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INTRODUCTION

Reuse of oilfield-produced water (OPW) for crop irrigation has the potential to make a crit-
ical difference in the water budgets of highly productive but drought-stressed agricultural
watersheds. This is the first peer-reviewed study to evaluate how trace metals in OPW used
to irrigate California crops may affect human health. We modeled and quantified risks as-
sociated with consuming foods irrigated with OPW using available concentration data. The
probabilistic risk assessment simulated OPW metal concentrations, crop uptake, human ex-
posures, and potential noncancer and carcinogenic health effects. Overall, our findings indi-
cate that there is a low risk of ingesting toxic amounts of metals from the consumption of
tree nuts, citrus, grapes, and root vegetables irrigated with low-saline OPW. Results show in-
creased arsenic cancer risk (at 107°) for adult vegetarians, assuming higher consumption of
multiple foods irrigated with OPW that contain high arsenic concentrations. All other cancer
risks are below levels of concern and all noncancer hazards are far below levels of concern.
Arsenic risk concerns could be mitigated by practices such as blending high-arsenic OPW. Fu-
ture risk assessment research should model the risks of organic compounds in OPW, as our
study focused on inorganic compounds. Nevertheless, our findings indicate that low-saline
OPW may provide a safe and sustainable alternative irrigation water source if water quality
is adequately monitored and blended as needed prior to irrigation.
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cultural regions in the United States, accounting for
18% of total U.S. agricultural sales, with the San

The state of California is a longstanding pro-
ducer of both agricultural crops and oil (Sheridan,
2006). California is one of the most productive agri-
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Joaquin Valley alone contributing 8% of total U.S.
agricultural sales (and a large portion of the world’s
production of specialty crops such as almonds and
pistachios) (USDA, 2019). While productive, these
agricultural regions suffer from chronic water short-
age (USGS, 2016), as some areas in California are
also the driest in America, with longer and more in-
tense droughts becoming more prevalent over the
last few decades (Christian-Smith, Levy, & Gleick,
2015; NIDIS, 2020).

California accounted for about 4% of U.S. oil
production in 2019 (US EIA, 2020); although it has
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not seen a dramatic rise in production that has oc-
curred in other states with the use of hydraulic frac-
turing, it remains an important oil producer in the
United States (Vengosh, Jackson, Warner, Darrah,
& Kondash, 2014). As a byproduct of both conven-
tional and tight oil extraction operations, California
oil wells also generate high volume of oilfield pro-
duced water (OPW). Managing California’s OPW
is a major challenge for both operators and regula-
tors because of the large volume (134 billion gallons
in 2018); the wide range of salinity, organic chem-
icals, and naturally occurring metals and radionu-
clides; and, for, hydraulically fractured wells, the use
of various chemicals during the production process
(Stringfellow & Camarillo, 2019).

The combination of high agricultural productiv-
ity, dry climate, chronic water shortages, and abun-
dant OPW has led California farms, water districts,
and oil companies to develop a symbiotic relation-
ship. Since the mid 1970s, farms have been utiliz-
ing OPW to supplement agricultural irrigation wa-
ter( CA RWQCB CVR, 1974). By the early 1990s,
water districts began to form agreements with oil
companies to use OPW to supplement freshwater
sources for crop irrigation (CA RWQCB CVR, 2012;
Hurst, 1988). The largest share of OPW covered by
these agreements has been supplied to the south
San Joaquin Valley’s Cawelo Water District in Kern
County to supplement the reduction in natural water
availability, but other nearby water districts within
Kern County have more recently begun accepting
OPW to supplement groundwater and surface wa-
ter resources, especially during consecutive drought
periods (CA RWQCB CVR, 2006, 2007, 2012,
2015).

