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Abstract

Groundwater in California is very precious, yet what we can withdraw is often contaminated with
natural and anthropogenic pollution sources. We have examined the Borrego Valley (BV) ground-
water (N = 6 wells) in southern California to understand the source of arsenic and nitrate in some
of its groundwater production wells. The results show that the arsenic values range from <2 ppb
to 12.2 ppb and the nitrate values from <1 ppm to 10.2 ppm for different wells respectively. The
results showed that the arsenic concentration increased 270% for the well # ID1-10 since 2004
and showed an increase of 63% since 2013 respectively. For other wells the results showed an in-
crease of 147% and 72% since 2001. The nitrate concentration has jumped 42% in concentration
since last year in one of the wells. The objective of this study is to understand the nature and
source of arsenic and nitrate in BV groundwater aquifer as to how this change in arsenic and ni-
trate concentration occurs through the time. The arsenic retention in the sediments is highly va-
riable and controlled by local processes as a result of natural weathering process of metamorphic
bedrock. The second results from the development of strongly reducing conditions at near-neutral
pH values, leading to the desorption of arsenic from mineral oxides and to the reductive dissolu-
tion of Fe and Mn oxides, also leading to arsenic release. The high arsenic concentrations in some
groundwater wells in Borrego Valley CA require the need for reconnaissance surveys in minera-
lized areas of fractured crystalline basement. Net groundwater extraction values are based on an
irrigation efficiency of 78 percent with 14 to 22 percent irrigation return. We believe that the re-
turn flow from irrigational activity could be one of the major sources of nitrate transferring the
agricultural contaminants such as nitrate to Borrego Valley aquifer.
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1. Introduction

Groundwater is a major source of public drinking-water supply for many of the cities located in the Colorado
Desert hydrogeologic province of California [1]. While drought and water shortage have become an increasingly
serious problem in California especially in arid semi arid regions, over pumping of the aquifer has resulted in
depletion of the volume of groundwater in storage within the aquifer system and a decline of groundwater levels
in Borrego Valley (BV) California [2]. Equally important is the water quality to human health, which gains a
great deal of interest with increasing demand for drinking water. Past research studies show higher concentra-
tions of arsenic and nitrate is found in the ground water aquifer within fractured crystalline bedrock in BV [3].
Additional studies show that health risk based on the presence of arsenic in the groundwater does not exclusive-
ly occur in southern California but in the western United States [4]. In terms of nitrate concentration, the nitrate
values in the BV study area groundwater wells were less than the health-based benchmark values (10 mg/l), but
the results indicate the fluctuations of nitrate values possibly depending on the oxidation-reduction state of the
groundwater [5].

High concentrations of nitrate can adversely affect human health, particularly the health of infants. Thus, the
understanding of groundwater chemistry, occurrence and distribution of chemical constituents in groundwater
are valuable for identifying the natural and human factors affecting water quality [6]. The controlled processes
on chemical composition of groundwater include evaporation, dissolution/precipitation, weathering of silicates,
oxidation-reduction, sorption and exchange reactions, transformation of organic matter, and mixing processes
[7]. Similarly, research studies indicate that the mobilization of arsenic and nitrate in sedimentary aquifers of
these regions may be, in part, a result of changes in the geochemical environment due to agricultural irrigation
[8]. Prior to the current study, the groundwater quality in the BV region was investigated by the US Geological
Survey (USGS) from December 2008 to March 2010 and by Borrego Valley Water District (BVD) in the last 10
years.

