change over time- the labels indicate the last two digits of the year when sampled (e.g. 72 = 1972)
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FIGURE 22.  BWD Well ID1-12

Notes:  pH and COC concentrations versus time shown left panel.  
Piper trilinear diagram depicts change over time- the labels indicate the last two digits of the year when sampled (e.g. 72 = 1972)
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FIGURE 23.  BWD Well ID1-16

Notes:  pH and COC concentrations versus time shown left panel.  
Piper trilinear diagram depicts change over time- the labels indicate the last two digits of the year when sampled (e.g. 72 = 1972)
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FIGURE 24.  BWD Well ID5-5

Notes:  pH and COC concentrations versus time shown left panel.  
Piper trilinear diagram depicts change over time- the labels indicate the last two digits of the year when sampled (e.g. 72 = 1972)
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FIGURE 25.  BWD Wilcox Well

Notes:  pH and COC concentrations versus time shown left panel.  
Piper trilinear diagram depicts change over time- the labels indicate the last two digits of the year when sampled (e.g. 72 = 1972)
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FIGURE 26.  BWD Well ID1-8

Notes:  pH and COC concentrations versus time shown left panel.  
Piper trilinear diagram depicts change over time- the labels indicate the last two digits of the year when sampled (e.g. 72 = 1972)
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4.1  North Management Area (3 Wells: ID4-4, ID4-11, and ID4-18) 
 
The North Management Area wells are generally located to the west and upgradient of the 
irrigated agricultural areas visible in Figures 4 and 7.  COC-specific observations are included in 
Table 4. 
 
ID4-4 
ID4-4 was re-drilled in 1979 due to high nitrate concentrations related to the upper aquifer.  
Nitrate remains detectable but at low concentrations.  Water quality is good and reasonably 
stable.  The District is currently planning to re-drill this well at the same site as a result of poor 
well conditions that resulted in sanding and the installation if a well liner that limits the depth 
to which the pump can be installed in the well.   
 
Additional information regarding the well replacement can be found in a 8/30/2018 Dudek 
presentation entitled “Water Vulnerability & New Extraction Well Site Feasibility Analysis” 
posted at the County SGMA website: 
https://www.sandiegocounty.gov/content/dam/sdc/pds/SGMA/Prop-1-SDAC-Grant-Task-5-
New-Extraction-Well-Site-Feasibility-Analysis.pdf  
 
ID4-11 
Water quality in ID4-11 is good and reasonably stable. 
  
ID4-18 
TDS is between the recommended and upper secondary MCL (currently at 630 mg/L).  Sulfate is 
slowly increasing and is above the recommended secondary MCL of 250 mg/L.  Arsenic has not 
been detected in this well (last reported as ND < 1.2 µg/L). 
 
Figure 27 shows how TDS and sulfate are correlated and is presented as an example of how TDS 
measurements based on electrical conductivity testing may be able to be used to assess sulfate. 
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FIGURE 27 
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4.2  Central Management Area (5: ID1-10, ID1-12, ID1-16, ID5-5, and Wilcox) 
 
The Central Management Area is associated with both the “central” and “transitional” water 
quality type as indicated in Figure 6 and COC-specific observations included in Table 4.  
 
ID1-10  
Water quality in ID1-10 is currently good and reasonably stable.  
 
Elevated arsenic concentrations (a maximum of 12.2 µg/L that exceeded the MCL of 10 µg/L) 
were observed in 2014 that were preceded by elevated pHs of 8.2 to 8.4 (see Figure 21).  
Arsenic concentrations and elevated pH conditions have since declined. 
 
ID1-12 
Water quality in ID1-12 is currently good and reasonably stable. 
 
ID1-16 
Water quality in ID1-12 is currently good and reasonably stable.  
 
Elevated arsenic concentrations (a maximum of 4.3 µg/L) were observed in 2014 that were 
preceded by and elevated pH of 8.3 (see Figure 23).  Arsenic concentrations and elevated pH 
conditions have since declined. 
 
ID5-5 
Water quality in ID5-5 is currently good and reasonably stable.  
   
Wilcox  
Water quality in the Wilcox well is currently good and reasonably stable.  
 
Elevated arsenic concentrations (a maximum of 7.8 µg/L) were observed in 2010 and 2014 that 
were preceded by elevated pH of greater than 8.6 (see Figure 25).  Arsenic concentrations and 
elevated pH conditions have since declined. 
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4.3 South Management Area (1: ID1-8) 
 
As previously discussed, the water chemistry observed in the South Management Area is 
distinctly different than that observed to the north.  COC-specific observations are included in 
Table 4. 
   
ID1-8 
Water chemistry at ID1-8 has significantly changed over time, but now appears to be stabilizing.  
Water quality in ID1-8 is currently good.  
 
Arsenic is of concern due to MCL exceedances consistently observed in nearby Ram’s Hill wells.  
 
Elevated arsenic concentrations (a maximum of 6.8 µg/L) were observed in 2010 that were 
preceded by an elevated pH of 8.3 (see Figure 26).  Arsenic concentrations and elevated pH 
conditions have since declined. 
 
 



 

  

ENSI:  DRAFT 12/7/2018 64 
 

WATER QUALITY REVIEW AND ASSESSMENT:  BWD WATER SUPPLY WELLS 

5.0  SUMMARY 
 
The multi-parameter assessment of water quality and COC trends provides additional insight 
compared to single parameter assessments.  
 
Natural Water Chemistry (anions and cations) 

• Natural water chemistry as determined by the eight dominant anions and cation 
systematically varies across the Subbasin (these include calcium [Ca], magnesium [Mg], 
sodium [Na], potassium [K], chloride [Cl], sulfate [SO4], bicarbonate [HCO3], and 
carbonate [CO3]).   
 
The observed variations generally correlate with the previously established 
management areas that are further discussed in the GSP.  Overall trends generally 
correlate with the well location relative to the pre-development groundwater flow paths 
and distance from where recharge waters enter the Subbasin, 
 

• Water samples from BWD water supply wells show that the dominant cations and 
anions are sodium and calcium; and bicarbonate, sulfate, and chloride, respectively. 

   
• The water type transitions from a calcium sulfate to a sodium chloride in the Northern 

Management Area wells.  
 

• Sodium bicarbonate type water generally occurs in the South Management Area as 
tested.  The groundwater analysis further supports that the South Management Area 
has distinctly different water quality than observed in the north and central 
groundwater management areas. 

 
• The primary causes for the difference in water quality within the Subbasin include 

variations in the water being recharged (e.g. Coyote Creek versus San Felipe Creek), 
proximity of irrigated lands (e.g. nitrate impacts due to fertilizer application), aquifer 
lithology (local deposits of evaporites and potential arsenic-bearing clays), aquifer depth 
(related to increase in TDS), and location within the Subbasin with respect to the 
Borrego Sink where enhanced evaporation of ephemeral surface water occurs. 

  
• Due to the location of the BWD wells this analysis does not fully represent the water 

quality distribution in the Subbasin.  Refer to Figures 4 and 7 for the well locations.  As 
result the spatial trends identified among the wells are limited to examining variations 
along the western side of the Subbasin. 

 
• Water quality as a function of depth has not been assessed in the BWD water supply 

wells, for example by the use of depth-specific water sampling.  Well profiling data 
obtained by the DWR (Figure 10, for example) indicate that TDS linearly increases with 
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depth.  Given the high correlation with sulfate, the increase in TDS implies that sulfate 
will also increase with depth. 

• Multiple aquifers are represented in the water chemistry data because of the 
construction of the 23 wells used in this report.  As a result, water quality could not be 
differentiated in terms of the three-layer aquifer system (upper/middle/lower) used by 
the USGS and others (for example in the USGS Model Report).  

 
• Temporal trends are more readily identified when multiple general mineral analyses are 

considered for each of the wells.  Here Piper trilinear diagrams were used to assess the 
eight dominant anions and cations.  

 
• 17 of the 23 wells had sufficient anion and cation data for temporal analysis and in some 

cases, well over 40 years data are available.  Of these approximately 70 percent have 
experienced changes in water chemistry over time.  The changes are generally 
attributed to long-term overdraft.  

 
Chemicals of Concern (COCs)  

• Five COCs were examined:  arsenic, nitrate, TDS, sulfate, and fluoride.  The overall 
analyses are improved when all five parameters are considered together and 
geochemical factors such as pH are included.  The five COCs are depicted together with 
pH for each of the nine active BWD water supply wells in Section 4. 
 

• Single parameter trend assessments, for example using Mann-Kendall trend analyses 
included in previous studies, are not repeated here. 
 

• The COC analysis is based on a comparison of concentrations with current MCLs.  Down-
revision of the criteria, especially for arsenic, could have a large impact on BWD 
operations should water treatment be required.  The State of California MCL  for arsenic 
was last revised (from 50 to 10 ug/L) on 1/28/200825.  As of February 2017, there is no 
indication that the State Water Resources Control Board is planning to revise the arsenic 
MCL26.  
 

• Overall the water quality is currently good and water can be delivered without the need 
for advanced treatment.  However, short-term water quality trends have been of 
concern, especially for arsenic.  The following summarizes the analysis per COC. 

 
  
                                                           
25 See: https://www.waterboards.ca.gov/drinking_water/certlic/drinkingwater/Arsenic.html 
26 Per a state review from 2017: “We are not aware of changes in treatment that would permit materially greater 
protection of public health, nor of new scientific evidence of a materially different public health risk than was 
previously determined.  Thus, we do not plan on further review of the arsenic MCL.”  See: 
https://www.waterboards.ca.gov/drinking_water/certlic/drinkingwater/documents/reviewofmaximumcontamina
ntlevels-2017.pdf  
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Arsenic and Fluoride 
Arsenic concentrations were increasing in multiple BWD water supply wells until 2014 and have 
since decreased.  The potential for MCLS to be exceeded is of high concern to BWD due to the 
potential cost of water treatment and/or well replacement.   The MCL was temporarily 
exceeded in one well, ID1-10.  Review of the data shows that there is a relationship between pH 
and arsenic where elevated arsenic concentrations occur under alkaline conditions with pH 
levels of approximately 8 and greater.  Especially noteworthy is that peak arsenic 
concentrations can be observed to occur after the peak pH was observed in multiple wells (ID1-
10, ID1-16, Wilcox, and ID1-8).  The lag time is approximately 2 to 4 years.  While additional 
data and observations are required to further assess the connection between arsenic and pH, 
this relationship could prove important toward the monitoring and management of BWD’s 
water supply. 
 
Fluoride is discussed with arsenic because it has been observed to correlate with arsenic.  While 
fluoride occurs at detectable concentrations in all of the active BWD wells, it has not been of 
concern as concentrations have typically been well less than 1.0 mg/L, less than half the MCL. 
Given the correlation it may prove useful towards future trend analyses for arsenic. 
 
TDS and Sulfate 
TDS represents the sum of all anions and cations that occur in the water.  Here a number of 
these anions and cations have been observed to correlate with TDS.  Figures 15 through 17 
show the correlation with TDS for sulfate, sodium, calcium, and chloride.  A specific example is 
shown for well ID4-18 in Figure 27 where TDS and sulfate are well correlated. 
 
The USGS Model Report (p. 2) identified TDS and sulfate as “the only constituents that show 
increasing concentrations with simultaneous declines in groundwater levels”. 
 
Electrical conductivity measurements are commonly used to assess TDS.  In this case they can 
be used as a field-based monitoring tool for TDS, and in turn support tracking of sulfate.  The 
TDS profiles presented by DWR (Figure 10) are examples of electrical conductivity 
measurements used to evaluate TDS. 
 
Nitrate  
Historically there have been significant nitrate-related water quality problems encountered in 
BWD wells that led to well reconstruction, abandonment, and replacement.  These wells were 
typically producing water from the uppermost portion of the aquifer system.  As noted in Table 
4, nitrate occurs in all of the active BWD wells at varying concentrations well below the MCL.  
Nitrate predominantly occurs as a result of fertilizers contained in irrigation return flow, and 
from septic systems.  Historically, because the upper portion of the aquifer system is 
unconfined, nitrate has primarily affected wells that were completed (open to flow) at the 
water table. 
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The USGS Model Report (p.2) noted that “TDS and nitrate concentrations were generally 
highest in the upper aquifer and in the northern part of the Borrego Valley where agricultural 
activities are primarily concentrated”. 
 
Nitrate concentrations are primarily related to land-based activities and do not correlate with 
inorganic water quality data.  Overall determination of historical impacts and ongoing 
susceptibility of the aquifer to nitrate contamination will require review of prior, current, and 
future land use placed in a spatial context.  Work done by DWR (for example as illustrated in 
Figure 11) is an example of how land use information can be used.  Among the land use 
parameters that would go into a nitrate source analysis would the location and types of septic 
and sewer systems, current and historical agricultural activities, and current and historical 
irrigated turf/golf courses. 
 
5.1 Other Potential COCs 
 
This report focused on the dominant anions and cations, and the five primary COCs.  Other 
potential COCs include naturally-occurring uranium and radionuclides.  Anthropogenic COCs 
include herbicides, pesticides, and similar chemicals used for agriculture and turf management.  
Microbial contamination, typically associated with animal wastes and sewage/septic, is also of 
potential concern.  
 
Groundwater quality provided by BWD water supply wells is currently good and meets 
California drinking water maximum contaminant levels (MCLs).  To date the current wells are 
producing water without the need for treatment.  The BWD public water supply monitoring 
program is conducted in compliance with the State of California’s requirements as administered 
by the State Water Resources Control Board Division of Drinking Water (DDW) and includes a 
wide range of analytes.  
 
BWD provides all sampling data to the DDW, and is listed as public water supply CA3710036.  A 
summary of BWD’s sampling program for other COCs can be reviewed in the annual consumer 
confidence report, available online at 
http://nebula.wsimg.com/c30a61991a5160ddf5e577fe9f7b3c01?AccessKeyId=D2148395D6E5B
C38D600&disposition=0&alloworigin=1.  The BWD is also sampling all of its water supply well 
semi-annually as part of the GSA monitoring network rather than the minimum 3-year 
timeframe currently required by DDW. 
 
 
 
 
  

http://nebula.wsimg.com/c30a61991a5160ddf5e577fe9f7b3c01?AccessKeyId=D2148395D6E5BC38D600&disposition=0&alloworigin=1
http://nebula.wsimg.com/c30a61991a5160ddf5e577fe9f7b3c01?AccessKeyId=D2148395D6E5BC38D600&disposition=0&alloworigin=1
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5.2 Recommendations 
 

• The COC analysis supports expansion of groundwater monitoring and testing program to 
include field-based water quality measurements of water being produced by BWD.  
Monthly wellhead measurements are recommended for electrical conductivity (EC), pH, 
and oxidation-reduction (redox) potential.  These could be conducted at the same time 
BWD personnel collect monthly bacteria samples.  EC can be used to calculate TDS, and 
by correlation estimate sulfate in some wells.  Redox and pH are key geochemical 
parameters that can readily be measured at the wellhead by BWD personnel. 
 