While plentiful, OPW used as irrigation water
poses a number of potential drawbacks: its chemical
properties may negatively affect (1) soil permeabil-
ity (e.g., reduction due to accumulation of sodium);
(2) crop productivity (e.g., salinity and boron tox-
icity to plants due to elevated chloride and boron
levels); and (3) food safety (e.g., preferential bioac-
cumulation of trace metal constituents in plants)
(Harkness et al., 2015; Vengosh et al., 2014; Warner,
Christie, Jackson, & Vengosh, 2013). Since benefi-
cial reuse of OPW as irrigation water began in the
region, water districts have monitored certain wa-
ter quality parameters, comparing the results to spe-
cific water quality irrigation guidelines (CA RWQCB
CVR, 2012, 2018; Christian-Smith et al., 2015) for ar-
senic, boron, chloride, sodium, electrical conductiv-
ity, and total dissolved solids (CA RWQCB CVR,
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2006, 2012). However, existing guidelines are lim-
ited to those six parameters and do not address all
metals or other inorganics that could be present in
OPW and taken up by crops irrigated with OPW (CA
RWQCB CVR, 2006, 2012). Organic constituents
are typically monitored by conducting oil and grease
monitoring, which generally detects any nonpolar
compound in water but is not specific to petroleum
hydrocarbons or specific organic compounds (Rob-
les, 2016b). Additional organic constituents of in-
terest in OPW include volatile organic compounds
such as acetone, benzene, ethylbenzene, xylenes, and
toluene, along with polycyclic aromatic hydrocarbons
such as acenaphthalene, chrysene, fluorene, naphtha-
lene, phenanthrene, and pyrene, plus total petroleum
hydrocarbons as an indicator for petroleum-based oil
and grease. Recent water district-sponsored studies
have evaluated organic compounds in OPW used, for
crop irrigation (Echchelh, Hess, & Sakrabani, 2018;
Echchelh, Hess, Sakrabani, de Paz, & Visconti, 2019;
Navarro, Jones, & Mulhearn, 2016; Robles, 2016a,
2016b), but did not consider trace metals in OPW.
ERM (2016) recently completed an oil industry-
funded deterministic risk assessment (Navarro et al.,
2016) on both organic and inorganic constituents,
but methodological limitations and their funding
source make it unsuitable for answering safety
questions for at-risk populations (Navarro et al.,
2016).

To date, no peer-reviewed risk assessment on
trace metals in OPW has been completed to substan-
tiate policy decisions and address concerns over the
potential risk of using OPW for irrigation water on
soil quality, crop health, and human health. A lack of
robust scientific research studies on the topic has af-
fected how the public perceives the risk of consuming
crops cultivated with OPW. In the absence of infor-
mation, some consumers have opted to boycott food
crops grown with OPW (Food & Water Watch, 2018;
Harkinson, 2015; Monaco, 2016).

Overall, continued or expanded beneficial irriga-
tion use of OPW is hindered by a current lack of pub-
licly available, peer-reviewed scientific evaluation of
the risks associated with OPW irrigation. Our re-
cently published study (Kondash et al., 2020) begins
filling in this data gap by examining the occurrence
of inorganic contaminants in OPW used for irriga-
tion and in OPW irrigated soil in the Cawelo Water
district in Kern County (Kondash et al., 2020). The
objective of this research is to use original data from
Kondash et al. (2020) combined with publicly avail-
able data on trace metals concentrations in OPW
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that is currently been used for irrigation in Califor-
nia to estimate the potential human health risk as-
sociated with consuming foods irrigated with OPW.
Key questions are as follows: (1) Can OPW be bene-
ficially reused to augment regional water availability,
in particular for the agricultural sector, without in-
creased food safety and human health concerns from
trace metals exposure? (2) If there are concerns, what
conditions are associated with elevated human health
risks from OPW use for crop irrigation, and what
measures can be taken to reduce potential human
health risks? While OPW chemistry and salinity vary
spatially in the oil and gas fields across the United
States, this study is focused on relatively low-saline
OPW from Kern County with significantly lower con-
centrations of salts, metals, and organic contaminants
relative to OPW from other oil and gas fields in the
United States.