Generally, all studies dealing with arsenic are in good agreement that the arsenic originates either from natural
sources (geogenic) or industrial activities and/or fertilizer runoff (anthropogenic). Nevertheless, the processes
leading to the release of arsenic in groundwater aquifer are not yet fully understood. The literature synthesis in-
dicates various hypothesis concerning the release of arsenic 1) by oxidation of arsenic-bearing pyrite [9]-[11], 2)
by competitive exchange of phosphate from fertilizers [12] and 3) by reduction of iron hydroxides under anoxic
conditions [13] [14]. Our study, however, provides a baseline of groundwater quality in BV using the current
ongoing research results and literature synthesis addressing the source and origin, trend, and pattern of contami-
nation in BV aquifer. Furthermore, it is important to identify the enduring processes in the environment for the
nitrate and arsenic concentration values in BV groundwater and to recognize the cause for fluctuation of this
value through the time. Therefore, the main objective of this study is to find the exact source and the pattern of
arsenic and nitrate in BV aquifer. Furthermore, the purpose of this research study is to examine the ground-water
chemistry in a groundwater basin, which historically contains high arsenic concentrations. And also, it is impor-
tant to identify geochemical patterns that would help explain the occurrence of high arsenic concentrations. We
believe that the distribution of arsenic in the BV aquifer depends on the partitioning between the aqueous and
solid phase. Therefore processes causing changes in the aquifer geochemistry need to be considered since they
directly affect the mobility of arsenic.

2. Materials and Methods
2.1. Study Area

The Borrego Valley (BV) is a desert area with surface area of approximately 616 km? (~238 mi?). BV is located
in southern California (in the northeastern portion of San Diego County), within the Colorado Desert geomor-
phic province, (in the westernmost part of the Sonoran Desert), approximately 137 km (85 miles) northeast of
San Diego (Figure 1). BV has an arid climate with an average annual precipitation ranging from 76 to 152 mm
(3 to 6 inches). Most of the precipitation occurs during the winter months, between November and April [2].

2.2. Geological and Hydrogeological Setting

2.2.1. Topography
BV is bounded on the north and northeast by Coyote Mountain, on the west and southwest by the San Ysidro
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Figure 1. Regional location map of Borrego Valley, CA (modified after [2]).

Mountains and Pinyon Ridge, and on the south by the Vallecitos Mountains (Figure 2). The east side of BV is
bordered by the Coyote Creek fault, with the Borrego Badlands beyond, and Borrego Mountain. The primary
sources of recharge to the BV groundwater basin are the multiple creeks and intermittent streams that drain to
BV from the surrounding mountainous areas, comprising more than 1036 km? (400 square miles) of watershed
[2]).

The ~285 km? (110 square mile) valley floor ranges in elevation from 365.76 m (1200 feet) at the northern
end of the valley, in the vicinity of Ocotillo Flat near Coyote Canyon, to approximately 140 m (460 feet) in the
vicinity of Borrego Sink. The elevation of the valley floor generally ranges from about 243.80 to 304.8 m (800
to 1000 feet) around the margins of the basin, and declines towards the center of the valley to Borrego Sink. The
surrounding mountains are characterized by steep slopes with elevations ranging from 243.80 to 304.8 m (800 to
1000 feet), where the mountain slopes reach the valley floor, to mountain peaks ranging in elevation from ap-
proximately 518.16 m (1700 feet) at Yaqui Ridge (southeast extension of Pinyon Ridge) to over 6500 feet at Hot
Springs Mountain (in the San Ysidro Mountains). Figure 2 characterized region with surrounding mountains
and groundwater level elevation.

2.2.2. Hydrology, Geology, and Hydrogeologic Setting

The geology, hydrogeology and water resources of BV have been studied and reported by various authors since
the early 1900’s. In regards to water resource issues in the BV, there are three features to be considered 1) the
watershed or drainage basin that includes the surrounding mountains from which runoff from rainfall in the
mountains is drained into the valley and recharges the aquifer via canyons and other creeks. Coyote Canyon, at
the northwest end of the valley, is the most significant drainage feature, 2) the valley floor, which is bounded
and defined by mountains and canyons on the north, west and by the Borrego Badlands to the east and 3) the
groundwater basin, which underlies the valley floor [15].

The BV located within the BV groundwater basin (12,000 AFY), encompasses a large section of the Anza-
Borrego Desert State Park The groundwater basin is identified by DWR as groundwater basin number 7 - 24
with a surface area of about 150,000 acres and includes both the main Borrego and Lower BV area [16].