• Conduct vertical profiling and depth-specific sampling of water supply wells when the 
wells become accessible, for example during pump removal for maintenance.  The 
primary goals of the testing are to identify potential zones where water quality may be 
poor and to examine the relative rate of flow of water into the well with depth.  Both 
types of information will support assessment of well performance as overdraft 
continues.  
 
Long-term the vertical profiling will provide data to better understand the water quality 
trends and support BWD water management planning.  For example, the data will 
support assessment of sulfate trends by understanding how concentrations may or may 
not be increasing with depth and support projections of how water quality will change 
as overdraft while pumping reductions occur over the 20-year GSP planning period. 

 
• Use the groundwater model to assess pre- and post-SGMA groundwater flow conditions 

and potential changes in water chemistry.  Current pumping conditions have changed 
groundwater flow patterns within the North and Central Management Area due to the 
establishment of two pumping centers.  Future pumping reductions will likely alter 
groundwater flow patterns.  The model can be used to support calculations of 
groundwater flow rates and directions using ‘particle tracking’, a methodology that 
looks at how water flows over time.  The modeling software (USGS Modflow model) 
includes Modpath, a post-processing software that works with the model output. 
 

• Use the groundwater model water balance to develop a ‘mixing cell’ calculation of salt 
balance to assess the potential rate of accumulation of dissolved minerals associated 
with water use.  The Subbasin is effectively a closed system where dissolved minerals 
and other solutes have will continue to accumulate over time.  The primary purpose of 
the calculations is to assess long-term TDS changes that result from irrigation and septic 
return flows as overdraft continues.  The calculations will also support examination of 
areas where BWD water production may need to be established using new or existing 
water wells. 
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• Investigate the potential causes of the temporary increases in arsenic concentrations 
and pH observed in BWD wells as a means of predicting future arsenic concentrations.  
A lag time of 2 to 4 years is observed in multiple BWD wells where elevated pH 
preceded the increase in arsenic concentrations that could prove to be important 
towards BWD’s water supply and risk management. 
 

• Expand on the analysis of nitrate in groundwater relative to land use as described by the 
DWR (e.g. Figure 11).  Additional discussion of the occurrence of nitrate in groundwater 
is included in the GSP that describes land uses within the Subbasin. 
 

• Expand the water chemistry and water quality evaluation to areas within and 
downgradient of the agricultural areas in the North and Central Management Areas.   

 
• Continue to collect the full suite of general minerals (8 anions and cations) together with 

pH and redox measurements.  Water chemistry parameters should be collected using 
‘flow cells’ where the chemistry of the water is tested before it is exposed to the 
atmosphere.27  
 

• Conduct selective sampling for phosphate and review the overall electrochemical 
balance for all potential anions and cations to determine why the current data have 
excess cations relative anions (see Section 3.2.1). 
 

• Further assess lithologic and geochemical conditions associated with the occurrence of 
arsenic.  For example, work done in the San Joaquin valley (discussed in Section 3.6.1) 
linked the release of water from clay to increased arsenic concentrations in 
groundwater.  Further review of Subbasin stratigraphy work done by Netto (2001) is 
warranted.  Re-analysis of the geostatistical work done by the USGS to evaluate 
sediment lithologies may also prove useful towards understanding the nature and 
extent of sediments potentially associated with arsenic.  Lithologic sampling and 

                                                           
27 An example is shown below.  Water flows directly from the well into a chamber where measurements are made.  
From: http://www.geotechenv.com/flowcell_sampling_systems.html.  It is understood that Dudek staff are using 
flow cells during sampling of Rams Hill wells to measure pH, specific conductance, temperature, turbidity, 
dissolved oxygen, oxygen-reduction potential, and color.  Their Sampling and Analysis Plan could be used for the 
remaining wells within the GSP monitoring program. 

 

http://www.geotechenv.com/flowcell_sampling_systems.html
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geochemical testing for arsenic and related minerals is recommended during the 
installation of new wells. 

 
• Investigate the potential interaction of microbially-mediated oxidation and reduction 

processes (e.g. denitrification and sulfate reduction) specific to arsenic mobility. 
 

• Examine the potential application of recharge basins to facilitate arsenic removal as a 
result of geochemical processes in the vadose zone (see discussions in Section 3.6.1). 
 

• Develop an inventory of abandoned wells, including well completion information and 
potential condition.  Abandoned wells have the potential to act as conduits for the 
downward flow of shallow groundwater contaminants such as surface applied fertilizers, 
agricultural chemicals, and turf management chemicals.  Abandoned wells may need to 
be properly destroyed per California Well Standards (See information available from the 
County of San Diego 
https://www.sandiegocounty.gov/content/sdc/deh/lwqd/lu_water_wells.html) 
 

• Continue to track changes in groundwater quality as a function of water level to assess 
trends relative to the potential for water quality degradation and the likelihood of the 
need for water treatment.  Use the data to assess potential cost and water system 
reliability risks to BWD.  
 

• Continue to track water treatment technologies and costs for arsenic as the potential 
for revision of the arsenic MCL is, in part, dependent on cost-benefit analyses for water 
treatment (see COC discussion in Section 5). 

 
 
6.0 REFERENCES 
 
All references are cited within the text using footnotes. 
 

https://www.sandiegocounty.gov/content/sdc/deh/lwqd/lu_water_wells.html


 
 
 
 
 

APPENDIX A 
 

DWR, 2014 
 

 



Southern Region May 2014 

Groundwater Quality Information 
for 

Borrego Valley 



0

5

10

15

20

25

30

35

1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

To
ta

l N
um

be
r o

f A
na

ly
se

s1  p
er

 Y
ea

r 

Year 

Water Quality Analyses by Year and Source 

DWR Bulletin 91-15 DWR Water Quality Database
BWD Water Quality Database USGS 82-855
USGS GAMA USGS files

Borrego Valley Groundwater Basin 

California Department of 
Water Resources, Southern Region 

Figure 

1Notes: This graph includes analyses from both public and private wells.  
Some analyses may be missing from the total number of analyses or may  
be duplicated from more than one data source. The graph does not include  
analyses for environmental cleanup and monitoring sites. Other water  
quality analyses may exist that are not available to DWR. Not all analyses  
contain the same analytes.  

More than 300 water quality analyses have been identified. 



Figure showing major water 
quality constituents in 
groundwater and surface 
water in Borrego Valley.  The 
high proportion of Sulfate in 
the surface water of Coyote 
Creek appears to dominate 
the character of groundwater 
in the northern and eastern 
parts of the basin.  The more 
Bicarbonate waters of Borrego 
Palm Canyon and Big Spring 
influence the groundwater 
along the western and 
southern parts of the basin. 



Figure showing the 
distribution of Nitrate analyses 
for the Borrego Basin.  
Maximum content is shown 
per section and sections  are 
colored according to the 
number of analyses in the 
section.  Sections where the 
maximum contaminant level 
(MCL) are exceeded are shown 
in hatched patterns.   



Nitrate content is graphed through time for several wells in the Borrego Basin.  
No obvious trend is apparent.  (MCL is 45 mg/L) 
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Graph showing change in TDS content through time for several wells in the 
northern part of the basin.  No clear increase in TDS is observed. 
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Figure showing TDS content through time for several wells in the southern 
portion of the basin.  Most show decrease in TDS through time. 



A profile of TDS content and 
temperature for Dr. Nel’s Well.  
Changes in TDS appear to occur at 
the well screen.  TDS does not 
change appreciably with depth 
through the screened interval.  
Temperature rises steadily with 
depth. 



Profiles of TDS with respect to 
depth for wells in Borrego Valley. 
Most show slight increase in TDS 
with depth 



Profiles of Temperature with 
respect to depth.  Most wells 
show increase in temperature 
with depth. 



Summary 

• More than 300 analyses identified 
• Water character reflects recharge source 
• More than 100 Nitrate analyses, widespread 
• No apparent trend through time for Nitrate or 

TDS 
• 11 Wells profiled for Temperature and TDS 
• No consistent trend for TDS with depth in 

well. 
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B.1 EXPLANATION OF PIPER DIAGRAMS 
 
The eight dominant anions and cations that occur in groundwater can be used to describe of 
the type of water.  A Piper trilinear diagram1 combines sodium and potassium (cations), and 
carbonate and bicarbonate (anions) to reduce the total number of anions and cations from 
eight to six, with 3 values for each.  This allows the anions and cations to be depicted using 
ternary diagrams.  The values are then then projected onto a central diamond.  An example of 
the projection follows: 
 

 
 
From: https://support.goldensoftware.com/hc/en-us/articles/115003101648-What-is-a-piper-
plot-trilinear-diagram- 
The values used for the anions and cations are converted from mass/liter to 
milliequivalents/liter, a measure of the relative number of anions and cations in the solution.  
For example, if NaCl is dissolved into pure water there are an equal number of sodium cations 
(Na+) and chloride anions (Cl-).  An analysis by weight will show that there is more chloride 
because chloride has a larger molecular weight (MW) - the MW of Na is 22.9 grams/mole versus 
Cl that has a MW of 35.45 grams/mole.  ‘Equivalents’ are derived by dividing the reported mass 
by the MW so that the relative number of ions (in moles) is calculated. 
                                                           
1 Piper, A.M. 1944. A graphic procedure in the geochemical interpretation of water-analyses. Transactions-
American Geophysical Union 25, no. 6: 914–923 
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The overall intent of the diagram is to support grouping and classification of water types, also 
termed hydrochemical facies.  An example follows from  
https://www.hatarilabs.com/ih-en/what-is-a-piper-diagram-and-how-to-create-one 
 

 
The lower triangles are ternary diagrams that represent the relative proportion of anions or 
cations.  The various types of water, or facies, are shown in the middle diamond. 
 
Piper diagrams depicted in this report use a colored field scheme implemented in the Python 
programming language as published by Peeters, 20142.  Rather than drawing an underlying 
grid, the colored fields are used to help the visual interpretation of the data.   The computations 
and graphics were developed using open source program code published by Peeters.  
 
 
 
                                                           
2 Peeters, L., 2014.  A Background Color Scheme for Piper Plots to Spatially Visualize Hydrochemical Patterns.   
Vol. 52, No. 1–Groundwater–January-February 2014 
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The following is an example of the ternary grid and how data are plotted: 
 

 
 
All values equal 100% on the triangular grid.  The highest percentage of each of the 
components occurs in the extreme corners of the triangle. 
 
Values increase as indicated by the arrows.   
 
Source: 
https://upload.wikimedia.org/wikipedia/commons/thumb/a/ac/Blank_ternary_plot.svg/486px-
Blank_ternary_plot.svg.png 
 
 
 
 

https://upload.wikimedia.org/wikipedia/commons/thumb/a/ac/Blank_ternary_plot.svg/486px-Blank_ternary_plot.svg.png
https://upload.wikimedia.org/wikipedia/commons/thumb/a/ac/Blank_ternary_plot.svg/486px-Blank_ternary_plot.svg.png
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APPENDIX B.2 PIPER DIAGRAMS USED IN THE REPORT 
 
The following diagram are presented in the following order: 
 
1:  ID4-7 (not included due to insufficient data) 
2: ID4-18 
3:  ID4-3 
4:  ID4-4 
5: ID4-11 
6:  Cocopah 
7:  ID4-5 
7A:  ID4-1 
8:  ID5-5 
9:  ID1-12 
10:  ID4-2 
11:  ID4-10 
12:  ID1-16 
13: Wilcox 
14: ID1-10 
15: ID1-8 
16: RH-3 
17: RH-4 
18: RH-5 
19: RH-6 
20: ID1-1 
21:  ID1-2 
22: Jack Crosby 
23:  WWTP (insufficient data) 
24:  MW-3 (insufficient data) 
 
 
Recent Data: All (Piper only) 
Recent Data: North and Central (Piper only) 
Recent Data: South (Piper only) 
 
A copy of the map follows (Figure 4, from main body of report) 
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2: ID4-18 
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3:  ID4-3
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4:  ID4-4
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6:  Cocopah
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7:  ID4-5
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7A:  ID4-1

 
  



APPENDIX B:  PIPER DIAGRAMS 
 

  

ENSI DRAFT: 12/7/2018 B.13 

 

 
8:  ID5-5
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9:  ID1-12
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10:  ID4-2

 
  



APPENDIX B:  PIPER DIAGRAMS 
 

  

ENSI DRAFT: 12/7/2018 B.16 

 

 
11:  ID4-10
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12:  ID1-16
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13: Wilcox
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15: ID1-8
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16: RH-3; 17: RH-4; 19: RH-6
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20: ID1-1
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21:  ID1-2
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22: Jack Crosby

 
 
 
 

One data point so no plots generated. 
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Recent Data: All (Piper only) 

 
 
 

Notes:   
 
The number on the diagrams correspond to sequential well numbers assigned to each of the 
wells as explained in the text.  Data are for the period of 2005 to 2018. 
 
This Piper diagram is further explained in Figure 6. 
  



APPENDIX B:  PIPER DIAGRAMS 
 

  

ENSI DRAFT: 12/7/2018 B.27 

 

 
Recent Data: North and Central (Piper only) 

 
 
 
Note:  The number on the diagrams correspond to sequential well numbers assigned to each of 
the wells as explained in the text.  Data are for the period of 2005 to 2018.  
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Recent Data: South (Piper only) 

 
 

Note:  The number on the diagrams correspond to sequential well numbers assigned to each of 
the wells as explained in the text.  Data are for the period of 2005 to 2018. 
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POB 231026, ENCINITAS, CA  92023-1026  

 

ENVIRONMENTAL NAVIGATION SERVICES, INC. 

January 7, 2019 
 
Mr. Geoff Poole 
General Manager, Borrego Water District 
806 Palm Canyon Drive, 
Borrego Springs, CA  92004 
 
RE: Assessment Of Water Level Decline, Hydrogeologic Conditions, and          
Potential Overdraft Impacts For Active BWD Water Supply Wells 
 
Dear Geoff, 
 
The following draft Report was produced under our existing contract to provide 
technical support to BWD for to the Borrego Valley Groundwater Basin 
Groundwater Sustainability Plan Proposition 1 Grant Project.   This Report 
completes Task 2 in combination with reports dated 9/12/2018 and 12/7/2018, 
and provides supporting data for Task 3 specific to the assessment of overdraft 
impacts on BWD’s water supply.   
 
Subsequent analyses are in process that will build from this Report to examine the 
effect of overdraft on BWD supply well production rates and water quality.    
 
Thank you for your time and attention. 
 