2. METHODS

2.1. Study Characteristics
2.1.1. Crops Evaluated

Kern County, in the south San Joaquin Val-
ley, is the site of seven of the top 10 oil produc-
ing formations in California (Supporting Information
Table A1) and home to three of the five water dis-
tricts that have formed agreements to use OPW as an
alternative irrigation water source (Table A2). The
main crops grown in Kern County and irrigated with
OPW, by acreage, are tree nuts (pistachios and al-
monds; 37% of planted acreage in Kern County);
grapes (13% of planted acreage); citrus (tangerines
and oranges; 7% of planted acreage); and root veg-
etables (carrots, potatoes, and garlic; 6% of planted
acreage); collectively, these crops account for nearly
two-thirds of the planted acreage in Kern County
(USDA, 2019). Based on crop growth in the region
with the greatest OPW use, we modeled the follow-
ing five crops (or categories of crops) for the risk as-
sessment: citrus, grapes, almonds, pistachios, and root
vegetables.

2.1.2.  Environmental Setting

We included the Central Valley (not just Kern
County and the south San Joaquin Valley) in our en-
vironmental setting to account for potential expan-
sion of OPW (assuming it is treated to similar guide-
line levels as Kern County OPW) use for irrigation

Table I. Constituents Evaluated

Aluminum Lead
Antimony Lithium
Arsenic Magnesium
Barium Manganese
Beryllium Molybdenum
Boron Nickel
Cadmium Rubidium
Calcium Selenium
Total Chromium Silver
Chromium VI Strontium
Cobalt Thallium
Copper Vanadium
Iron Zinc

into other regions where the crops evaluated are cur-
rently grown or could potentially be grown. We used
climate data to partition the region into 24 relatively
homogeneous climate areas, each with an associated
meteorological station (Fig. S1; Delano on that map
is at the north edge of Kern County). We obtained
10 years (January 2008-December 2017) of climate
data from the California Irrigation Management In-
formation System (2018) and soils data for those ar-
eas from California’s published soil survey database
(2005) to characterize the environmental setting
(CA DWR, 2018; Johnson & Belitz, 2003; USDA,
2005).

2.1.3. Constituents Evaluated

Previous studies focused mainly on evaluating
organic constituents in OPW, with only one consid-
ering inorganic constituents (Navarro et al., 2016;
Robles, 2016a, 2016b). Inorganics, including metals
and salts, occur naturally in both ground and sur-
face water and are also frequently found in OPW
(McMahon, Kulongoski et al., 2018; McMahon, Ven-
gosh et al., 2019; Vengosh et al., 2017; Wright,
McMahon, Landon, & Kulongoski, 2019). Therefore,
we focused on 27 inorganic constituents commonly
found in OPW in this study (Table I). Additionally,
given that our data set has concentration information
on both total chromium and hexavalent chromium
(chromium VI), and that chromium VI is more toxic
than chromium III, we make the conservative as-
sumption that all present chromium in each sample
is chromium VI. As such, we did not model how
changes in pH and redox state in the soil and plant
would change chromium speciation.



2.2. Data Collection

We used two types of data: samples collected
specifically for this study and publicly available mon-
itoring data.

2.2.1. Field Sample Collection and Laboratory
Analysis

We collected field samples of irrigation water,
soil, and edible crops on selected Central California
farms that had irrigated fields with OPW for at least
two consecutive years. We identified regions and wa-
ter districts that use and distribute OPW for irriga-
tion (Table A2), as well as independent producers
(i.e., growers with oil wells on their property who use
their own OPW for irrigation instead of purchasing it
from a water district). We identified crops grown on
fields that are potentially supplied with OPW by sub-
mitting Freedom of Information Act requests to wa-
ter districts requesting lists and maps of farms receiv-
ing OPW. The Cawelo Water District in Kern County
mixes OPW with local groundwater and distributes
this water to farms within the district through canals.
We obtained permission to enter and sample OPW
by contacting local growers directly and by work-
ing with California State University in Bakersfield
(CSUB). Sixteen water samples were collected in the
field using U.S. Geological Survey protocol for sam-
pling, filtration, storage, and preservation according
to the analysis type (United States Geological Sur-
vey, 2011). Additional information on sample collec-
tion and laboratory analysis methods are available in
Kondash et al., 2020.