The BV Basin is filled with up to 2400 feet of poorly consolidated to unconsolidated sediments resting on the
basement granite. The USGS Report 82 - 855 identified an upper, middle and lower aquifer [17]. The alluvial
sediments filling the basin originated from the weathering action of the rocks in the surrounding mountains. The
base of the groundwater basin is a complex of the oldest geologic units in the vicinity of BV and is comprised of
the Cretaceous granitic and the Triassic or older meta-sedimentary rocks of the Southern California batholith.
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Figure 2. Base map modified from USGS 7.5 minute topographic maps. Groundwater contours area generalized represen-
tation of the regional static water level interpreted from 35 wells measured in Spring 2005. Water levels are interpreted to
represent unconfined conditions [2] [16] (Courtesy of DWR, 2005; Netto, 2001).
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The basement complex is the ultimate base of the aquifer system and crops out on the north, west and south of
the basin as well as at Borrego Mountain [2]. The upper aquifer is comprised of Holocene to Pleistocene age al-
luvial fan, playa and eolian deposits. The unit is about 1000 feet in thickness at the north end of the basin. Spe-
cific yields for these deposits range from 15 to 25 percent [16]. This aquifer is the principal source of ground-
water in BV and well yields are about 2000 gal/min [18]. The middle aquifer is of Pleistocene age and com-
posed of continental deposits, including moderately consolidated sand, gravel, and boulders. Thickness ranges to
700 feet in the middle aquifer and is thickest near the center of the valley, but thins towards the southeast [18].
Specific yield ranges from 5 to 10 percent in the middle aquifer [16]. Groundwater is easily extracted from this
aquifer. The lower aquifer is also of Pleistocene age and consists of continental deposits, including moderately
consolidated sand, gravel, and boulders. According to DWR (1984) the lower aquifer reaches 1800 feet in thick-
ness in the south-central part of the valley. Specific yield ranges from 1 to 5 percent in the lower aquifer [16].

2.3. Sampling Preparation and Sampling Well Locations

A total of six groundwater production well were sampled in the study area. Groundwater sampling was con-
ducted according to standard procedures [19] [20] in June 2014 in BV. The production wells were chosen spe-
cifically based on the history of contamination records for arsenic and nitrate for each well. The sampling wells
include 1D1-10, ID1-12, 1D4-10, 1D4-11, 1D4-18, and Wilcox, which were located in the western edge of BV
(Table 1 and Figure 3).

In the field, before sampling groundwater wells, each well was pumped continuously to purge at least three
casing-volumes of water from the well and also until pH and temperature readings stabilized [21]. A total of 12
groundwater samples including blank and replicates samples were collected and sent to the lab for arsenic and
nitrate analysis using brand new sample containers (Teflon® bottles). The containers were clearly labeled with
well identification number, date of collection, type of parameter to be analyzed, the preservative type used,
whether they were field filtered using 0.45 um cellulose filters or field unfiltered. The water samples were acidi-
fied with 0.7 N HNO; (pH = 2) for the arsenic analysis. For the quality assurance (QA) and quality control (QC)
purposes, we used duplicates, blank samples, and standard reference materials according to EPA standards.
Field blank and duplicate samples were collected on site to evaluate positive bias as a result of contamination
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Figure 3. Sampling locations (modified after [15]).
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Table 1. List of sampled production wells in BV with well characteristics. N/A means here as the data “not available”. The supply
wells data is the courtesy of BWD (Source: BWD, 2014). N/A: not available.

Land Well data
Well ID  Latitude Longitude UM Topal Water Well  Well  Total
9 elevation Eh « Completed « Diameter . .

depth mv)” H depth” (ft) level (in) yield yield perforated

(f) P (f) GPM  GPM™  (ft)
ID4-18 33.306749390 —116.384712840 691.06 N/A -25.27 6.97 570 301.2 12 250 170 N/A
ID4-11 33.267497550 —116.383355020 614.06 800 235 6.91 770 216.6 14 900 900 310
ID1-12 33.226028270 —116.348315130 532.24 768 —-45.77  7.37 580 143.2 14 900 950 320
ID4-10 33.218318120 —116.392224090 830.29 630 35.3 7.17 630 451 8 100 100 210
ID1-10 33.211789010 —116.346811970 594.74 816 -71.8 7.65 392 236.1 12 350 350 210
Wilcox N/A N/A N/A N/A —61.7 7.49 N/A 304.2 N/A 150 170 N/A

“Data was collected on Oct. 2013 by BWD. “Observed on the sampling day.

during sample handling or analysis as well as for the inconsistency in results. Physiochemical analysis such as
salinity, pH, Eh, and temperature were determined on site using portable pH-meter (Accumet-AP71) and YSI
(550A).