Sincerely, 
 

 
 

Jay W. Jones   
CA PG#4106  
Environmental Navigation Services Inc. 
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OVERVIEW 
 
The purpose of this Report is to assess groundwater elevation decline trends for the Borrego 
Water District’s (BWD) nine water supply wells1, examine well-specific hydrogeologic conditions 
at the well locations, and assess the potential impact of overdraft on future water production.    
Measured groundwater elevations at the nine BWD wells are reviewed in combination with 
model-predicted groundwater elevations to assess ongoing water level decline at the BWD wells.  
Site specific drilling logs, measured groundwater level data, and model-calculated groundwater 
elevation data are evaluated in the context of the hydrogeologic characterization developed in 
the USGS Model Report2.   An analysis of potential aquifer productivity at BWD wells is then 
developed based on an evaluation of how aquifer transmissivity3 changes as a function of water 
level using the aquifer geometry and hydraulic parameters from the USGS Model Report. 
 
The overall intent of this analysis is to examine the potential impact of overdraft on BWD water 
supply wells and provide technical support to assess the uncertainty associated with water level 
trend analyses and predictions for individual BWD water supply wells.  Specific objectives include: 
 
1) Construct and evaluate hydrographs depicting measured groundwater levels and model-

predicted groundwater levels at each well, and examine water level decline trends at 
each BWD water supply well. 
 

2) Develop lithologic logs for each of the BWD wells as derived from driller’s logs and 
available detailed geologic cross-sections and related studies.  Use the interpreted logs 
to compare local well conditions to the larger-scale hydrogeologic parameters used in 
the USGS Model [USGS Model Report, 2015].   

 
3) Compare the hydrographs and model-based water level predictions to the lithologic logs 

to provide an understanding of well-specific hydrogeologic conditions at BWD’s nine 
water supply wells.   

 
4) Use the model aquifer geometry and local hydraulic conductivity values to calculate 

aquifer transmissivity, a measure of aquifer productivity, for each BWD well location.   
Based on observed water level decline, calculate the change in transmissivity as a function 
of aquifer saturation to assess how overdraft will potentially affect BWD water supply 
well production. 

                                                           
1 There are currently eight active water supply wells and one reserve well (see Table 1). 
2 [USGS Model Report, 2015] Faunt, C.C., Stamos, C.L., Flint, L.E., Wright, M.T., Burgess, M.K., Sneed, Michelle, 
Brandt, Justin, Martin, Peter, and Coes, A.L., 2015, Hydrogeology, hydrologic effects of development, and 
simulation of groundwater flow in the Borrego Valley, San Diego County, California: U.S. Geological Survey 
Scientific Investigations Report 2015–5150, 135 p., http://dx.doi.org/10.3133/sir20155150 
3 Transmissivity is a hydraulic parameter defined as the product of the hydraulic conductivity times the aquifer 
thickness.  As further described in this Report, decreases in transmissivity are occurring due to overdraft. 

http://dx.doi.org/10.3133/sir20155150
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The Borrego Springs Subbasin (Subbasin) of the Borrego Valley Groundwater Basin has been 
declared by the California Department of Water Resources (DWR) to be in a state of critical 
overdraft and is subject to the Sustainable Groundwater Management Act (SGMA).  Per SGMA 
“A basin is subject to critical overdraft when continuation of present water management 
practices would probably result in significant adverse overdraft-related environmental, social, or 
economic impacts.”4  Pursuant to SGMA a Groundwater Sustainability Plan (GSP) is currently 
under development5 for the Subbasin.  
 
Water level and pumping rate measurements will provide the primary data to monitor overdraft 
and the effectiveness of pumping rate reductions under the GSP.   The USGS’s numerical model 
and supporting information contained in the USGS Model Report provide supporting insights 
specific to future groundwater conditions data to assess water level decline due to ongoing 
overdraft.  The model was designed and calibrated to evaluate groundwater levels across the ~88 
mi2 Subbasin.  It discretizes the aquifer system into three layers described as the upper, middle, 
and lower aquifers.  Each of the model layers are composed of 2,000 x 2,000 ft cells (~92 acres/ 
0.15 mi2) that average hydrologic properties at a much larger scale than occurs at individual wells.  
As a result, approximations and averages are used at a scale broader than the immediate area 
surrounding individual BWD water supply wells.   The analysis provided in this report is intended 
to be used, in part, to support the application of the model at the scale of the BWD wells.   
 
Evaluation of the relationship between individual well production and BWD’s water storage and 
distribution system is not included in this report.  BWD’s current water supply system consists of 
six pressure zones further described in a Dudek report entitled Proposition 1 SDAC Grant Task 5 
Water Vulnerability/New Extraction Well Site Feasibility Analysis (dated 12/21/2018).   Also 
included in the 12/21/2018 report is information regarding the physical condition of BWD’s wells, 
evaluations of well longevity, and recommendations for well replacement. 
 
Water quality has also been changing over time at BWD wells.  This Report focuses on water 
production- for supporting details please refer to an ENSI Report entitled Water Quality Review 
and Assessment: Borrego Water District (BWD) Water Supply Wells, dated 12/7/2018.  

                                                           
4 See: https://water.ca.gov/Programs/Groundwater-Management/Bulletin-118/Critically-Overdrafted-Basins 
5 The GSP is being developed by the Groundwater Sustainability Agency (GSA) that consists of the County of San 
Diego and the Borrego Water District.  See overview at:  https://www.sandiegocounty.gov/pds/SGMA.html  
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The following sections are included in this Report: 
 
1.0 WELLS USED IN THIS ANALYSIS 

1.1        BWD Well Production and Demand 
1.1.1 Future Water Demand 

2.0 HYDROGEOLOGIC CONDITIONS AND CONCEPTUAL MODEL 
2.1 Aquifer Properties Assigned to the Groundwater Model at BWD Wells 
2.2 BWD Water Supply Wells:  Water Level Hydrographs and Observed Long-Term 

Water Level Decline 
3.0 BWD WATER SUPPLY WELLS: INTERPRETED HYDROGEOLOGY FROM DRILLER’S LOGS 
4.0 EFFECT OF CONTINUED OVERDRAFT (LONG-TERM WATER LEVEL DECLINE) ON AQUIFER 

CONDITIONS AT BWD WELLS 
5.0 SUMMARY 
6.0 RECOMMENDATIONS 
7.0 REFERENCES 
 
Appendix A.  2018 Pump Check Report 
Appendix B.  BWD Well Log Information 
 
Section 2 of this Report provides an overview of aquifer conditions and includes hydrographs for 
each of the BWD wells.  Water quality is not discussed- a review of water quality conditions for 
the BWD water supply wells is included in a separate ENSI report dated 12/7/2018.   
 
Section 3 examines hydrogeologic conditions at each of the wells and compares the local, well-
specific information to conditions described in the larger-scale groundwater model developed by 
the US Geological Survey.   Generalized well logs are developed for each of the BWD wells based 
on driller’s logs 
 
Section 4 examines how the aquifer productivity will decrease as water levels decline due to 
critical overdraft.  Here an analysis of the aquifer transmissivity, a measure of aquifer 
productivity, is used to examine how the wells will be affected over time under current rates of 
water level decline. 
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1.0 WELLS USED IN THIS ANALYSIS 
 
The focus of this Report is on the assessment of eight active and one reserve BWD water supply 
wells (Table 1, Figure 1).  The wells have been segregated by management areas as established 
in prior work by Dudek (North/Central/South; see the GSP for details).   
 
TABLE 1 

 
 
Notes: 
Data from 2018 Pump Check Results (see Appendix A) 
*, wells being considered for replacement (currently three:  ID4-4, ID4-18, and ID1-10) 
**, ID4-4 was redrilled/deepened in 1979 
***, gpm/ft calculated from Pump Check data 
****, Plant Efficiency from Pump Check, in percent.   
           Values less than 60% are viewed to be of concern. 
 
Note that BWD well locations do not fully represent hydrologic conditions within the Borrego 
Subbasin as they are located in populated areas within their historical service areas (or 
Improvement Districts [ID] as indicated by the well names) (Figure 1).   
 
 
  

Management 
Area

Well 
Name

GSA GWM 
Well

Status Year 
Installed

GPM

Static 
Water 
Level 
(ft)

Draw 
Down 

(ft)

GPM/Ft       
***

Plant  
Efficiency     

****

Well 
Depth 

(ft)

 

North ID4-4* Yes Active 1979** 395 205.4 63.5 6 71 802

 ID4-11 Yes Active 1995 920 223.2 5.8 159 73 770

 ID4-18* Yes Active 1982 130 311.2 7.6 17 50 570
  

Central ID1-10* Yes Active 1972 317 213.9 11.5 28 54 392

ID1-12 No Active 1984 890 145.5 10.4 86 72 580

ID1-16 Yes Active 1989 848 230.9 24.3 35 71 550

ID5-5 Yes Active 2000 542 182.1 16.1 34 62 700

Wilcox Yes Stand-by 1981 205 305.2 5.8 35 NA 502
  

South ID1-8 Yes Active 1972 448 71.2 47.7 9 51 830
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1.1  BWD Well Production and Demand 
 
BWD currently serves approximately 1600 acre-feet of water per year (2017 Consumer 
Confidence Report6 dated July 1, 2018).   This is equivalent to a continuous pumping rate of 992 
gpm.  The total pumping capacity of the wells listed in Table 1 is 4,695 gpm.  Water supply wells 
are typically operated 8 to 12 hours per day so BWD’s operating capacity is on the order of 1,565 
to 2,348 gpm, approximately 1.6 to 2.4 times the current demand (992 gpm).   This overview 
assessment focuses on BWD’s water supply wells and does not account for the ability of BWD’s 
water distribution system to store and transmit water to meet customer demand.   Please refer 
to Dudek’s 12/21/2018 Report for further system-specific details.  
 
It is understood that well ID4-4 is in poor condition and will be replaced in 2019 at its existing 
location.   It is likely that the new well will be more efficient and have a higher pumping capacity.  
It is also understood that well ID1-10 will be replaced in 2019 at new well location yet to be 
finalized but within the Central Management Area.  Like ID4-4 it is being replaced due to it being 
in poor condition, and a replacement well will also be likely to be more efficient and have a higher 
pumping capacity. 
 
Well ID4-18 is also reportedly in poor condition and is the lowest yielding BWD well per Table 1.  
However, it is understood that it currently serves a very small water demand in the northern 
portion of BWD’s service area.  Because it is able to meet the demand ID4-18 will likely not be 
replaced in the near future. 
 
1.1.1  Future Water Demand 
 
BWD’s service area includes many undeveloped residentially- and commercially-zoned parcels 
that, when developed, will require water.   Potential future water demands were assessed in a 
Dudek report entitled BWD Theoretical Water Demand at Buildout of Present Unbuilt Lots Under 
County’s Current Zoning in Borrego Springs, dated October 4, 2016.   The Report states: 
 
“Under the County’s current zoning there are 4,439 vacant and undeveloped parcels that could 
be converted to residential development and 526 vacant and undeveloped lots that could be 
converted to commercial, industrial, office space, rural commercial, open space, public agency, 
or public/semi-public facilities (County of San Diego 2011a).  Because an undetermined number 
of lots do not have legal lot status and because many of the lots are not developable due to 
environmental and other physical constraints, it was assumed that development of approximately 
3,000 residential units would approach maximum buildout of the Borrego Valley. To estimate 
increased demand for commercial and other user types, it was conservatively assumed that their 

                                                           
6 See BWD website: 
http://nebula.wsimg.com/c30a61991a5160ddf5e577fe9f7b3c01?AccessKeyId=D2148395D6E5BC38D600&dispositi
on=0&alloworigin=1  
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demand would increase proportionally to their existing percentage of the overall demand as 
growth occurs in Borrego Springs. 
 
Full General Plan buildout of legal lots given constraints was presumed to add an additional 3,000 
residential, 215 commercial, 108 public agency, 207 irrigation, and 179 multiple unit EDUs to the 
basin for a total of 6,811 EDUs at buildout of the Borrego Valley.  A conservative estimate of 
future water demands was estimated by applying the current residential EDU water demand of 
0.55 acre-feet per account.  This results in a future estimated municipal water demand of 3,746 
acre-feet per year, which is about 66% of the basin sustainable yield of 5,700 acre-feet per year7.” 
 
Dudek’s report concluded with three findings that are copied below: 
 

• “Present County zoning for the BWD’s service area may be unsupportable under SGMA 
constraints.  Even with drastic reductions in residential EDU, it is uncertain that municipal 
demand can be met, given current competition with agriculture, recreation, and other 
water users of the basin, including potential environmental water necessary to maintain 
the groundwater system. 

 
• Existing County General Plan assumptions need to be reevaluated given physical water 
constraints under SGMA. 

 
• Any up-zoning in the BWD’s service area would necessarily require as preconditions 
significant down-zoning of existing properties given physical constrains of available 
groundwater supply to meet municipal demand at buildout of Borrego Springs. 
Otherwise, an up-zoning without first meeting these preconditions would create a 
significant contingent liability for the BWD and its ratepayers as well as potentially 
difficult litigation risk due to the District’s cost to purchase water and potential inability 
to provide potable water to the up-zoned property due to SGMA constraints.  In other 
words, upfront mitigation for new development is required to offset the condition of 
overdraft in the BVGB.” 

 
Clearly the estimated future demand cannot be met with BWD’s current water supply as the total 
water demand could potentially triple.  This Report will focus on BWD’s existing wells 
independent of any SGMA considerations and defers to the GSP for further analysis of how 
population growth will be accommodated under SGMA. 
  

                                                           
7 Report Footnote 3: “This estimate of the theoretical municipal water demand at buildout of present unbuilt lots 
under the County’s current zoning in Borrego Springs is based on the current residential water use per EDU of 0.55 
acre-feet per year, the existing distribution of user types, and an assumed additional 3,000 residential units at 
buildout.  It is recognized that change in the water use per EDU and change in the distribution of user types will 
vary the actual municipal water demand.” 



 

  

ENSI:  DRAFT 1-7-2019 7 
 

ASSESSMENT OF WATER LEVEL DECLINE, HYDROGEOLOGIC CONDITIONS, AND          
POTENTIAL OVERDRAFT IMPACTS FOR ACTIVE BWD WATER SUPPLY WELLS 

 

 



 

  

ENSI:  DRAFT 1-7-2019 8 
 

ASSESSMENT OF WATER LEVEL DECLINE, HYDROGEOLOGIC CONDITIONS, AND          
POTENTIAL OVERDRAFT IMPACTS FOR ACTIVE BWD WATER SUPPLY WELLS 

 
2.0 HYDROGEOLOGIC CONDITIONS AND CONCEPTUAL MODEL 
 
This section provides an overview of the current hydrogeologic conceptual model for the 
Subbasin’s aquifer system.  More comprehensive presentations and discussions of hydrogeologic 
conditions are presented in the GSP.   
 
Reports to date generally describe the Subbasin as consisting of three unconfined aquifers named 
the upper, middle, and lower aquifers.  The upper and middle aquifers are the primary sources 
of water currently in use and are comprised of unconsolidated sediments.  The lower aquifer 
sediments become consolidated with depth and have been subject to folding and faulting.  The 
effects of overdraft are primarily seen in the upper aquifer as much of this portion of the aquifer 
system has been dewatered.  It is generally understood that the productivity of the aquifer 
system decreases with depth from declines in both the hydraulic conductivity (the relative rate 
of flow to a well for a given amount of drawdown) and in the aquifer storativity (the amount of 
water that will be produced from the aquifer in response to a drop in water level).   
 