2.2.2.  Publicly Available Data

The sampling data were supplemented with
publicly available data sets, which were compiled,
georeferenced, reviewed for quality assurance and
control, and organized into a database. This database
includes three water sources: OPW (effluent coming
into the water districts, OPW classified as “effluent-
other” was excluded in this report), groundwater
from monitoring sites, and the blended OPW and
irrigation water delivered to farmers. California
Senate Bill 4, signed in 2013, mandated “strategic,
scientifically based groundwater monitoring” of the
state oil and gas fields (Esser et al., 2015). The state
of California monitors the volume of OPW used for
irrigation and makes testing results for irrigation
water samples publicly available (CA DOGGR,
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2016; CAWB CVR, 2016; Heberger & Donnelly,
2015). Publicly available monitoring reports from
as early as 1967 were identified, with most from
2013 to 2017. Sources included the California Oil
Fields Food Safety Website (CAWB CVR, 2016)
and Central Valley Regional Water Quality Board
(CA RWQCB CVR, 2018; CAWB CVR, 2016). Cur-
rently, the Central Valley Regional Water Quality
Board endeavors to provide irrigation water that
meets quality standards for arsenic, boron, chloride,
sodium, and electrical conductivity (CAWB, 2016).

2.2.3. Overall Data Set

In all, we compiled 4,809 data points in OPW,
groundwater, and irrigation water (blended OPW
and groundwater): 432 from sampling data and
4,377 from publicly available reports, all from Kern
County. About one-third of these were nondetects.
Among the detections, there was considerable vari-
ability in the data, with as much as four to five orders
of magnitude between the minimum and maximum
values in any particular type of water.

2.3. Risk Assessment

A probabilistic modeling framework was applied
to evaluate potential risks from eating foods grown
in OPWe-irrigated soil. The probabilistic modeling
framework consists of four main components (Fig. 1):
(1) the land-based source module, which models the
fate and transport of constituents in OPW used for
irrigation through the soil column; (2) the farm food
chain module, which models the distribution and
uptake of the constituents by plant roots, potential
accumulation in edible fruits or seeds; (3) the hu-
man exposure module, which estimates human ex-
posure due to consumption of the crops considered
and soil consumed incidentally with the crops; and
(4) the human health module, which estimates hu-
man health impacts (in the form of noncancer haz-
ard or cancer risk). The source module is based
on the peer-reviewed U.S. Environmental Protec-
tion Agency (EPA) land application unit model de-
veloped as part of the multipathway, multimedia,
multireceptor risk assessment modeling system (also
known as 3MRA) (US EPA, 2003). The food chain,
exposure, and human risk algorithms were based
on the USEPA’s Human Health Risk Assessment
Protocol (HHRAP) for Hazardous Waste Combus-
tors.(US EPA, 2005) The model components and the
Monte Carlo framework are described briefly here;
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Fig 1. Overview of OPW crop irrigation risk modeling framework.

the Supporting Information includes an expanded
methods section that provides more detail.

2.3.1. Land-Based Source Module

This model uses concentrations of the con-
stituents of interest in OPW along with a variety
of inputs characterizing irrigation practices and the
environmental setting to estimate soil concentrations
of the constituents resulting from the use of OPW
for crop irrigation. The key inputs to the source
model, in addition to the constituent concentrations
in OPW, include a geospatial characterization of
the agricultural setting for the study region, soil,
and climate conditions at the agricultural fields,
soil sorption coefficients for the constituents, crop
characteristics and water requirements, and daily
meteorological data.

For this assessment, we adapted the 3MRA land
application unit model to simulate the application of
OPW for irrigation of common perennial tree crops
(citrus, almonds, and pistachios), grapes, and root
vegetables using drip or microsprinklers, which are
typically used for irrigation in the study region. Use
of OPW was simulated only when the crop-specific
daily demand for water was greater than daily precip-
itation during the period of interest. The model uses

dissolved concentration in OPW to estimate mass
transfer rates, and accounts for losses through ero-
sion and runoff, percolation, and leaching.

The output of the source module is annual aver-
age soil concentrations in the field. Additional infor-
mation on the source model is available in the Sup-
porting Information.

2.3.2.  Farm Food Chain Module

This module uses the soil concentrations from
the source module to simulate uptake of the con-
stituents from soil to crops. This simple algorithm re-
lies on constituent-specific soil-to-plant uptake fac-
tors that relate soil concentrations to concentrations
in different parts of the plant (roots, vegetative parts,
and reproductive parts such as fruits. The output
is constituent concentrations in different types of
crops. Additional information on the farm food chain
model is available in the Supporting Information.