All instruments were calibrated (2-point calibration) just before sampling trip using calibration standard solu-
tion (Fisher Scientific) three times. Arsenic was measured with inductively coupled plasma and mass spectro-
metry (ICP-MS/Perkin Elmer; NexlON®350) and nitrate was analyzed using ion chromatography (Dionex lon
Chromatography 1CS-3000) at Associates Labs in Orange County, California using EPA standard methods (for
arsenic EPA 200.8 & EPA 3010A, and for nitrate EPA 300.0). We noted well yield, duration of pumping prior
to sampling, depth, pump data, water use, and possible contaminants near the well on water sampling protocol
sheets.

In addition, we obtained from Borrego Water District (BWD) office all GPS coordinates for the precise well
locations, renewed well completion data, and history.

Upon completion of the sampling trip, the recorded data was updated in the BV groundwater database. The
Table 1 shows all well GPS coordinates and their related information such as elevation, depth, Eh, pH values.

2.4. Quality Assurance and Quality Control Methods

The purpose of QA is to identify which data best represent environmental conditions and which may have been
affected by contamination or bias during sample collection, processing, storage, transportation, and (or) labora-
tory analysis. 1) Field blank samples were collected to assess contamination during sample handling or analysis,
2) replicate samples were collected to assess variability, 3) matrix-spike tests were done in lab to assess to assess
bias of laboratory analytical methods.

The primary purpose of collecting blanks is to evaluate the magnitude of potential contamination of samples
with compounds of interest during sample collection, processing, transport, and (or) analysis.

Replicate samples were collected to assess the precision of the water-quality data. Estimates of data precision
are needed to assess whether differences between concentrations in samples are because of differences in
groundwater quality or because of variability that may result from collecting, processing, and analyzing the
samples.

Addition of a known concentration of a constituent (spike) to a replicate sample enables the analyzing labora-
tory to determine the effect of the matrix, in this case groundwater, on the analytical technique used to measure
the constituent. The known compounds added in matrix spikes are the same as those being analyzed in the me-
thod. This enables an analysis of matrix interferences on a compound-by-compound basis. For this study, matrix
spikes were added by the laboratory performing the analysis.

3. Results

The results in this paper are based on our current ongoing investigation of BV aquifers and from the existing
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records. We have examined the BV groundwater (N = 6 wells) in southern California to understand the source of
arsenic and nitrate in some of its aquifers. The results show the arsenic values range from <2 ppb to 12.2 ppb
and the nitrate values from <1 ppm to 10.2 ppm for different wells respectively. The preliminary investigation
shows that the arsenic and nitrate concentration has been fluctuating through the time however, the numbers for
some wells are much higher than the existing record was published in the last 10 years. The results showed the
BV supply well such as ID1-10 had 270% increase in arsenic concentration since 2004 and 63% since 2013.