The types and distribution of sediments that occur in the aquifer system are related to the 
geologic conditions that formed the sediments.  The USGS Model Report generally depicts the 
Borrego Subbasin geology as initially described by Moyle, 19828.   The three aquifers were 
described by the USGS as follows (USGS Model Report, page 31): 
 
“The upper aquifer is the regional water-table aquifer and consists of the saturated part of the 
alluvium (Quaternary gravels [Qg] of Dorsey, 2002).  Historically, it has been the principal source 
of groundwater in Borrego Valley and yields as much as 2,000 gallons per minute (gal/min) to 
individual wells (Mitten and others, 19889).  The upper aquifer is composed of Holocene to 
Pleistocene age alluvial, fan, playa, and eolian deposits.  These deposits are composed of 
unconsolidated sand, gravel, silt, and clay (Mitten and others, 1988).  The upper aquifer ranges 
in thickness from 0 to 643 ft (table 2) and is thickest at the north end of the valley where Coyote 
Creek enters the basin.  It thins to the southeast and is only about 50 ft thick near the Borrego 
Sink (Mitten and others, 1988) (fig. 10A). 
 
The middle aquifer is composed of the upper part of Pleistocene age continental deposits.  Moyle 
(1982) correlated the middle aquifer with the upper Palm Spring Formation/upper QTc.  The 
middle aquifer yields moderate quantities of water to wells, but is considered a non-viable source 
of water south of San Felipe Creek because of its diminished thickness (Mitten and others, 1988).  
Descriptions on well logs penetrating these deposits indicate that the deposits range in size from 

                                                           
8 Moyle, W. R., 1982, Water resources of Borrego Valley and vicinity, California; Phase 1, Definition of geologic and 
hydrologic characteristics of basin: U.S. Geological Survey Open-File Report 82–855, 39 p. 
 
9 Mitten, H.T., Lines, G.C., Berenbrock, Charles., and Durbin, T.J., 1988, Water resources of Borrego Valley and 
vicinity, California, San Diego County, California; Phase 2, Development of a groundwater flow model: U.S. 
Geological Survey Water-Resources Investigation Report 87–4199, 27 p. 
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gravel to silt with moderate amounts of consolidation and cementation and that the predominant 
grain sizes range from medium sand to clay (Moyle, 1982).  The middle aquifer is as much as 908 
ft thick (table 2) in the northern part of the valley, but it thins substantially in a southeasterly 
direction (Mitten and others, 1988) (fig. 10B). 
 
The lower aquifer includes the combined deposits of the lower Palm Spring and Imperial 
Formations (Moyle, 1982; Henderson, 2001).  The lower aquifer yields only small amounts of 
water to wells (Moyle, 1982); it is composed primarily of partly consolidated siltstone, sandstone, 
and conglomerate in the lower part of the continental deposits (Mitten and others, 1988). The 
separation of the middle and lower aquifers is based on drillers’ log descriptions of “hard, dry, red 
clays” that extend over the southern half of Borrego Valley at increasing depth to the north. 
Drillers’ logs indicate sediments above the red clays are easy to drill, whereas those below the red 
clay are hard to drill (Moyle, 1982).  On the basis of the most recent interpretations of gravity 
data, this aquifer is as thick as 3,831 ft (table 2) and is thickest in the eastern part of the valley 
(figs. 9, 10B, 10C).” 
 
Review of the USGS Model Report indicates that the aquifer details were developed for the model 
as follows: 
 

• Began with the three-layer aquifer geometry primarily based on work done by Moyle 
(1982) and Mitten et al (1988). 
 

• Reviewed 230 well and driller logs and interpreted sediment types and grain sizes from 
the logs.  Based on the interpretation developed a data base with grain size distributions.  
“Each lithologic log was divided into discrete binary texture classifications of either coarse-
grained or fine-grained intervals on the basis of the description in the log (table 3).” 
 

• The hydraulic properties of each layer (upper/middle/lower aquifer) were then estimated 
based on grain sizes.  “A 2-D geostatistical model, both incorporating kriging and cokriging 
methods, was used to interpolate10 the percentage of coarse-grained deposits of the 
nearest wells onto a 2,000-ft grid across each aquifer for the entire study area.”  The 
results were used to create 14 roughly concentric zones per layer for model parameter 
estimation.  The zones are vertically contiguous across the three layers in the model. 
 

• Refinement of layers and hydraulic properties based on review of groundwater model 
calibration results where parameter refinement was done to improve the model’s ability 
to match historical water levels. 

                                                           
10 Ed:  In simple terms a map was made by using known values of sediment grain size and estimating the value 
across the groundwater model grid.  The estimates were determined using a multi-step process where each point 
estimate is a linear combination of nearby points.  Please refer to the USGS Model Report for additional details. 
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In contrast to the USGS’s geostatistical approach, hydrogeologic stratigraphic analysis was 
conducted as part of SDSU graduate student research for the Borrego Valley (Netto, 200111).   He 
has a different aquifer interpretation than that used in the USGS Model Report as follows (Netto, 
page 37): 
 
“The conceptualization of hydrostratigraphic units described above is different from 
the previous conceptualization made by the USGS (Moyle, 1982), which has since been the 
basis for other groundwater modeling and water resource studies in Borrego Valley 
(DWR, 1984b; Mitten, 1988).  Moyle (1982) described a three-aquifer system corresponding 
to the alluvium, upper Palm Spring Formation, and the combined lower Palm Spring and 
Imperial Formations, respectively.  Each unit was described as uniform, with no variation of 
the physical characteristics within any of the three units.  In this current study, the alluvium, 
comprising the upper aquifer of Moyle (1982), has been divided into three separate 
hydrostratigraphic units, each with varying physical characteristics based on the distribution 
of soil texture within the alluvium.  The middle and lower aquifers of Moyle (1982), have 
been combined into one unit, partly because sufficient data is lacking to make clear 
distinction between separate hydrostratigraphic units within the Palm Spring Formation and 
potentially underlying Imperial Formation, and also because groundwater production from 
this unit is limited to relatively shallow portions of the Palm Spring Formation from a limited 
area in southern Borrego Valley.  The current model has increased the definition of the 
hydrostratigraphy in the principal water bearing portions of the aquifer system, namely the 
alluvial aquifer.” 
 
Netto’s conclusions further explain the difference in the hydrostratigraphic interpretation (page 
136): 

• “The geologic materials found within the groundwater basin include Tertiary 
rocks, predominantly the Palm Spring formation, and Quaternary alluvium. 
The Quaternary alluvium has been divided into older, intermediate and 
younger alluvium and is mostly comprised of alluvial fan and intermittent 
stream deposits, as well as some lacustrine deposits found within the 
intermediate alluvium.” 

 
• “The aquifer system is comprised of four hydrogeologic units of Quaternary 

and Tertiary age.  The uppermost three units are the Quaternary Alluvium, 
designated as younger, intermediate and older, each with varying hydraulic 
properties.  The oldest and lowermost unit is the Tertiary Palm Spring 
Formation.  The hydrogeologic units are underlain by the Cretaceous and 
older crystalline basement rocks.” 
 
 

                                                           
11 Netto, S.P., 2001, Water Resources of Borrego Valley San Diego County, California: Master’s Thesis, San Diego 
State University, 143 p.   
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• “The Quaternary older alluvium is the principal water-bearing unit of the 

aquifer.  It is relatively coarse grained and is thickest in the northern portion of 
the basin.” 

 
The USGS Model Report includes multiple references to Netto (2001) but describes the work as 
a water resources study (page 9) and defers to Moyle (1982) as their primary guidance for the 
aquifer designations and interpretation.  While a direct comparison of the two approaches has 
not been developed for this report, Netto’s hydrogeologic cross-sections have been used to 
support review of the BWD well conditions by comparing the developed detailed geologic 
cross-sections and lithology maps to the driller’s well logs.    
 
The upper aquifer in the vicinity of the BWD water supply wells has been extensively dewatered 
as a result of ongoing overdraft.  Thus, future water production will increasingly need to rely on 
the middle and lower aquifers.   Historically the upper aquifer was the primary water source and 
most of the wells and drilling-related data have focused on the upper aquifer.  As a result 
comparatively less data are available for the middle and lower aquifers. 
 
A significant question specific to BWD wells is whether the water production from the sediments 
of the middle aquifer will decrease with depth, leading to lower water production rates as water 
levels decline with ongoing overdraft.  The USGS Model is a finite element model that discretizes 
the aquifer using a square grid of cells, assigns one set of hydraulic properties per 92-acre cell, 
and assumes that each of the aquifer “blocks” per layer is homogeneous.  Thus, the hydraulic 
properties within each layer do not vary with depth.  Section 3 includes an analysis of lithologic 
conditions at each of the BWD well used to assess potential variations within the aquifer system 
that may affect future well performance.  Further refinement of the Subbasin-wide 
hydrostratigraphy and aquifer conditions is beyond the scope of this report.    
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2.1 Aquifer Properties Assigned to the Groundwater Model at BWD Wells 
 
Aquifer properties assigned to each layer of the USGS Model at the nine BWD well locations have 
been compiled and provided to ENSI by Dudek staff (Table 2).  The model discretizes the aquifer 
into 92-acre cells and the cell properties for each BWD well location include the hydraulic 
conductivity (ft/day) and specific yield (dimensionless).    These values correspond to how quickly 
water will flow through the aquifer under a unit hydraulic gradient and the water volume (ft3) 
that will be released from one-cubic foot of water subject to a one-foot water level drop, 
respectively.  Lower values of either parameter correspond to lower production rates.  The ratio 
of the parameters is indicative of how the well will produce water with increasing depth.   
 
Table 2.  Model Parameters at BWD Well Locations (per Modflow cell) 
 

 
 
  

Parameter ID4-4 ID4-11 ID4-18 ID1-10 ID1-12 ID1-16 ID5-5 Wilcox ID1-8
Hydraulic Conductivity of Layer 1 (ft/day) 41.77 41.27 97.15 82.61 56.99 96.62 71.39 97.24 56.00
Hydraulic Conductivity of Layer 2 (ft/day) 3.92 4.49 5.87 5.26 5.67 6.35 5.13 6.15 1.15
Hydraulic Conductivity of Layer 3 (ft/day) 0.54 0.92 0.52 0.28 0.12 0.80 0.85 0.78 0.16
Specific Yield Layer 1 0.30 0.30 0.08 0.07 0.11 0.08 0.05 0.08 0.11
Specific Yield Layer 2 0.03 0.03 0.05 0.03 0.03 0.05 0.20 0.05 0.03
Specific Yield Layer 3 0.04 0.04 0.08 0.04 0.04 0.08 0.03 0.08 0.04
Thickness of Layer 1 (feet) 292 233 392 125 123 188 184 259 120
Thickness of Layer 2 (feet) 420 268 908 222 286 147 274 71 125
Thickness of Layer 3 (feet) 221 300 0 1516 1821 939 1509 601 1538
Elevation of Top of Layer 1 (Feet above MSL) 597 613 692 561 528 643 561 725 531
Elevation of Top of Layer 2 (Feet above MSL) 305 381 300 436 405 454 377 466 411
Elevation of Top of Layer 3 (Feet above MSL) -114 113 -608 214 119 308 103 394 286

K layer 1: layer2 11 9 17 16 10 15 14 16 49
S layer 1: layer2 9.1 9.1 1.8 2.4 3.6 1.8 0.3 1.8 3.6

K layer 2: layer 3 7 5 11 19 49 8 6 8 7
S layer 2: layer 3 0.9 0.9 0.6 0.8 0.8 0.6 6.8 0.6 0.8
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FIGURE 2 
 

 
 
Figure 2 depicts the hydraulic parameters.   Hydraulic conductivities consistently decrease with 
depth at all well locations.  Here the values are shown on logarithmic scale because they decrease 
by factors of 10 from layer to layer.   Specific yield values in the middle and lower aquifers are 
more similar in magnitude versus the upper aquifer and are shown linearly. 
 
The aquifer parameter values are generally consistent with the conceptual model for the aquifer 
system where water production rates and the amount of groundwater in storage decrease with 
depth.   Here, the sharp drop in hydraulic conductivity with depth at aquifer boundaries means 
that the wells, as simulated in the model based on their interpretation of well log data, will have 
decreasing production rates with depth.  Further the model parameters illustrate that the loss of 
the upper aquifer because of overdraft is very significant in that the upper aquifer can support 
much higher production rates than the middle aquifer.  Production from the middle aquifer, in 
turn, will be significantly better than expected from the lower aquifer.    
 
Aquifer parameter measurements normally obtained through controlled aquifer testing are in 
short supply.  The well-specific hydraulic parameters listed in Table 2 were developed by the 
USGS based on interpretation of lithologic descriptions based on driller’s logs and calibration of 
the numerical model.  While the process likely results in reasonable estimates of the hydraulic 
parameters, none of the values are based on well-specific aquifer test results.  The lack of well-
specific hydraulic test data represents a major data gap toward the understanding of aquifer 
conditions with depth at BWD water supply wells. 
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2.2 BWD Water Supply Wells:   

Water Level Hydrographs and Observed Long-Term Water Level Decline 
 
Observed groundwater elevations at the nine BWD wells and model-estimated groundwater 
elevations calculated as part of the Groundwater Model Update by Dudek are presented in 
hydrograph plots (Figures 3 to 12).  Dudek’s update used the calibrated USGS model (1945 to 
2005) and incorporated additional hydrologic data to extend the model period through 2016. 
 
In the larger perspective the model generally replicates the overall decrease in water levels and 
loss of groundwater from storage that has been and continues to occur in the Subbasin due to 
overdraft.   The differences between the observed and modeled groundwater elevations over 
time are depicted for eight of the nine BWD water supply wells (Figure 3).  Groundwater elevation 
decline observed at each of the BWD wells has ranged from 20 to 89 feet for each of the wells.  
The water level elevation decline rates observed in eight of the nine wells over the past decade 
range from 0.6 to 4.5 feet/year based on linear trends fitted to the water level data (Table 3).  
Well ID1-10 is an exception and has exhibited a rise in groundwater elevation over the past 10 
years.  
 
Comparison of the observed and model-calculated water level elevations can be used to support 
the use of the groundwater model at BWD well locations.  The model works to provide a 
statistically-based ‘fit’ of observed and predicted water levels and tends to average conditions 
across the Subbasin.   As a result, while the model provides a Subbasin-wide assessment of 
hydrologic conditions, local water level elevations calculated by the model can be higher or lower 
than those observed by water level elevations obtained by measurements at the wells.  If the 
water level elevations calculated by the model are lower than observed, the model is said here 
to overestimate water level declines and thus overestimate overdraft.  From a BWD management 
perspective this means that the use of the model is protectively conservative and allows for a 
margin of error.   Conversely, if the model-calculated water levels are higher than those observed 
at a well the model is said to underestimate water level decline and overdraft.  In both cases the 
understanding of model behavior can be used to support the localized use of the model.  
 