2.3.3.  Human Exposure Module

This component estimates the potential expo-
sure to inorganic constituents that can occur when
a person consumes crops grown on fields irrigated
with OPW. The exposure pathways evaluated include
consumption of crops (based on crop concentrations
from the farm food chain module) as well as inci-
dental ingestion of soil (based on soil concentrations
from the source module). For incidental soil ingested,
because the soil concentration may vary with differ-
ent crops due to different irrigation water needs, we
estimated those exposures separately for each crop.
We evaluated risk for both an adult and a child, to ac-
count for differences in consumption relative to body
weight and age.

Estimates of exposure relied on distributions of
exposure parameters reflecting the physical charac-
teristics (e.g., body weight) and behavior patterns
(e.g., consumption rates) of the adult and child recep-
tors. Continuous distributions for each exposure pa-
rameter were created in @Risk based on percentile
data representative of the U.S. population presented
in the EPA’s Exposure Factors Handbook (EFH)
(US EPA, 2011) and Child Exposure Factors Hand-
book (US EPA, 2008). The crops were assumed to be
eaten as is (i.e., reflecting no preparation losses such
as washing) to conservatively evaluate exposure risk.

The outputs of the exposure module are the av-
erage daily dose (used for noncancer hazard) or life-
time average daily dose (for cancer risk) from the



consumption of crops and the incidental consump-
tion of soil. Additional information on the exposure
model, including the equations for calculating aver-
age and lifetime average daily dose and exposure fac-
tor distributions, is available in the Supporting Infor-
mation.

2.3.4. Human Risk Module

This component combines the dose estimates
from the exposure module with human health toxi-
city benchmarks to estimate noncancer hazard quo-
tients (HQs) and cancer risks associated with pre-
dicted exposure levels. For noncancer hazard, we
used the chronic Reference Dose (RfD) as the toxic-
ity benchmark, and for cancer risks, we used the oral
cancer slope factor (CSF).

We calculated hazard or risk for consumption of
each crop individually (almonds, citrus fruits, grapes,
pistachios, and root vegetables) and for incidental
soil ingestion (ingesting soil after OPW irrigation)
associated with each individual crop. We also com-
bined risks across crops to reflect what a vegetarian
diet might include by summing the risks for citrus,
grapes, root vegetables, and whichever of the two
nut crops had the higher risk (vegetarian scenario).
The cumulative impacts of risks from multiple con-
stituents were not estimated. Additional information
on the risk model and the toxicity benchmarks used
is available in the Supporting Information.

2.3.5. Monte Carlo Framework

The above model components were run in se-
quence many times within a Monte Carlo frame-
work to account for different patterns of variability
in space and time. Each model run (for a specific
scenario, such as adult, noncancer hazard associated
with arsenic in grapes) includes 10,000 iterations. For
each iteration, inputs and parameters were selected
from a distribution, loaded, and the modules run for
the duration of the 100-year timeframe considered.
The outputs of each iteration were aggregated to pro-
duce distributions of risk or hazard for the scenario.
The input data and parameters were derived from
the literature, publicly available databases, and ex-
pert opinions.

For the concentration of constituents in irriga-
tion water, because of the high degree of variability
in the data set, we started with the maximum concen-
tration in OPW from the data collected as a conser-
vative assumption, and did not vary this in the Monte
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Carlo iterations, planning to reevaluate the need to
fully characterize the distribution based on the re-
sults. See Section 3 (Results) and Section 4 (Discus-
sion) for further discussion.

The Monte Carlo framework addressed vari-
ability only in environmental settings (e.g., soil
properties and meteorological conditions), farm
operating conditions (e.g., frequency of irrigation,
soil management), and human exposure patterns
(e.g., food intake rates). Variability in those pa-
rameters was characterized using a combination of
site-specific and published data. In the absence of
site-specific data, parameters were obtained from
regional or national databases.(NOAA, 2020; US
EPA, 2011; USDA, 2005, 2017) More information
on the Monte Carlo framework is available in the
Supporting Information.