Moreover, some showed 147% and 72% increase in arsenic since 2001. According to the BWD (Borrego
Water District) the results for this well and Wilcox show a steadily increase in concentration since 2004 (Figure
4). The nitrate concentration has jumped 42% in concentration since last year in one of the wells. The concentra-
tion of nitrate and arsenic varies from well to well; however for some slightly above EPA State MCL (10 ppb
for arsenic and 10 ppm for nitrate) (Figure 4). The nitrate values for all sampling wells were lower than MCL of
drinking water and human health risk standard/and public health regulation (45 mg/l according to 22 CCR
863341). Total dissolved solids (TDS) and arsenic samples were taken every three years as per Department of
Public Health Regulations and nitrates samples were taken annually. The arsenic results for 2014 (dry season)
showed the well number 1D4-10 with lowest concentration (<2 ppb) and well number 1D1-10 with highest con-
centration (12.2 ppb) respectively. The concentration ranking (ppb) was ID1-10 > Wilcox > ID1-12 > ID4-11 >
ID4-10. The nitrate results showed that the well number 1D4-10 has the highest concentration (10.2 ppm) and
1D4-18 the lowest concentration (2.47 ppm). The concentration ranking according to our study include 1D4-10 >
ID1-11 > ID4-18. The ranking of nitrate mean (n = 6) concentration (ppm) values + SD for all previous annual
records for nitrate from 2006 and 2014 showed the following ranking: 2012 (5.5 + 3) > 2013 (5.3 + 3.2) > 2014
(5.1 £ 4.4) > 2007 (4.8 £ 3.3), 2006 (4.7 £ 3.7) > 2010 (4.0 £ 3.4) and >2011 (4.1 £ 2.8). This record obviously
shows a fluctuation pattern within 8 years of monitoring. For arsenic the records showed different pattern, a
constantly and continuously increasing values in the last 10 years. The ranking of arsenic mean (n = 3) concen-
tration (ppb) values = SD for all previous records every three year for a 10-year period from 2004 to 2014
showed the following ranking: 2014 (6.3 £ 3.9) > 2013 (4.9 + 2.3) > 2010 (4.4 + 3.8) > 2007 (3.4 £ 3.1) > 2004
(3.0£0.7) (Table 2).

The results for all other wells form GAMA website was also investigated to compare them with our results
and to understand the trend. GeoTracker GAMA integrates and geographically displays water quality data from
multiple sources. Through the GeoTracker website all arsenic, nitrate, and TDS values for the BV groundwater
basin 7 - 24 were evaluated and analyzed statistically. The mean concentration for all of the wells in BV water
using supply and DWR wells was considered [16].

The GAMA values for arsenic and nitrate were all lower than health-based benchmark (10 ppb for arsenic and
10 ppm for nitrate respectively). The GAMA arsenic concentration (ppb) data showed mean values for arsenic
3.93 for 2013 (n = 8), 3.45 for 2010 (n = 10) and 2.34 for 2007 (n = 14). The trend for these values were positive
showing an increase in nitrate values through the time despite the fact that these values were all below MCL.
The nitrate values showed that the annual rate of concentration from 2006 to 2014 changing through the time.
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Figure 4. The concentration for arsenic (left) and nitrate (right) for different wells samples in June 2014. The values for

2006 to 2013 is the courtesy of BWD.
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Table 2. The arsenic, nitrate, and TDS concentration for different years and from different wells based on authors results
(2014) and data from BWD. N/A = not available.

Nitrate [ppm]

1D4-18 1D4-11 ID1-12 1D4-10 1D1-10 Wilcox Mean SD Min Max
2006 <1.0 1.6 1.7 9.1 6.2 <1.0 4.7 3.7 1.6 9.1
2007 N/A 19 1.7 9.3 6.8 44 4.8 3.3 1.7 9.3
2010 1.6 2.2 1.7 8.7 7.9 16 4.0 34 1.6 8.7
2011 2 2 2 8 7.2 34 41 2.8 2.0 8.0
2012 <2 21 <17 8.7 7.3 4 55 3.0 2.1 8.7
2013 <2 25 1.7 9.3 7.2 5.7 5.3 3.2 1.7 9.3
2014 247 2.61 N/A 10.2 NA NA 51 44 25 10.2

Arsenic [ppb]

2001 N/A N/A 3 N/A 5 3 3.7 12 3.0 5.0
2004 N/A N/A 2.2 N/A 3.3 34 3.0 0.7 2.2 34
2007 N/A N/A 0 N/A 5.9 44 34 3.1 0.0 59
2010 N/A N/A 0 N/A 7.1 6.1 44 3.8 0.0 7.1
2013 N/A N/A 3 N/A 75 4.2 4.9 2.3 3.0 7.5
2014 N/A 2.23 3.79 N/A 12.2 7.8 6.3 3.9 2.2 12.2

Total dissolved solid (TDS) [ppm]

2001 620 390 290 530 460 250 423.3 141.7 250.0 620.0
2004 558 318 246 459 274 200 342.5 137.8 200.0 558.0
2007 590 390 260 490 250 210 365.0 151.8 210.0 590.0
2010 620 370 240 510 240 220 366.7 166.3 220.0 620.0
2013 620 340 270 500 280 230 3733 153.6 230.0 620.0

The concentration values for nitrate were all below health-based benchmark except few that were close to 10
ppm. The GAMA nitrate concentration (ppm) data showed mean values for nitrate 9.48 for 2012 (n = 10) 4.44
for 2013 (n = 11) 4.23 for 2010 (n = 12), 4.03 for 2008 and 2009 (n = 15 and 13), and 1.57 for 2014 (n = 4).