The USGS Model was calibrated12 by the USGS for the period of 1945 to 2010.   It was updated 
by Dudek where the hydrologic parameters such as recharge and pumping were added for the 

                                                           
12 Ed:  Calibration specific to the hydrograph analysis refers to the process where the model parameters are 
adjusted to improve the match between observed and model-predicted water levels.  It is a large-scale model so 
the calibration will locally over- and under-estimate water levels with to statistically obtain a ‘best fit’ across the 
Subbasin.  As noted in the Model Report (page 99) “Although the model was designed with the capability of being 
accurate everywhere, the conceptual and numerical model still retains simplifications that could restrict 
appropriate use of the current model to regional and sub-regional spatial scales and within seasonal to inter-
annual temporal scales. Potential future refinements and enhancements could improve the level of accuracy and 
the spatial and temporal resolution.” 
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period of 2011 to 2016 without changing the aquifer parameters (hydraulic conductivity, specific 
yield, etc.).    Nine wells were analyzed: 
 

• The model overestimates water decline when compared to water level elevation 
measurements at five wells.  The following wells are listed in the order of increasing 
magnitude: ID1-5, ID4-4, ID4-18, ID4-11, and ID1-8.   Increasing trends were observed in 
four of these five wells.   The exception, as illustrated by Figure 3, is ID4-4 where the 
difference between modeled and measured groundwater elevations started decreasing 
in 2014 and becoming more accurate over time. 
 

• The model matches observed water level elevations reasonably well at ID1-12. 
 

• The model underestimates water level decline over time at two wells; ID1-16 and Wilcox.  
Increasing trends over time were observed at these wells. 

 
• Model-predicted and observed groundwater elevations have dissimilar trends at ID1-10, 

and the differences between observed and predicted groundwater elevations are at 
times greater than 50 feet so it has not been included in Figure 3.   Measured 
groundwater elevations vary greatly over the monitoring period, observed water levels 
have been rising at ID1-10 since 2008, and groundwater model predictions of this 
variability has been poor (see Figure 4).    The cause of the water level rise is not known.  
It is known that this well is in poor condition and it is scheduled to be replaced in 2019. 
 

• All of the wells have experienced long-term water level decline that is generally 
captured by the model.   
 

The differences between the observed and model-calculated water level elevations are 
described in this Section to provide a refined understanding of the model behavior.  There are 
multiple factors included in the model including pumping rates, recharge rates, assumed 
aquifer geometry, and estimated hydraulic properties.   As previously noted, the model 
parameters are based on a statistical fitting process, and differences will arise during the 
calibration process.  Overall the model remains useful to understand the hydrology of the 
Subbasin and the differences do not negate the long-term observations of water level decline 
and overdraft impacts.     

 
A series of Tables and Figures follow. 
 
Figure 3 and Table 3 summarize the comparison of the model-calculated water level elevations 
versus observed. 
 
Figures 4 through 12 depict the observed and model-calculated water level elevations for each 
of the BWD wells.  Please note that varying characteristics are highlighted among the figures. 
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FIGURE 3 

 
 

Notes:   
1. Overestimates mean that the model calculations lead to more overdraft than is being 
observed.  This may provide a factor of safety for the well operation. 
2. ID1-10 is not shown because results show the model water levels are higher than observed 
by 60 to 40 ft (See Figure 4) 



TABLE 3 
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Well ID Long-term 
Measured 

Water Level 
Decline1 

(ft) 

Measured 
Water Level 
Decline Rate  

(period in yrs)2 

ft/yr 

Model Predictions versus Observed Water Levels 
Overestimate:  
  Model water level elevations are lower than observed (overestimates overdraft). 
Underestimate: 
  Model water level elevations are higher than observed. 

ID4-4 
(Fig 5) 

743  
(1980**) 

-2.0 
(7.3 years) 

Model Overestimates water level decline.  
2017- 2018 water level data show sharp drop after model period (not included in 
trend calculation) 

ID4-11 
(Fig 6) 

56  
(1995) 

-1.0 
(5.5 years) 

Model Overestimates water level decline. 
Difference is increasing from 2010-2016. 

ID4-18 
(Fig 7) 

89  
(1987) 

-2.6 
(9.3 years) 

Model Overestimates water level decline. 
Rates of water level decline are similar for model and observations. 

ID1-10 
(Fig 4) 

80 
(1980**) 

+4.4 
(9.3 years) 

Indeterminate.  Highly variable water levels are observed together with poor model 
calibration.  Cause of variability is unknown.   Observed water levels have risen. 

ID1-12 
(Fig 8) 

58  
(1987) 

-1.4 
(10 years) 

Model predicted water levels match well with observed water levels.   

ID1-16 
(Fig 9) 

53 
(1991) 

-0.6 
(10 years) 

Model Underestimates water level decline. 

ID5-5 
(Fig 10) 

20  
(2004) 

-1.0 
(10 years) 

Model Overestimates water level decline.  

Wilcox 
(Fig 11) 

26 
(2000) 

-0.9 
(10 years) 

Model Underestimates water level decline.  

ID1-8 
(Fig 12) 

20 
(1980) 

-4.5 
(2.5 years) 

Model Overestimates water level decline. 
Difference between observations and model trend is decreasing. 

Notes: 
1)  Since well installation.  The year of well installation is indicated in (parentheses).  Wells ID4-4 and ID1-10 scheduled to be replaced in 2019. 
2)  Based on linear regression of observed water levels to calculate the annual decline rate over the time period as indicated. 
3)  Period ending 2016.  Recent WL data obtained from the well during and not included in this analysis (see Figure 5). 
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FIGURE 4.  ID1-10 Hydrograph (Well in poor condition, to be replaced in 2019) 
 

 
Notes: 
1. Trend shown for recent measured groundwater elevation highlight the disparity with model 
predicted groundwater elevations.  Measured and model-calculated groundwater elevations 
both show a rise in water levels over the past 10 years.  Causes of observed groundwater 
elevation variability and rise have not been examined or determined. 
2. Upper aquifer has been dewatered.  
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FIGURE 5.  ID4-4 Hydrograph (Well in poor condition, to be replaced in 2019) 

Current water level decline is 2.0 ft/yr. 

 
Notes:   
1. Model predicted groundwater elevations are lower than measured groundwater elevations 
observed 2008-2014.   The rate of decline is also less. 
2. Linear regression shown for recent data (in red squares) to highlight data versus model since 
2010. 
3. Upper aquifer remains viable; however, water level measurements in 2017 and 2018 
are affected by pumping and likely overestimate the depth to water and water level decline.   
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FIGURE 6.  ID4-11 Hydrograph 

Current water level decline is 1.0 ft/yr. 
 

 
Notes: 
1. Model predicted groundwater elevations are lower than measured groundwater elevations, 
2009-2016.  Model predicted rate of drawdown from 2009-2016 shown by the linear regression 
line is also greater than currently measured rate of drawdown. 
2. Upper aquifer has been dewatered in model simulation but measured groundwater elevations 
indicate the upper aquifer has not yet been completely dewatered.    
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FIGURE 7.  ID4-18 Hydrograph  

Current water level decline is 2.6 ft/yr. 
 

 
Notes: 
1. Model predicted groundwater elevations are lower than measured groundwater elevations 
from 1995-2016.  Trend shown for recent groundwater elevations (shown as squares).  
2. Rates of groundwater elevation decline for predicted and measured data are similar.  
3. Upper aquifer remains saturated (approximately 75 ft of saturated thickness remains).  
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FIGURE 8.  ID1-12 Hydrograph 

Current water level decline is 1.4 ft/yr. 
 

 
Notes: 
1. Linear regression trend shown for all measured groundwater elevations.  Model match is 
reasonably good. 
2. Upper aquifer dewatered during USGS model calibration period that ended in 2010.  
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FIGURE 9.  ID1-16 Hydrograph 

Current water level decline is 0.5 ft/yr. 
 

 
Notes: 
1. Since 2014 indicate the model predicted groundwater elevations are higher than observed.  
Linear trend shown for all observed water levels. 
2. Upper aquifer dewatered over 30 years ago. 
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FIGURE 10.  ID5-5 Hydrograph 

Current water level decline is 1.0 ft/yr. 
 

 
 
Notes: 
1. Model predicted groundwater elevations are lower than observed. 
2. Model predicts that the upper aquifer will soon be dewatered.  Observed water level data also 
support the upper aquifer will be dewatered but not as rapidly as calculated by the model.  Linear 
trends have been fit to both to illustrate the relative rates. 
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FIGURE 11.  Wilcox Hydrograph  

Current water level decline is 0.9 ft/yr. 

 
 
Notes: 
1. Model predicted groundwater elevations over the past decade are higher than the observed 
groundwater elevations and thus underestimate the measured rate of groundwater elevation 
decline. 
2. Upper aquifer dewatered many decades ago.  Middle aquifer dewatered in ~2015.  Thus, 
remaining production is from the lower aquifer.  
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FIGURE 12.  ID1-8 Hydrograph  

Current water level decline is 4.5 ft/yr. 
 

 
Notes: 
1. Model predicted groundwater elevations do not include the rise or variability in measured 
groundwater elevations observed over the past decade.  The model-calculated groundwater 
levels predict consistent groundwater drawdown instead of the groundwater level recovery 
observed from approximately 2000 to 2014. 
2. Water levels remain within the upper aquifer. 
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3.0 BWD WATER SUPPLY WELLS:  

INTERPRETED HYDROGEOLOGY FROM DRILLER’S LOGS 
 
The description of drill cuttings and drilling observations by the well drillers included in the well 
completion reports for each of the nine BWD wells were used to develop hydrogeologically- 
interpreted well logs.  Though the observations are subjective and the quality and type of the 
observations can vary from driller to driller, the results were reviewed from a hydrogeologic 
perspective and used to develop generalized lithologies for each of the wells.  It is recognized 
that the interpretations are subjective and are provided here as the logs are currently the only 
means to be able to review well-specific hydrogeologic conditions.  Hydrogeologic conditions and 
well construction details are graphically presented (Figures 13-21). 
 
The primary purpose of this review is to compare the large-scale aquifer conditions used in the 
model to the stratigraphic features observable in the driller’s logs.  The stratigraphic 
interpretations have also proven useful toward evaluation of the behavior of the groundwater 
model.    
 
Figures 13 to 21 depict the lithologic and well construction information for each of the BWD wells 
in the context of USGS and SDSU stratigraphic interpretations.    
 
The figures depict: 

• Well construction and screen intervals. 
• Lithologies based on a hydrogeologic interpretation of the driller’s log for each well.  None 

of the wells were geophysically logged and all observations were as reported by the 
drillers.  The reported lithologies vary among drillers so the logs have been reviewed and 
described and interpreted herein using more consistent terms. 

• Depths where USGS Model Aquifer Boundaries occur (from Table 2). 
• Depths of Hydrogeologic boundaries and aquifer units as described by Netto (2001) 
• Select historical water level data to illustrate overdraft impact.  Please refer to Figures 4 

to 12 for specific hydrograph data for each of the wells. 
• Projected water level decline.  Two values are shown that correspond to a rate of 1 to 3 

feet/year over 20 years, roughly in the currently-observed range for the BWD wells.  The 
projected water level decline depicted on Figures 13 to 21 are shown for general 
illustration and are not directly linked to current observations. 

 
The lithology reported in each well log has been compared to the aquifer units and groundwater 
flow parameter that were incorporated into the groundwater model for the cell where each well 
is located in the model (see Table 4).  The actual likely contact elevation is estimated based on 
the driller's log, and review of nearby logs that have been depicted in cross-sections developed 
by Netto (2001).  Table 4 also provides for a review of the model’s aquifer discretization and 
parameterization and ties those findings with the hydrograph findings in Section 2. 
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ID4-4 300 321 -21 -115 -163 48 69 Nearly Dewatered.  Lithology log indicates base 
is 21 feet higher than model.   

Lithology log indicates middle aquifer is thicker 
than model estimate.

The model's understimate of middle aquifer thickness will 
lead to slight overestimate of water level decline.                                                  

NOTE:  Lithology log indicates confined aquifer conditions 
may have occurrred until recently.

ID4-11 381 335 46 113 -195 308 262 Nearly Dewatered.  Lithology log indicates base 
is 46 feet lower than model.   

Lithology log indicates middle aquifer is much 
thicker than model estimate.

The model's understimate of middle aquifer thickness will 
lead to an overestimate of water level decline.                                                                  

NOTE:  Lithology log indicates confined aquifer conditions 
occur.

ID4-18 300 282 18 -608

Not 
encountered 
in 700' deep 
well bore.

Not Calculated very deep
Remains Viable.  Lithology log indicates base is 

18 feet lower than model.   

Base of middle aquifer not indicated in 
lithology log (very deep or log lacks detail 

necessary to identify base). 

Thicker upper aquifer than used by model will lead to an 
overestimate of water decline.

ID1-10 408 423 -15 219 216 3 18 Dewatered.  Lithology log indicates base is 15 
feet higher than model.   

Lithology log indicates middle aquifer is slightly 
thicker than model estimate (by 18 ft).

Rising water levels and poor model match.

ID1-12 405 385 20 118 -65 183 163 Dewatered.  Lithology log indicates base is 20 
feet lower than model.   

Lithology log indicates middle aquifer is much 
thicker than model estimate. 

The model's understimate of middle aquifer thickness will 
lead to an overestimate of water level decline.                                                                  

NOTE:  Lithology log indicates confined aquifer conditions 
may have occurred until recently.

ID1-16 454 197 257 308

Not 
encountered 
in 700' deep 
well bore.

Not 
Calculated

 Dewatered.  Lithology log indicates base is very 
deep- 257 feet lower than model.   

Lithology log indicates middle aquifer is much 
thicker than model estimate.   However 

extreme lack of fine-grained materials in the 
driller log suggests that the log is incomplete.

Very thick upper aquifer observed in lithology log versus 
model will lead to an overestimate of water decline by the 

model.  Uncertainty: Assumes the drillers log accurately 
reflects lithology.

ID5-5 375 Not Analyzed Not Analyzed   Nearly Dewatered. Driller's log grossly generalized, of limited use, not analyzed.

Wilcox 466 550 -84 394 200 194 278
Dewatered.  Lithology log indicates base is 84 

feet higher than model (has no effect on 
model).   

Lithology log indicates middle aquifer is much 
thicker than model estimate.   However, the 

sediments were observed to be consolidated 
and may have low hydraulic conductivity like 

the lower aquifer.

The model's understimate of middle aquifer thickness will 
lead to an overestimate of water level decline.                                            

Uncertainty: the presence of consolidated sediments will 
lower hydraulic conductivity and cause the model to 

underestimate water level decline.