3. RESULTS

3.1. Concentrations in Irrigation Water

We analyzed 29 inorganic constituents found in
groundwater, OPW, and blended groundwater/OPW
mixtures used for irrigation (Table A3). For most
constituents, there is considerable variability in the
data, with the minimum and maximum concentra-
tions in OPW separated by two to four orders of
magnitude (Fig. 2). Constituents with low variability
were typically based on very small sample sizes
(Table II).

The maximum OPW concentrations were
compared to the National Primary or Secondary
Drinking Water Standards (Table II). The National
Primary Drinking Water Regulations maximum
contaminant levels (MCLs) are legally enforceable
standards under the Safe Drinking Water Act; the
secondary standards are nonmandatory water quality
standards. Arsenic concentrations in the low-saline
OPW from Kern County (Fig. 3) shows nonnormal
distribution, with two peaks at concentrations of
10-20 g/L and 60-80 g/L and a max of 91 ug/L with
a mean of 37 ug/L. In contrast, groundwater samples
from the same region contained As in a range of
1-15 pg/L with a mean concentration of 3.4 ug/L
(Fig. 3).

3.2. Probabilistic Risk Assessment Results

Risk assessment results are presented here for
the constituents with a maximum concentration in
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Fig 2. Concentrations of 27 inorganic

constituents in OPW, plotted on a log 10°
scale and showing the range (minimum
to maximum; shaded bars) and mean
(points). The boxes show the 25-75th
percentile values (median range shown
by horizontal line within boxes); the
lower line shows the 0-25th percentile
values and the upper line shows the 75—
100th percentile values. The dots are
outliers. There were no detections in
OPW for thorium and uranium. Three

Concentration in OPW (ug/L)
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Fig 3. Arsenic concentrations in Kern
county. (a) arsenic concentrations from
low-saline OPW in Kern County, Cal-
ifornia showing a bimodal distribution
of As concentrations and (b) arsenic
concentrations in Kern County com-
pared to local groundwater, blended
OPW and groundwater, and OPW only.
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OPW that exceeds the drinking water standard (alu-
minum, antimony, arsenic, iron, and manganese;
Table II) and for all carcinogens (arsenic, chromium
VI, and lead). Results for all other constituents are
presented in the Supporting Information.

Alevel of concern was defined as (1) a noncancer
HQ greater than 1 or (2) an excess individual lifetime
cancer risk greater than 1 chance in 1,000,000 (i.e.,
107°); for cancer risk, the commonly used, slightly
less conservative threshold of 107> is also shown.
These levels of concern are consistent with the range
EPA recommends in practice (2019). Additional in-
formation on human health is presented in the Sup-
porting Information.

3.2.1. Noncancer Hazard

The probabilistic risk assessment model did not
identify noncancer hazards above levels of concern
due to consumption of any crops, either individu-
ally or collectively as part of a vegetarian diet (i.e.,

Beryllium

Boron

60
Arsenic Concentration in OPW (ug/L)

*: -
*
AR RNRR! L
= % éﬁ
= s
= 5§ = = = _ _ .
E5T32>35 51885586532 E55¢8 555§
ES 52 588 -~ E£E8§58z23250 8 5%
S F e g ° 5 2 § 3 O @
8 8 E € € o 3 g o 3 s g s & g
© g 3 B g &5 = Z @ s = S
3
5 § 6 s = 3
£
o
Analyte
Median = 25 .
Mean =37
80 n=125 I
. i
Median = 25 [ .
Mean =37 @ 60 °
n=125 g Median = 14
'@ Mean =15
g n=107
£ 40
o
Q o——
g Median = 2.6
2 Mean = 3.4 ° -4
4
< 20 n=57 :
*m ®
X 2 20
.
80 100 T s TS il
0 % -l-Ll.- e el o>
Groundwater Blended OPW - GW OPW

Water Type

high-end consumption of OPWe-irrigated tree nuts,
fruits, and root vegetables), for any of the inorganic
constituents evaluated in this study. This finding ap-
plied to both adults and children. Fig. 4 shows box
and whisker plots of the noncancer HQ results, plot-
ted on a log scale) for consumption of crops for
six selected noncarcinogens (the results for the ad-
ditional noncarcinogens are provided in Fig. S2).
Each panel is one constituent; the horizontal red
line shows an HQ of 1 (the level of concern). Child
(lighter boxes) and adult (darker boxes) results are
plotted for each crop or the “vegetarian” scenario
(i.e., a person eating citrus, grapes, root vegetables,
and either almonds or pistachios, whichever had a
higher HQ).