The Total Dissolved Solids (TDS) values were evaluated for ID4-18, 1D4-11, 1D4-10, ID1-10, and Wilcox by
BWD. We also used the GAMA data conducting statistical review using GAMA model for all other wells in
groundwater basin 4-27. While all GAMA values are below the state MCL level (1000 ppm) the studied TDS
levels has increased since 2010 for 1D1-10, ID 1-12, and ID1-18, and Wilcox. The 1D4-10 and 1D4-11, and
GAMA values showed a drop in TDS values.

The BV groundwater basin was studied extensively in the past years yet none revealed the sources of arsenic
and nitrate. However, in our study, we investigate the source of arsenic and nitrate contamination in water
through geochemical evolution of groundwater in the BV groundwater basin using hydrogeochemical data,
conceptual hydrochemical models and facies. While the physical and chemical parameters of groundwater are
important in classifying and assessing water quality [22], the lithology, solution Kinetics, and groundwater flow
patterns of the aquifer [23] control the hydrochemical facies. To that end, we discuss the hydro-geochemistry
facies of the BV groundwater in study area, which we believe is mainly controlled by water-rock interaction.

The primary aquifer in the BV study area is the upper aquifer of a three-tiered, alluvium-filled aquifer system
that is underlain by Cretaceous granitic and the triassic or older metasedimentary rocks [24]. The metasedimen-
tary rocks are generally described as biotite schist, gneiss, quartzite, with sparse limestone and dolomite. Fur-
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thermore, the upper aquifer is composed of alluvial, playa, eolian, and fan deposits of Pleistocene to Holocene
age and the middle and lower aquifers consist of continental deposits of moderately consolidated gravel, sand,
and boulders of Pleistocene age [16]. According to [25] the BV Groundwater aquifer is considered mostly as
calcium-sodium-bicarbonate or sodium-mixed anion type waters. Their findings show that bicarbonate ac-
counted for 20% to 80% of the total anions, chloride, and sulfate each accounted for 10% to 60%. In addition,
sodium and potassium accounted for 40% to 100% of the cations [25]. The Ca*", Mg®*, SO? , and HCO;
may be derived mainly from weathering of carbonate rocks. The latter represent a part of BV lacustrine unit of
Palm Spring Formation in the central portion of the valley, where the lacustrine unit was encountered in well
logs. The well logs were obtained from the BWD and from published literature after [26].

3.1. Arsenic

The most common forms of arsenic in groundwater are their oxy-anions, arsenite (As*®) and arsenate (As*).
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 as iron oxides, which are abundant in the
subsurface and arsenate strongly adsorbs to these surfaces in acidic to neutral waters. Furthermore also suggests
arsenic is more soluble in an alkaline and anoxic environment for instance in ID1-10 (pH = 7.65) and for Wilcox
(pH = 7.49) (Figure 5(e)). Alkaline condition may produced by the weathering of silicate minerals, which also
are to reduce the acidity [27] in BV aquifer. This increase in the pH to an alkaline condition will cause both ar-
senite (As™ the predominant species under moderately reducing conditions) and arsenate (As* the predominant
species in oxygenated water) to desorb. Hence, they can be expected to be very mobile in an alkaline environ-
ment [28]. The pH-Eh condition may also control dissolved arsenic in aqueous environment [29], where under
oxidizing conditions or high Eh conditions (Eh > +100 mV), iron oxide coatings on soil/sediment particles ad-
sorb and so the concentrations of arsenic in solution usually drops (low). When Eh is low (Eh < =250 mV), sul-
fate in groundwater is reduced; iron, arsenic, and other trace metals may precipitate as sulfide minerals, and the
associated aqueous concentrations again are low [29]. According to [29] in the “danger zone” between these ex-
tremes (~0 < Eh < —200 mV), the iron oxides and sulfide phases dissolve; any arsenic associated with them is
released into the groundwater. The BV groundwater aquifer showed the Eh for the supply well ID1-10 and Wil-
cox was —71.8 and —61.7 respectively (Figure 5(f)). The positive correlation between arsenic and sulfate sug-
gests that arsenic maybe released in groundwater as the result of the weathering of sulfide minerals (Figure
5(d)). We observed a positive correlation between arsenic and pH and arsenic with sulfate. There is no correla-
tion between dissolved arsenic and both iron and manganese in the groundwater using GAMA data (Figure 5(g),
Figure 5(h)). Note that the 3 points on graph are the mean values of GAMA data for 2007 (Fe [n = 14], As [n =
14]), for 2010 (Fe [n = 12], for As [n = 10]); and for 2013 (Fe [n = 15] and As [n = 8]).