ID1-8 410 310 100 290 -33 323 223 Remains Viable.  Lithology log indicates base is 
much lower than in the model by 100 feet.  

Lithology log indicates middle aquifer is also 
thicker than model estimate.   Clay at base of 
middle aquifer may cause confined aquifer 
conditions to occur within lower portion of 

well.

Very thick upper aquifer observed in lithology log versus 
model will lead to an overestimate of water decline by the 
model.  Will also mean that the well production from the 

more prolific upper aquifer will be maintained for a longer 
duration.

Indicates a well  where the model-calculated water levels may overestimate water level decline.
NOTE:
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ID4-4 (to be replaced, currently scheduled for 2019) 
Comparison of model-predicted and measured water levels at Well ID4-4 (Figure 4) shows that 
the model overestimated water level decline from 2010 to 2016 by approximately 10 feet. 
 
Upper aquifer has been dewatered so water production is now from the middle and lower 
aquifers.  By apparent USGS criteria, review of the lithologies supports that the model over 
estimates middle aquifer base elevation by 48 feet, thereby underestimating middle aquifer 
thickness and over estimating lower aquifer thickness greater by 48 feet respectively.  Because 
the model assigns a middle aquifer hydraulic conductivity value that is 11 times greater than 
lower aquifer hydraulic conductivity, the underestimate of the middle aquifer thickness will 
lead to slight overestimate of water level decline at well.   
 
Review of the SDSU stratigraphy interpretation the upper aquifer thickness is underestimated 
by 600 feet.   By this criterion the model would lead to an overestimate of water level decline at 
the well.   
 
The lithology log indicates that confined aquifer conditions may have occurred until recently.   
 
ID4-11 
Comparison of model-predicted and measured water levels at Well ID4-11 (Figure 5) shows the 
model overestimated water level decline from 2010 to 2016 by approximately 15 feet. 
 
Upper aquifer, as defined by the USGS model, is dewatered at this point in time and water 
production is now from the middle and lower aquifers.   The model overestimates middle 
aquifer base elevation by 308 feet, thereby underestimating middle aquifer thickness and 
overestimating lower aquifer thickness greater by 308 feet, respectively.   Because the model 
assigns a middle aquifer hydraulic conductivity value that is 5 times greater than the lower 
aquifer the model's underestimate of middle aquifer thickness will lead to an overestimate of 
water level decline at the well.   
 
Review of the SDSU stratigraphy interpretation supports that the model under estimates upper 
aquifer thickness by approximately 600 feet.  By SDSU criteria, hydraulic conductivity values in 
the model are further underestimated.  leading to a greater overestimate of water level decline 
at the well.   
 
The lithology log indicates that confined aquifer conditions may have occurred until recently.   
 
ID4-18 (being considered for replacement) 
Comparison of model-predicted and measured heads at Well ID4-18 (Figure 6) indicate that 
from 2010 to 2016 the model overestimated water level decline.  The difference is decreasing 
and the model estimate is improving toward the end of the model update period (2016). 
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The upper aquifer remains partially saturated and currently viable.  Review of the lithologic log 
indicates that the model slightly underestimates the thickness of the upper aquifer.  This will 
lead to a slight underestimate of water level decline at the well.  Should the upper aquifer be 
dewatered water production will be primarily from the middle aquifer.     
 
A pilot borehole was drilled when the well was constructed in 1982.   The well was not 
completed between 560 and 699 feet bgs likely because of better production from the upper 
aquifer at that time.  The sediments encountered at depth may prove to be reasonably 
productive. 
 
ID1-10 
Comparison of model-predicted and measured water level elevations at Well ID1-10 indicate 
both are rising with time since 2009.  Observed water levels are approximately 60 feet below 
modeled water level elevations and rising much faster than model-predicted heads during this 
period (Figure 3).  Overall comparison shows high observed water level variability and poor 
model performance. 
 
The upper aquifer is dewatered at this point in time.  Model contacts (top and bottom of the 
middle aquifer) are close to drillers log based on apparent USGS criteria.  Review of SDSU 
stratigraphic criteria supports that the model underestimates the upper aquifer thickness by 
approximately 140 feet.  If so, the model will overestimate water level decline at the well.   
 
ID1-12 
Model-predicted and measured water level elevations at Well ID1-12 are reasonably similar and 
indicate the model is performing well. 
 
The upper aquifer as defined by USGS model was dewatered in the mid-2000s.  The well 
currently produces water from the middle and lower aquifers.  Review of the lithologic log 
supports that the elevation of the base of the middle aquifer is higher by 183 feet versus the 
model and 163 feet thicker.  The review also supports that the well may not be completed in 
the lower aquifer.  If so, the model underestimates the contribution of the middle aquifer.  
Since the model assigns a hydraulic conductivity value for the middle aquifer that is 47 times 
greater than that of the lower aquifer the model, the lithology review suggest that the model 
has the potential to overestimate water level decline at this well.   The lithology log also 
indicates confined aquifer conditions may have occurred until recently. 
 
Review of SDSU stratigraphic criteria suggest that the model underestimates the thickness of 
the upper aquifer by over 400 feet.  If the SDSU criteria are appropriate, the model 
underestimates hydraulic conductivity and will over estimate water level decline.  However, 
current model-predicted heads and measured heads match closely at Well ID1-12 (Figure 7) so 
these effects are not being realized. 
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ID1-16 
Model-predicted head and measured water level elevations at Well ID1-16 indicate that model 
predicted water levels are higher than observed.   Data obtained for 2013 through 2016 support 
that the model performance is improving (Figure 8). 
 
The upper aquifer has been dewatered for decades.  The well currently produces water from 
the middle and lower aquifers.   
 
The driller’s log for the 705' boring is very generalized and does not report encountering any silt 
or clay.  Hence the boring does not appear to have encountered the lower aquifer.  In contrast 
the model predicts the base of middle aquifer at 225 ft MSL.   Review of the lithology log 
indicates middle aquifer is much thicker than model estimate.  If so the model-predicted water 
levels will be higher than observed; however, the conspicuous lack of silt and clay in the driller 
log suggests that the log is incomplete. 
 
By SDSU criteria, the model underestimates the thickness of the upper aquifer by 
approximately 380 feet.  If SDSU's criteria is appropriate this would lead to a greater under 
estimated of hydraulic conductivity in the model and a greater under estimate of drawdown.   
 
ID5-5 
Driller's log is grossly generalized and has limited useful information. 
 
Water production will soon be from the middle and lower aquifer as the upper aquifer is nearly 
dewatered.    
 
Wilcox 
Comparison of model-predicted and measured water level elevations at the Wilcox well 
indicate that model underestimates water level decline in recent years by approximately 20 
feet (Figure 10). 
 
Water production is from the lower aquifer- the upper aquifer had been dewatered prior to the 
time of well installation and the middle aquifer dewater in ~2015.   
 
Review of the lithologic log indicates that the elevation of the base of the middle aquifer base is 
underestimated by 194 feet leading to a thicker middle aquifer than assumed by the model.  
Because the model assigns a hydraulic conductivity value for the middle aquifer that is 8 times 
greater than that of the lower aquifer the model may calculate more water decline than 
observed at this well if the middle aquifer has not yet dewatered. 
By SDSU criteria the model under estimates upper aquifer thickness by approximately 180 feet.  
If SDSU's criteria is appropriate this would lead to a greater underestimate of hydraulic 
conductivity in the model and a similar effect on the model calculations.   
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ID1-8 
Comparison of model-predicted and measured water level elevations at Well ID1-8 indicate 
that model overestimates water level decline in recent years by approximately 25 feet (Figure 
10). 
 
The upper aquifer remains viable in this well; however, the current rate of water level decline is 
4.5 ft/year and an estimated saturated thickness of 47 feet remains per the model-estimated 
aquifer base.  Significant upper aquifer water production remains in this well but the upper 
aquifer is likely to become dewatered as a result of ongoing overdraft.   
 
Both the upper and middle aquifer thicknesses per lithologic log review are significantly greater 
that estimated in the model.   The model assigns a hydraulic conductivity value for the upper 
aquifer that is 49 times greater than that of the middle aquifer, and assigns a middle aquifer 
hydraulic conductivity value that is 7 times greater than that of the lower aquifer.  As a result, 
the well will be more prolific than calculated in the model and thus the model may be 
overestimating water level decline at this well.   
 
The driller's log makes little reference to lithification/density of sediments making the 
stratigraphic assignment of the base of the middle aquifer tenuous.  The base of middle aquifer 
as designated by the model is interpreted by SDSU as the top of the Palm Springs Formation.  In 
contrast the USGS Model Report (see Section 2) indicates that they correlated the middle 
aquifer with the upper Palm Spring Formation.  If so, this would suggest the middle aquifer is 
much thinner.  Overall the comparison highlights the difficulty in the aquifer interpretations 
based on geologic boundaries.  
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FIGURE  13
WELL ID4-4 GRAPHIC DEPICTING 

LITHOLOGY, PIEZOMETRIC LEVELS & 
WELL CONSTRUCTION DETAILS

Total Borehole Depth = 802 Feet

14" ID Well Screen
0.156" Slot

Sanitary Seal

Filter Pack
Grain Size Not Reported

Casing Stick Up=0.56 ft

Submersible Pump
450 gpm, 150 HP

8" diameter
Drop Pipe

600

550

500

450

400

350

300

250

200

150

100

50

0

-50

-100

-150

-200

E
levation,feet

m
ean

sea
level

Ground Surface Elevation = 597.72

Static Water Level
at well completion
May 1979

Sand & small to gravel to 3/8"

Sand

Sand & Gravel to 1-1/2"
Hard Sandy Clay

Sandy Clay

Sand & Small Gravel to 1-1/4"
Clay

Sand & fine Gravel

Sandy
Hard Clay

Sand, some gravelLoose Gravel up to 2-1/4"Sand

Clay & gravel to 1/8"

Hard Packed Sand

Hard Sandy Clay
w/fine gravel

11/30/2008

10/31/2017

Base of Upper Aquifer in Model

Base of Middle Aquifer in Model

6/29/1987

6/28/1999

Sand and Small Gravel to 1/8"

Sand and Small Gravel to 1/8"

Top of Upper Aquifer in Model = 597

20-Year Projected
Drawdown at 1-3 ft/y

K = 41.77 ft/day
Sy =0.3

K = 3.92 ft/day
Sy =0.033

K = 0.54 ft/day
Sy =0.0367

Younger Alluvium (SDSU)
Intermediate Alluvium (SDSU)

Intermediate Alluvium (SDSU)
Older Alluvium (SDSU)Top of Middle Aquifer in Model

Top of Lower Aquifer in Model

Base of Older Alluvium (SDSU)
@ Elev -300 ft



0

50

100

150

200

250

300

350

400

450

500

550

600

650

700

750

800

14" ID Steel Casing

D
ep

th
F

ro
m

To
p

of
St

ee
l

C
as

in
g

Open Borehole
22" Diameter

Total Well
Depth = 760 Feet

FIGURE 14
WELL ID4-11 GRAPHIC DEPICTING 

LITHOLOGY, PIEZOMETRIC LEVELS &
WELL CONSTRUCTION DETAILS
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FIGURE 15
WELL ID4-18 GRAPHIC DEPICTING 

LITHOLOGY, PIEZOMETRIC LEVELS & 
WELL CONSTRUCTION DETAILS
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FIGURE 16
WELL ID1-10 GRAPHIC DEPICTING 

LITHOLOGY, PIEZOMETRIC LEVELS & 
WELL CONSTRUCTION DETAILS
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FIGURE 17
WELL ID1-12 GRAPHIC DEPICTING 

LITHOLOGY, PIEZOMETRIC LEVELS & 
WELL CONSTRUCTION DETAILS
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FIGURE 18
WELL ID1-16 GRAPHIC DEPICTING 

LITHOLOGY, PIEZOMETRIC LEVELS & 
WELL CONSTRUCTION DETAILS
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FIGURE 19
WELL ID5-5 GRAPHIC DEPICTING 

LITHOLOGY, PIEZOMETRIC LEVELS & 
WELL CONSTRUCTION DETAILS
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FIGURE 20
WILCOX WELL GRAPHIC DEPICTING 

LITHOLOGY, PIEZOMETRIC LEVELS & 
WELL CONSTRUCTION DETAILS
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4.0 EFFECT OF CONTINUED OVERDRAFT (LONG-TERM WATER LEVEL DECLINE) 

ON AQUIFER CONDITIONS AT BWD WELLS 
 
The long-term ability of a well to produce water is directly related to the saturated thickness 
and hydraulic conductivity of the aquifer where a well is constructed.   A parameter known as 
transmissivity, T, is used to support numerical estimates of aquifer productivity and in well 
hydraulics.  It is the product of the saturated thickness (b, in feet) multiplied by the hydraulic 
conductivity (K, in ft/day), or K*b.   The higher the value of T, the greater will be the amount of 
water that can flow through an aquifer and enter a water supply well.  Declining water levels 
cause the aquifer transmissivity to decrease as a function of the saturated thickness as there is 
simply less water flowing through an aquifer and into a well.  T, for a layered aquifer, is the sum 
of the transmissivities of each of the layers. 
 
Transmissivity calculations were conducted for each of the wells based on current water levels, 
the aquifer layer elevations developed by the USGS for use in the model, and the hydraulic 
conductivity at the well.  Future water levels were then calculated based on current rates of 
water level decline observed at each of the wells as depicted in the well hydrographs in Section 
2.2.  While not a direct assessment of well yields, the calculations provide insight regarding how 
overdraft will affect long-term well yield.    
 
TABLE 5 

   
 
The calculations for each of the wells are based on the saturated sediment thickness based on 
the depth of each of the wells.  As illustrated by Figure 2 and the values in Table 5, the 
hydraulic conductivities (K, in ft/day) decrease from the upper to the middle aquifer, and again 
from the middle to the lower aquifer.  The aquifer thicknesses (b, in ft/day) vary depending on 
aquifer geometry and degree of overdraft.  Note that the upper aquifer has been substantially 

Well delWL, ft/yr

K, upper  
ft/day

b, upper  
ft

K, 
middle  
ft/day

b, 
middle  

ft

K, lower  
ft/day

b, lower  
ft

rated 
gpm

NMA ID4-4* 2.0 41.77 8 3.92 420 0.54 72 395
ID4-11 1.0 41.27 12 4.49 268 0.92 252 920
ID4-18 2.6 97.15 74 5.87 170 0.52 0 130

CMA ID1-10* 1.0 82.61 0 5.26 171 0.28 0 317
ID1-12 1.4 56.99 0 5.67 265 0.12 147 890
ID1-16 0.6 96.62 0 6.35 83 0.80 230 848
ID5-5 1.0 71.39 13 5.13 225 0.85 276 542

Wilcox 0.9 97.24 0 6.15 0 0.78 192 205
SMA ID1-8 4.5 56.00 47 1.15 102 0.16 498 448

provisional estimate (after well replacement)
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dewatered in all but 2 of the wells, and the middle aquifer has been dewatered at the Wilcox 
well.  The results of the calculation are shown in graphical form in Figures 22 and 23, below, 
and further discussed in Section 5 and in Table 6. 
 