The model presented in this study shows that all
noncancer hazards for crop consumption were far be-
low the level of concern; the highest maximum HQ
seen across all results was less than 0.2. Noncancer
hazards for incidental soil ingestion were even lower
(Fig. S3 for selected noncarcinogens and Fig. S4 for
additional noncarcinogens).
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Table II. Mean and Maximum Concentrations in OPW Samples for All Data Used in the Study and National Drinking Water Standards
for comparison (ug/L)

OPW Concentration

Standard Drinking Water
Constituent n Mean 95th Percentile Maximum Deviation Standard
Aluminum 3 350 670 720 323 50
Antimony 18 2.3 6 6 2 6
Arsenic 125 37 77 91 29 10
Barium 31 59 110 120 39 2,000
Beryllium 5 0.23 0.37 0.39 0 4
Boron” 281 880 1,300 2,200 286 -
Cadmium 3 1.4 34 3.7 2 5
Calcium” 167 19,000 31,000 120,000 11,860 -
Chromium VI 7 1.6 6.5 8.6 3 -
Chromium (Total) 5 6.4 8.2 8.4 2 100
Cobalt 8 0.25 0.44 0.48 0 -
Copper 15 6.7 28 59 15 1,300
Iron” 72 1,200 3,600 4,600 1,161 300"
Lead 6 1.3 4.0 4.8 2 15
Lithium 5 66 71 71 5 -
Magnesium” 148 3,200 5,900 10,000 1,791 -
Manganese” 68 1,300 100 87,000 10,542 50"
Molybdenum” 22 6.7 13 15 5 -
Nickel” 20 1.2 2.6 31 1 -
Rubidium 5 12 12 12 0 -
Selenium” 16 1.3 33 3.7 1 50
Silver 3 0.37 0.63 0.67 0 100™
Strontium 39 250 510 910 177 -
Thallium 6 0.13 0.185 0.19 0 2
Vanadium 4 32 3.5 3.5 0 -
Zinc" 18 16 42 130 29 5,000"

All sampling data and publicly available monitoring data are from Kern County, CA.
Drinking Water Standards are the National Primary Drinking Water Standard, if available, or Secondary Drinking Water Standard (if no

primary). Secondary standards are denoted by*”.
“Nutrients or trace nutrients;

**= Secondary drinking water standard,

"= 100 pg/L national standard, 50 pg/L MCL in CA.

3.2.2. Cancer Risk

Cancer risk was evaluated for the three con-
stituents with oral cancer slope factors: arsenic,
chromium VI, and lead. Chromium VI and lead do
not appear to pose cancer risks even when multiple
crops are consumed, but the 90th percentile risk for
arsenic in the vegetarian scenario just reaches the
107 level of concern (Fig. 5). When food consump-
tion across food groups (fruits, vegetables, and veg-
etarian protein) is not summed and lower consump-
tion patterns are present, the cancer risk falls below
the threshold level of concern (Fig. 5). Lifetime can-
cer risks from incidental soil ingestion were lower
than crop-based risks (Fig. S5).

4. DISCUSSION

The widespread production of oil in California
generates large volumes of OPW in productive agri-
cultural regions, such as Kern County. Based on our
probabilistic human health risk assessment results
evaluating trace inorganics in low-saline OPW that is
currently used for irrigation in Kern County in Cen-
tral Valley, we found that the use of OPW for crop
irrigation is unlikely to cause accumulation of metals
in soil and products and thus have low human health
risks. Our study found that the accumulation of ar-
senic in soil and crops presents the greatest risk to
human health. For example, a 180-pound adult whose
diet is based on solely consumption of around 1
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Food Consumption Non-Cancer Hazards
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Fig 4. Crop ingestion noncancer hazards for selected constituents for children (lighter bars) and adults (darker bars). The red line indicates
the screening HQ of 1. The “vegetarian” data is a person eating fruits (both citrus and grapes), root vegetables, and one of the nuts for
protein (whichever has a higher HQ).