Remediation strategies for dissolved arsenic often drive significant shifts in oxidation-reduction potential or
Eh. Therefore, arsenic may be either dissolved or precipitated in conjunction with certain treatment technologies.
As the release of arsenic requires reducing conditions, a logical remediation suggest that aeration of the arsenic
contaminated water might reverse the effect, forcing iron oxide (Fe(OH);) to precipitate, but remove some of
dissolved arsenic as it adsorbs to the precipitating oxide surface [30].

3.2. Nitrate

The quality of groundwater in the primary aquifer system may be different from that in the shallower or deeper
water-bearing zones; shallow groundwater may be more vulnerable to surficial contamination [25]. In terms of
nitrate, the results of our study and the synthesis of GAMA data for nitrate from 1980 to 2000 from similar wells
throughout the BV groundwater basin as long-term data screening have demonstrated that the higher nitrate
concentration in the water of shallow wells occurs in dry years (and dry months, and the lower nitrate concentra-
tion in wet years (and wet months September through February). Much work indicates that nitrate concentration
values in wells are closely related to the amount of precipitation and its flow in the ground [31] [32]. According
to the graph (Figure 6) depicting nitrate data from GAMA and precipitation records from 1980-2000, ground-
water pollution in fields with little fertilization and high amount of precipitation is lower due to dilution.

Past research study also suggest nitrate may be introduced to BV aquifer by 4 major recharge systems in BV 1)
by stream recharge or the infiltration of runoff (example San Felipe Creek) containing fertilizer and other nu-
trients runoff from the several creeks and intermittent streams that drain to the valley from the mountains of the
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Figure 5. Clockwise from top-left: (a) Historical record for sulfate mean concentration (n = 152) from 2004 to 2014 based
on GAMA (R? = 0.40); (b) Correlation of arsenic and sulfate concentration values from mean data record of 2007 (SO, [n =
25], for As [n = 14]), 2010 (SO, [n = 16], As [n = 10]); and for 2013 (for SO, [n = 20] and for As [n = 8]); (c) Historical
record for nitrate concentration from 2007 to 2014 based on mean GAMA data (n = 98). The graph shows fluctuation pat-
tern for nitrate; (d) There is a weak correlation between nitrate and sulfate. The mean values of NO; and SO, were used for
3 different years (SO,4 [n = 25], NO3 [n = 18]), for 2010 (SO4 [n = 16], NO3 [n = 12]); and for 2013 (for SO, [n = 20] and
for NO; [n = 11]); (e) Correlation of As with pH (n = 6); (f) Correlation of As with Eh (n = 6); (g) Correlation of Mn versus
As using mean GAMA data for 2007 (Mn [n = 14], As [n = 14]), 2010 (Mn [n = 10], As [n = 10]); and for 2013 (for Mn [n
= 9] and for As [n = 8]); (h) Correlation between Fe and As using mean GAMA data for 2007 (Fe [n = 14], As [n = 14]), for
2010 (Fe [n = 12], for As [n = 10]); and for 2013 (Fe [n = 15] and As [n = 8]).
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Figure 6. Comparing the precipitation, nitrate concentration from different wells and return flow values from 1980 to 2000.
The return flow is the portion of the water pumped from the BV aquifer for irrigation of citrus groves and for golf course
grass, which returns to the aquifer via seepage through the vadose zone. There was no data recorded for nitrate from 1981
to 1985.