FIGURE 22

 
 
Figure 22 depicts the change in transmissivity over time expressed as a ratio, starting at a value 
of 1 and decreasing.  The annual rate of water level decline is noted for each well in the chart 
labels, was assumed constant, and ranges from 0.6 to 4.5 ft/year.    A future water level decline 
rate of 1.0 ft/year is provisionally assumed for the ID1-10 replacement well.  Three behaviors 
can be noted: 
 

• Linear decrease (Wilcox, ID1-12, ID1-16, and ID1-10) to approximately 90% of initial.  
Water levels remain within an aquifer layer so T decreases linearly with water levels.  
For example, a 10% decrease in water level equates to a 10% decrease in T. 
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• T decreases linearly but at a much higher rate (ID4-18).  Here the more prolific upper 

aquifer is being dewatered so the impact on T is more severe, decreasing to 
approximately 40%. 

 
• The decrease in T after the upper aquifer is dewatered changes.  This is observed in ID4-

4, ID5-5, and ID1-8 after 5, 13, and 11 years, respectively. 
 
FIGURE 23 

 
 
 
Figure 23 shows the magnitude of the changes in Transmissivity over time at the various well 
locations.  The changes in the magnitude of T per well are depicted in Figure 22.  Significant 
changes occur when an aquifer that provides water to a well is dewatered.   The chart 
illustrates the following: 
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• Well ID1-8, where water levels are declining 4.5 ft/year, is severely affected by 

overdraft.  For reference it is currently rated at 448 gpm and the Wilcox well is at 205 
gpm. 
 

• Dewatering of the more prolific, higher permeability upper aquifer is having a significant 
effect on ID4-18, and a lesser effect on ID5-5. 

 
• The calculated T values do not necessarily reflect the observed well performance as the 

well conditions are not accounted for.  The gpm ratings are indicated along the left side 
of the chart.  ID4-18, a well reportedly in poor condition, is located in an area of high T 
but has a relatively poor production rate.   

 
Long-term overdraft has led to the loss of the upper aquifer as a source of water for many of 
the BWD wells, and the upper aquifer will become dewatered over the next 20 years at the 
currently-observed rates of water level decline in all but one of the wells (ID4-18 is the 
exception).  Fortunately, the middle aquifer has proven to be a reliable source of water with 
sufficient production rates to meet current BWD demand.   
 
Water supply well production rates are expected to decrease as a result of ongoing water level 
decline.  The greatest impact occurs when the upper aquifer is dewatered as indicated by the 
four wells (ID4-4, ID4-11, ID5-5, and ID1-8) where the upper aquifer is projected to become 
dewatered as best illustrated in Figure 22.   For reference the hydraulic conductivity of the 
Upper Aquifer included in the model ranges from 9 to 49 times that of the Middle Aquifer.  This 
means relative to potential aquifer productivity that a 10-foot thick layer of the Upper Aquifer 
is equivalent to a 90- to 490-foot thick layer of the Middle Aquifer.  
 
Where the upper aquifer has already been dewatered (e.g. Wilcox, ID1-12, ID1-16, and ID1-10) 
transmissivities decrease by approximately 10% and the wells are relatively unaffected.  ID1-8 is 
especially affected because of water levels that are falling at a rate of 4.5 ft/yr.   Figure 23 
shows the calculated values of transmissivity over time.  Review of the results supports that the 
magnitudes of transmissivity are in a range where the wells should remain productive, with the 
exception of ID1-8. 
 
The transmissivity values are used to provide an approximate measure of the potential 
decrease in well productivity.  The flow rates are adjusted based on the change in transmissivity 
presented in Figure 22 and the calculations presented in Table 6. 
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TABLE 6 

 
 
The calculations presented in Table 6 assume that the current well performance depends solely 
on the model-calculated transmissivities.  Individual well performance depends on multiple 
factors aside from the transmissivity.   These include whether a well is properly functioning and 
hydraulically efficient, the heterogeneity of sediments in the vicinity of a well, and how the well 
and aquifer will respond to pumping.  While multiple assumptions and approximations are 
involved in the calculations, they do provide insight regarding how the well productivity can be 
expected to change over time as water levels decline.  Here periods of 10 and 20 years are 
included for general comparison.  Two total well pumping rate values are presented as a range 
based on an operating schedule of either 8 or 12 hours/day.  Review of the results supports: 
 

• Current flow rates provide 158 to 237 percent of current demand capacity, assuming 
that all of the wells are in production and that the flows can be managed by BWD’s 
water storage and distribution system. 
 

• After 10 years the wells provide 126 to 188 percent of current demand capacity- a 
reduction of approximately 20% from current capacity.   
 

• After 20 years the wells provide 112 to 169 percent of current demand capacity- a 
reduction of approximately 29% from current capacity.   
 

• Production rates of Wells ID4-18 and ID1-8 significantly diminish.   These wells are likely 
to be no longer cost-efficient to operate.  

 

NMA CMA SMA
Well: ID4-4* ID4-11 ID4-18 ID1-10* ID1-12 ID1-16 ID5-5 Wilcox ID1-8

Rated Flow, gpm 395 920 130 317 890 848 542 205 448
% T at 10 years 80% 80% 70% 95% 95% 95% 70% 95% 15%

Adjusted Rate, gpm 316 736 91 301 846 806 379 195 67
% T at 20 years 75% 70% 40% 90% 90% 90% 55% 90% 5%

Adjusted Rate, gpm 296 644 52 285 801 763 298 185 22
* Poor condition wells scheduled to be replaced in 2019.

Evaluation of Pumping Rate at 1600 AFY Demand (992 gpm continous pumping rate)

TOTAL % loss 8 hr/day versus 
demand 12 hr/day versus 

demand

Flow Rate, gpm 4695 1565 158% 2348 237%
Adjusted Rate, 10 yrs 3737 20% 1246 126% 1868 188%
Adjusted Rate, 20 yrs 3347 29% 1116 112% 1673 169%
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This analysis indicates that while combined pumping capacity of the wells will support BWDs’ 
current demand, the reserve capacity of the water supply is diminishing and at least two of the 
wells may no longer be cost effective to operate.  Pumping (lift) costs will also increase as water 
levels fall.  Some of the impacts on reserve capacity may be offset, depending on timing, by 
pumping rate reductions required under the GSP.  

 
The transmissivity-based production rate analysis does not account for the physical condition of 
the wells and is based on the aquifer properties for three distinct aquifer layers as describes in 
the USGS groundwater model.  Well conditions are known to be poor at ID4-4, ID1-10, and ID4-
18 and their production rates as tested (see Table 6) likely underestimate potential well 
performance.  Wells ID4-4 and ID1-10 are scheduled to be replaced in 2019 and both will be 
completed in the middle and possibly lower aquifers depending on the results of drilling and 
testing.  For additional details please refer to Dudek’s report entitled Proposition 1 SDAC Grant 
Task 5 Water Vulnerability/New Extraction Well Site Feasibility Analysis (dated 12/21/2018).   
Also included in the 12/21/2018 report is information regarding the physical condition of BWD’s 
wells, evaluations of well longevity, identifies six pressure zones used in BWD’s water supply 
system, and supporting details and recommendations for well replacement. 
 
The foregoing analysis examines the total well production and does not include the ability of 
BWD’s pipeline and storage system to deliver the water.  Review and analysis of ongoing well 
testing and water level monitoring will be necessary to track the performance of the wells 
relative to the approximations and estimates developed for this report. 
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5.0 SUMMARY 
 
The Borrego Water District (BWD) actively operates eight water supply wells and has a ninth in 
reserve.  Of concern is the impact of continued overdraft to BWD’s ability to reliably produce 
drinking water.   Overdraft is being addressed under the Sustainable Groundwater 
Management Act (SGMA) by the development and implementation of a Groundwater 
Sustainability Plan (GSP) as previously explained in this report.  The combined production from 
these wells is sufficient to meet the current water demand provided the water can be delivered 
via BWD’s water storage and distribution system.  Two wells (ID4-4 and ID1-10) are in poor 
condition and scheduled for replacement in 2019.   The new wells will improve the reliability of 
the water supply and will likely increase BWD’s available pumping capacity.   
 
Long-term overdraft has affected all of the BWD water supply wells and water level decline is 
ongoing.  Current rates of water level decline at BWD wells range from 0.6 to 4.5 ft/year.  BWD 
water supply wells are becoming increasingly reliant on water produced from deeper, less 
productive sediments.  This results in wells that become less productive and to have increased 
pumping costs as water levels decline.  Conceptually the aquifer system consists of three units 
termed the upper, middle, and lower aquifers.  Of these the upper aquifer has historically water 
proven to be the most prolific since it generally consists of coarse-grained alluvial sediment 
with hydraulic conductivities roughly 10 times higher than the middle aquifer.   Much of the 
upper aquifer has been dewatered forcing well production to become dependent on the middle 
and lower aquifers. 
 
Calculations presented in Section 4 support that the combined well production has the 
potential to continue to be able to support the quantity of water necessary for BWD’s current 
water supply demands over the next 10 to 20 years.  While the middle aquifer and lower 
aquifers are less prolific than the upper aquifer, BWD water supply wells are currently able to 
maintain pumping rates ranging from 130 to 920 gpm.  Future water production rates are 
projected to decrease approximately 20 to 30 percent over the next 10 to 20 years based on 
current rates of water level decline. 
 
Note that this analysis does not consider the potential impact of overdraft on water quality or 
future water demand related to undeveloped properties in the Borrego Valley.  Please refer to 
the GSP and a separate ENSI report dated 12/7/2018 included within the GSP that provide an 
assessment of how groundwater quality is being affected by overdraft and land use.   As noted 
in Section 1.1.1, the future water demand due to undeveloped parcels as currently zoned 
and/or entitled may prove to be unsupportable under SGMA constraints.  Evaluation of future 
water demands will be addressed under SGMA will be included in the GSP. 
 
  



 

  

ENSI:  DRAFT 1-7-2019 49 
 

ASSESSMENT OF WATER LEVEL DECLINE, HYDROGEOLOGIC CONDITIONS, AND          
POTENTIAL OVERDRAFT IMPACTS FOR ACTIVE BWD WATER SUPPLY WELLS 

 
This report examines the model results and aquifer conditions at the scale of BWD water supply 
wells.   This was done by comparing the current model results at BWD water supply wells 
together with review of driller’s logs and the aquifer boundaries and parameters included in the 
model construction.   
 
Analyses are presented in this report to: 
 

1) Compare observed and modeled water level decline at BWD wells (Section 2).   
Hydrographs depicting groundwater levels measured over time at each of the BWD 
water supply well were developed and presented in this report.  Water level 
observations are the primary measure of overdraft.   
  
2) Examine available lithologic data from BWD wells to assess the performance of the 
large-scale groundwater model relative to local conditions (Section 3).  Hydrogeologic 
evaluation of driller’s logs and review of available detailed geologic cross-sections and 
structure maps were conducted to establish stratigraphic conditions at each BWD water 
supply well.  The model was developed to address groundwater conditions across the 88 
mi2 Subbasin and necessarily requires that aquifer conditions be assessed at a relatively 
large scale as compared to hydraulic conditions that occur at the scale of individual 
wells. 
 
3) Evaluate potential changes in aquifer productivity, as measured by aquifer 
transmissivities used in the model, in the vicinity of BWD wells as a function of water 
level decline (Section 4). 

 
The overall goal of the GSP is to attain a sustainable hydrologic condition where water 
extracted from the aquifer system is replenished by recharge and thus eliminate long-term 
overdraft within the Borrego Subbasin.  The analyses of this report assume that current water 
level decline rates observed at BWD wells will continue over the next 20 years.  Overdraft will 
affect all of the wells, with the most significant loss in production occurring in a subset of the 
wells when the upper aquifer is dewatered.  As water production shifts to the middle aquifer 
the well capacities decrease and production rates are expected to generally decrease to varying 
degrees as a function of water level.   
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Among the findings of this report include: 
 
1.  Hydrograph Analyses 
 

• Current rates of water level decline range from 0.9 to 4.5 ft/yr.  The highest rate is 
observed at ID1-8 where nearby Ram’s Hill wells are being operated.   On average the 
other wells are experiencing a decline of approximately 1.3 ft/year (ranging from 0.6 to 
2.6 ft/year).   
 

• The upper aquifer as defined in the groundwater model has been dewatered in 4 of the 
9 BWD wells (Table 5).  Where the upper aquifer remains saturated three of the wells 
have residual saturations of 8 to 13 feet and will soon be dewatered.  The upper aquifer 
in the other 2 wells may remain viable with 47 and 74 feet of remaining saturations, 
respectively. 
 

• From a BWD perspective, overestimated water level decline by the groundwater model 
is preferred at it provides a factor of safety to the use of the model for water supply 
management.  This applies to four wells: ID4-4, ID4-11, ID4-18, and ID5-5.  A fifth well, 
ID1-8, is being overestimated by the model but review of the well conditions supports 
that conditions may change. 

 
• Underestimated water level decline is of concern from BWD water supply management 

perspective.  This applies to two wells- Wilcox and ID1-16.  The Wilcox well is currently 
inactive and available for reserve capacity. 

 
• The model prediction closely matches current hydrographs at ID1-12. 

 
• The model behavior at ID1-10 is not understood and the observed water levels are very 

dissimilar to the model predictions.  The model and well conditions are similar so it is 
suspected that the model behavior is not related to the aquifer properties used in the 
model.  ID1-10 is in poor condition and scheduled to be replaced in 2019. 
 
In terms of the use of the groundwater model for prediction of BWD well water 
elevations in the GSP, the overall rate of water level decline determined by the model is 
similar to what has been observed in all wells except for ID1-10.  There are differences 
between observed and model-calculated water levels (as illustrated by Figure 3) that 
will need to be monitored.  While the model may be recalibrated or refined in the 
future, it remains useful for evaluation of BWD’s water supply wells provided the 
differences between observed and model-calculated water levels are considered.   
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2. Lithologic Review 
 

• There is evidence based on review of the lithologic logs that the model may 
underestimate the thickness of the upper aquifer at six of the water supply wells (Table 
7).  If this is the case, the model may be using lower hydraulic conductivity for the 
sediments that occur in the vicinity of the water supply wells.  This will cause the model 
to overestimate the rate of water level decline where the upper aquifer has not yet 
been dewatered.   
 

• Comparison of local hydrogeologic conditions to the generalized hydrogeologic 
conditions incorporated into the broader scale groundwater model indicates that there 
is considerable uncertainty associated with the designation of hydrogeologic units.  For 
example, the aquifer system is described as unconfined in the USGS Model.   However, 
the driller’s log review supports that fine-grained strata that could well be confining 
units occur in ID4-11 and ID1-12.  If so, future performance of these wells may vary from 
what would be predicted for wells pumping from a confined aquifer.   
 