surrounding watershed in wet season. The stream runoff was estimated by Netto, 2001, approximately 600
acre-feet to approximately 26,000 acre-feet annually and average 3860 acre-feet per year during the period 1945
through 2000 [2]; 2) by bedrock recharge, which occurs as subsurface seepage into the aquifer from the frac-
tured crystalline basement rocks surrounding the basin, this may accelerate the nitrate migration downward due
to gravity flow; 3) the underflow from adjacent basins, where groundwater flow through saturated alluvial sedi-
ments containing high level of nitrate from adjacent basins or through alluvial filled channels entering BV aqui-
fer. This may cause mixing of an aquifer with low nitrate concentration with adjacent aquifer with the high ni-
trate concentration. According to [17] the underflow along San Felipe Creek was estimated to be approximately
32 acre-feet per year (af/yr) [17]; 4) irrigation return flow or artificial recharge; it is that portion of the water
pumped from the BV aquifer for irrigation of citrus groves and for golf course grass, which returns to the aquifer
via seepage through the vadose zone. An estimated irrigation return flow, using the chloride mass balance tech-
nique was conducted for 2 Mojave Desert sites [33], was calculated for the citrus grove of 22 percent of the ap-
plied irrigation rate or approximately 888 m*/y (0.72 af/yr/ acre) and for the golf course, the return rate on the
golf course of 14 percent of the applied irrigation rate, or approximately 1036 m*/y (0.84 af/yr/ acre).

All other irrigation in BV was assumed to generate 14 percent return flow [2]. We anticipate that groundwater
flow conditions can vary from year to year, depending on factors such as the amount of precipitation, the amount
of regional pumping from the aquifers, seasonality changes in hydraulic gradient, and changes in recharge and
discharge and irrigation pattern [34]. Therefore, it is not surprising that nitrate levels may be fluctuating by local
and regional dynamics of groundwater flow affecting variation in nitrate concentration throughout the year or
from year to year (Figure 6). The graph shows higher precipitation record results in lower nitrate concentration
between1980 and 2000 while the return flow of irrigation values gradually increasing through the same time pe-
riod.

Beside natural sources, human activities on land surface and in the subsurface can affect groundwater quality.
Land-use data commonly are used to identify potential effects of such activity because each type of land use
typically is associated with specific activities and certain changes in water quality. Land use in the study unit is
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92 percent natural, 2.7 percent agricultural, and 5.7 percent urban, according to classifications from USGS Na-
tional Land Cover Data [35]. Recreation has become the second most intensive use of groundwater in BV. The
primary use of water for recreational activities in BV is for irrigation of the several golf courses in BV. The
gross irrigation applied across all golf courses is estimated to be approximately 6 feet per year [2]. Wells 1D4-2
and 1D4-3 have been taken out of production by BWD and no longer used due to high nitrate concentration rec-
orded above MCL. According to topographic map, these wells are located approximately on the east side of De
Anza, Club Circle, and BSPCSD Golf Course (Figure 2). Moreover, treatment as well as reducing the return
flow of Golf Course irrigation and fertilizer application may also contribute to lower contamination of nitrate in
BV groundwater aquifer.

4. Conclusion

The groundwater basin system of BV is comprised of three hydraulically distinct aquifers that will likely pro-
vide sufficient supply if properly managed. However, nitrate and arsenic contamination in groundwater may be a
concern for the study area. The results of this preliminarily study indicate that nitrate concentration is not ex-
ceeding regulatory limits (MCL = 45 ppm) but shows some sign of increase of arsenic in only one well (around
and/or slightly above 10 ppb). This may not be ruled out as an imminent threat but we suggest that further mon-
itoring of the nitrate and arsenic levels (e.g. wet season water sampling) is necessary to evaluate the temporal
evolution and distribution of nitrate and arsenic concentrations within the aquifers underlying the region. Under
these circumstances, future studies using nitrogen, oxygen, and carbon isotopes are also required to better assess
the migration pattern of the specific sources and contributions of nitrate to the BV groundwater aquifer.
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