Of the BWD wells, ID4-11 and ID1-12 have the highest specific capacity (159 and 86 
gpm/ft, see Table 1).   A high specific capacity indicates a high performance well.  
Review of lithologic logs suggest confined aquifer conditions occur instead of the 
unconfined conditions assumed in the model.  The well performance will likely change if 
water levels drop sufficiently to cause the aquifer to be dewatered to a depth that 
occurs below the confining layer. 
 

• The local stratigraphy inferred from the driller’s logs can differ significantly from the 
regional model aquifer boundaries.  The discrepancies observed between the model and 
the drilling logs were used to evaluate whether the model, as configured, has the 
potential to over or under estimate water level elevation decline (Table 5).  Where the 
model-predicted water levels are lower than observed, review of the lithologic logs 
support that higher hydraulic conductivities may occur than incorporated by the model. 
 

• The assessment of the model based on the well hydrostratigraphy compared favorably 
with the independent review of the hydrographs (Table 6).   Since there are multiple 
parameters such as pumping and recharge rates that can affect the model, the well log 
review provides confirmation of the potential predictive bias of the model.  For general 
reference the well logs use a range of 1 to 3 ft/year to graphically depict potential water 
level decline over the next 20 years.   
 

• Wells ID4-4, ID4-11, ID1-12 are expected to have the least decline in well performance 
as drawdown continues over the next 20 years (Table 5) 
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• Wells ID4-18, ID1-16, and the Wilcox Well are expected to have a greater decline in well 

performance as drawdown continues over the next 20 years (Table 5). 
 

• Future hydraulic performance at Wells ID1-8, ID1-10, and ID5-5 is subject to high 
uncertainty.  Inconsistencies between USGS and SDSU interpretations of stratigraphic 
conditions lead to different conclusions at Wells ID1-8 and ID1-10.  Lithologic 
descriptions reported by the drilling contractor at Well ID5-5 are too generalized to 
develop a meaningful assessment. 
 

• Measured aquifer parameters have not been measured in many locations within the 
Subbasin.  Measured aquifer parameters via aquifer testing and vertical flow meter 
profiling at BWD water supply wells would be expected to reduce uncertainty by better 
refining model calibration and drawdown prediction.  The primary benefit would be to 
provide BWD a better understanding of how well yield will decline as drawdown 
continues. 

 
  



TABLE 7 
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Well ID

Upper Aquifer 
Status as Defined by 

USGS Model 
Geometry (as of 

4/2018)

Model Prediction vs 
Observed Water 
Levels (Table 3)

Lithologic Review 
(Section 3)

20 Year Model-Projected 
Transmissivity Change at 

Well (Section 4)
Summary of Assessment

ID4-4    
(TBR)

8 ft of saturated fine-
grained sediments 

remain.

Model overestimates 
water level decline

Model overestimates 
water level decline

Moderate Reduction 
(~75%).  Upper aquifer 
dewaters at ~ 5 years.

Production supported by potentially high yielding upper aquifer basal sediments; however, a marked change in model well 
performance may occur as the aquifer is dewatered over the next ~5 years.  Well performance will then likely decline relatively 
slowly.  Lithologic logs indicate fine-grained, low permeability sediments that may have acted as a confining layer.   Well is 
scheduled to be replaced so testing will provide more certain understanding of potential well production. 

ID4-11

12 ft of saturated fine-
grained sediments 

remain. Nearly 
dewatered.

Model overestimates 
water level decline

Model overestimates 
water level decline

Moderate Reduction 
(~70%).  Upper aquifer as 

defined by the model 
dewaters at ~ 13 years.

Lithologic log indicates that well performance will likely decline relatively slowly as next 20 years will bring a slow dewatering of a 
fine-grained, low permeability sediments that may act as a confining layer. Local conditions likely are confined now and will 
remain so assuming 1-3 ft/yr drawdown. Middle aquifer permeability may be significantly greater and support more production 
versus the value assigned in the model as the driller's log shows sediment texture is fairly coarse-grained.

ID4-18  
(PTBR)

74 ft of saturated 
sediments remain

Model overestimates 
water level decline

Model overestimates 
water level decline

Reduces to ~40% as upper 
aquifer dewaters.  T remains 
fairly high if upper aquifer 

remains vialble.

Well performance may decline roughly in half as the thickness of the better yielding sediments are dewatered and reduced by 
roughly half over the next 20 years.  Anticipate that the pump intake will need to be lowered as static groundwater levels drop to 
or below the current pump intake.

ID1-10 
(TBR)

Dewatered in late 
'90s.

Uncertain, note that 
water levels are 

rising

Model and Lithology 
are Similar

Gradual Reduction (90%)

Well performance may decline gradually as wetted screen length diminishes with drawdown over 20 years.  No key high yield 
zones identified in well log, but limited well depth and screen length puts well at risk of decreased production.  This assessment is 
subject to a fair degree of uncertainty as groundwater levels have been on the rise and the cause of that rise has not yet been 
evaluated. Well is scheduled to be replaced so testing will provide more certain understanding of potential well production. 

ID1-12 Recently dewatered.

Model provides 
reasonable 

prediction of 
measured heads.

Model overestimates 
water level decline Gradual Reduction (90%)

Well performance may significantly change over the 20 year projection if the area around the well changes from a confined 
condition to an unconfined condition. The lithologic log shows ~200 feet of coarse grained sediments with little clay underlain by 
~220 feet of coarse grained sediments with clay.  The occurence of realtivley productive sediments at depth suggests water level 
decline over the next 20 years will not greatly impact well performance.

ID1-16 Dewatered.

Model 
underestimates water 

levels versus 
observed.

Uncertain:  Driller's 
log lacks fine-grained 

sediments 
Gradual Reduction (90%)

Well performance may decline gradually on the order of 10 to 30% as aquifer thickness is reduced 20 to 60 ft over the next 20 
years.  While the driller's log indicates that the lower aquifer will support water production as well as the middle aquifer, this 
assessment is uncertain as the driller's log suspiciously lacks fine-grained sediments.

ID5-5 13 ft of saturated 
sediments remain

Model overestimates 
water level decline No Data

Reduces to ~55% as upper 
aquifer dewaters in ~ year 

13.  T of middle aquifer 
remains sufficient to 

support well production.

Though driller's log is grossly simplified and provides little information, neaby SDSU stratigraphic analysis suggests good 
permeability and over 500 ft of middle aquifer thickness to support water production.

Wilcox
Dewatered prior to 

2000.  Middle aquifer 
dewatered in ~2015.

Model 
underestimates water 

levels versus 
observed.

Uncertain: Middle 
auifer may be thicker 

than modelled but 
sediments are 

consolidated and may 
be lower K

Gradual Reduction (90%).  
Water coming from Lower 
Aquifer so pumping rate 
expected to be relatively 

low.

Production is from the lower aquifer.  Well currently has about 200 ft of wetted screen.  Well performance may decline gradually 
as the wetted screen length diminishes due to overdraft.  No key high yield zones identified in well log, but limited well depth 
puts well at risk to production loss due to overdraft.

ID1-8 47 ft of saturated 
sediments remain

Model overestimates 
water level decline

Model overestimates 
water level decline

Sharp Reduction (to 5%) 
when upper aquifer 

dewaters in ~ year 11.  
Water will then be coming 

from middle aquifer so 
pumping rate expected to 

be sufficient to support the 
well.

Model anticipates a significant drop in K when the upper aquifer dewaters.  Lithologic log and SDSU analysis suggests thicker 
and more permeable conditions where the well is screened.  By the model's critieria, the upper aquifer may be dewatered in ~11 
years with a sharp reduction in well productivity.    Lithologic log data and SDSU analyses suggest the upper aquifer is thicker 
which suggests production will not be impacted as severely.

Notes: TBR= to be replaced; PTBR = potentially to be replaced (see text) 

Unconfined. Confining layer will 
soon be dewatered.  Underlying 
sand and cobbles may have 
greater K than the model assumes.

Unconfined.   However conditions 
are uncertain due to the 
conspicuous absence of silts and 
clays in the driller's log

Unconfined.  However, the 
lithologic log lacks details

Unconfined.   Presence of 
consolidated and semi-
consolidated sediments may lead 
to semi-confined/leak auifer 
conditions.

Unconfined.    Realtively thick clay 
layers at depth suggest the Lower 
Aquifer will transition to leaky or 
confined aquifer conditions.

20-Year Projection of Future 
Aquifer Condition

Unconfined or Confined/Leaky?

Confined until recently.  Clay 
reported at base of upper aquifer 
as defined in the model.

Confined/Leaky; moderate change 
in well yield unless water level 
drops below confining layer.

Unconfined

Unconfined.  Well is realtively 
shallow and currently has about 
175 ft of wetted screen.   
Accelerated water level decline of 
2 to 3 ft/yr would be significant 
impact to water production.
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3. Relative Aquifer Productivity (Transmissivity as function of water level decline) 
 

• Well production is directly related to the aquifer transmissivity.  Calculations presented 
in Section 4 provide insight regarding the effect of water level decline on the aquifer 
transmissivity at each well.  The USGS model parameters including aquifer thickness and 
hydraulic conductivity were employed in the calculations.  The well production capacity 
is compared to a baseline demand of 1600 AFY and a range is presented where the wells 
are operated from 8 to 12 hours/day.  Review of the results supports: 
 

o Current flow rates provide 158 to 237 percent of current demand, assuming all 
of the wells are in operation fully connected into BWD’s water storage and 
distribution system. 

o After 10 years the wells provide 126 to 188 percent of current demand, 
decreasing to 118 to 169 percent after 20 years.  Assuming current rates of 
water level decline and overdraft, BWD’s production capacity potentially 
decreases by 29% - roughly by a third, over the next 20 years.   

o Production rates of Wells ID4-18 and ID1-8 significantly diminish.   These wells 
may prove to not be cost-efficient to operate.   

 
The transmissivity analysis indicates that while combined the pumping capacity of the 
wells will support BWDs’ current demand, the reserve capacity of the water supply is 
diminishing and two of the wells may no longer be useful.  The reduced production 
capacity of BWD water supply wells will likely be offset by pumping rate reductions will 
be required under the GSP.   On the other hand, much of BWD’s service area remains 
undeveloped and a significantly increased water demand may be realized due to 
population growth (see Section 1.1.1). 
 

• Three conditions occur at BWD wells that depend on whether the transmissivity 
calculations indicate that the upper aquifer has been or will be dewatered (see Figure 
22). 
 

o Where the upper aquifer has been dewatered and production comes from a 
single deeper aquifer, aquifer productivity declines linearly.  A linear decrease 
occurs in four wells (Wilcox, ID1-12, ID1-16, and ID1-10). 

o In one case (ID4-18) the upper aquifer remains sufficiently saturated to remain 
viable.  In this case the transmissivity decreases linearly but at a much higher 
rate (ID4-18).   

o In four cases the upper aquifer is dewatered over the next 20 years, resulting in a 
distinct decrease in aquifer transmissivity.   This is observed in ID4-4, ID5-5, and 
ID1-8 after 5, 13, and 11 years, respectively. 
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6.0 RECOMMENDATIONS 
 
This analysis of aquifer conditions based on observed conditions at BWD wells revealed there 
are potentially significant differences in hydrogeologic stratigraphy, groundwater flow 
parameters, and groundwater level decline rates among the wells.   The analyses provided in 
this report highlight how a large-scale groundwater model necessarily approximates and 
averages aquifer properties across the Subbasin.  Identified differences between broad scale 
model conditions and site-specific well conditions are intended to be used to identify how the 
differences may impact BWD’s management decisions.  For example, identification of 
overestimated model-predicted groundwater elevation decline at a given well location provides 
BWD management with a factor of safety when assessing model results for an individual well.  
Conversely, model-predicted drawdown rates that underestimate observed well specific 
conditions serves notice to BWD management the need to more carefully monitor conditions at 
specific wells and to develop contingency plans should the well performance be adversely 
impacted by overdraft conditions.  While the model provides insights toward future water level 
conditions, the ultimate test of the whether overdraft has been controlled by pumping 
reductions will come from water level measurements. 
 
Going forward it is understood that at least two new wells will be installed by BWD.  
Accordingly, it is to BWD’s advantage to improve their understanding of well-specific conditions 
and potential overdraft impacts through ongoing site characterization.  Opportunities to do so 
include: 
 

• Conduct detailed geologic sampling and geophysical logging during future well 
installation and construction to improve the current interpretation of aquifer conditions 
at water supply well locations. 
 

• Conduct aquifer testing at new water supply wells to optimize pump selection and to 
quantitatively measure basic groundwater modeling input parameters.  Use nearby 
wells to the extent possible as potential observation wells so that an extended aquifer 
volume may be tested and groundwater storage parameters used in the model can be 
directly estimated.   
 

• When accessible, conduct video logging of wells to assess the physical condition of the 
well casing and screen.  Also evaluate the extent and type of microbial biomass that may 
be accumulating in the wells. 
 

• Conduct vertical flow meter tests in new and existing water wells to quantitatively 
characterize how well yield changes with depth and to support selection of pump size 
and pump depth.  Combine these data with ongoing specific capacity testing 
(measurement of flow rates versus drawdown) to project long-term well performance 
as a function of water level decline. 
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• If the model is updated consider re-discretization of the model in the areas of critical to 
BWD water production by adding layers to the model and locally increasing the number 
of nodes and this decreasing the nearby cell sizes.   Also consider the use of an irregular 
grid using MODFLOW-USG, an unstructured grid version of MODFLOW. 
 

• The USGS Model Report states that 230 well logs were reviewed and analyzed to 
provide averaged lithologic properties per aquifer layer (i.e. upper, middle, and lower).  
Consider re-analyzing the USGS’ lithologic texture data using a 3-dimensional approach 
to examine potential changes with depth.  When news wells are drilled and tested, 
jointly interpret the geologic and geophysical logs, and well hydraulic test findings to the 
prior lithologic texture data analysis. 
 

• Consider detailed subsurface analysis of each of the well areas to further evaluate 
whether confined aquifer conditions occur locally.  The primary reason for this is that 
the effect of pumping will be seen further from wells under confined aquifer conditions 
and well interference may become a complicating factor in the assessment of water 
level decline under the GSP.   Geophysical techniques such as seismic reflection may 
prove applicable. 
 

• Compile and review BWD’s well testing information, such as flow and pump test 
records, and assess changes over time that may be related to water level decline due to 
overdraft.  Specific capacity data may provide additional insights relative to how 
production rates have decreased as a result of overdraft. 
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7.0 REFERENCES 
 
All references are included as footnotes or within the text. 
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APPENDIX A 
 

WELL TESTING REPORT 
by 

PUMP CHECK Pumping Systems Analysis, Riverside, CA 
April 24, 2018 
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APPENDIX B 
 

Copies of Well Drilling Logs 
For BWD Wells 
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