Food Consumption Cancer Risk
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Fig 5. Crop ingestion cancer risks for lead, arsenic, and hexavalent chromium in children (lighter bars) and adults (darker bars). The red
line indicates the screening risk level of 107%. The “vegetarian” data is a person eating fruits (both citrus and grapes), root vegetables, and
one of the nuts for protein.

90th percentile cancer risk is 107°. Measured sam-
ples of groundwater contained an average arsenic

pound of citrus, one-fourth pound of root vegetables,
half pound of grapes, and 1 pound of nuts from fields

irrigated with OPW every day (which, while possi-
ble, is not likely to be the case for many consumers),
and assuming the irrigation water contains the max-
imum arsenic concentration seen in our data set, the

concentration of 3.4 ug/L while blended OPW and
groundwater contained an average arsenic concen-
tration of 15 ug/L (Table A3), which is 7x lower than
our maximum observed As concentration in OPW,
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highlighting the importance of blending this water.
The level of concern for cancer risks is typically set
to 107> or 1079, so this risk meets the more conserva-
tive 107° level of concern only. Thus, any lower con-
centrations of arsenic, whether due to blending with
low-As surface or groundwater or OPW representing
the first, lower peak of As observed in our data set
(Fig. 3), would put that risk below the more conser-
vative level of concern. We modeled the maximum
concentrations in OPW initially to be conservative
and reevaluated variability in the concentration data
used for modeling. However, given the striking lack
of hazards near levels of concern for noncarcinogens
and this single cancer risk right at the lower level of
concern, we determined that developing a rigorous
distribution of concentrations for use in the Monte
Carlo analysis was unnecessary.

With respect to arsenic, however, consumers may
be exposed to additional arsenic through other path-
ways, particularly drinking water (Smith, Knight, &
Fendorf, 2018). Arsenic occurs naturally in ground-
water in California, with certain populations at ele-
vated risk from drinking water exposure, especially
those on private wells or drinking from municipal
supplies reliant on groundwater (Ayotte, Nolan, &
Gronberg, 2016). It is possible that the combined ex-
posure to arsenic in drinking water and crops irri-
gated with OPW containing high levels of arsenic
may in some cases further exceed levels of concern
for human health. In certain instances, water treat-
ment has been instituted to reduce arsenic levels in
municipal drinking water (CAWB, California Water
Boards, 2019; The Tribune, 2019). However, similar
treatment for OPW with high arsenic levels is likely
economically infeasible because of high operations
and maintenance costs, and the per unit cost of irri-
gation water is much lower than drinking water (US
EPA, 2000).

Despite maximum concentrations of antimony,
lead, aluminum, iron, and manganese in OPW ex-
ceeding drinking water standards, no other inorganic
constituents accumulated enough in crops and soil to
pose significant risks to human health (Figs. 4, 5, and
S2-5).

The multidisciplinary risk-based methodological
approach applied in this study can provide a useful
framework for other applied studies in complex sys-
tems at the nexus of energy, water, and food pro-
duction, such as other nontraditional irrigation and
food process water sources. To our knowledge, only
one other study has evaluated the trace metals in
low-saline OPW using a risk assessment framework,
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but the study methodology and findings were not
peer-reviewed. The 2016 risk assessment by ERM
(Navarro et al., 2016) completed a deterministic
screening by back-calculating risk-based concentra-
tions in OPW using a smaller subset of metals. These
calculations used age-weighted exposure factors av-
eraging out differences between child and adult re-
ceptors. Additionally, the study used single values for
climate variables, irrigation rates, and environmen-
tal parameters, making it difficult to generalize the
results to other environmental settings, even within
California’s Central Valley, with any confidence. A
key limitation of the ERM approach is that the back
calculation and presentation of risk-based concentra-
tions (instead of risks) can obscure the embedded
assumptions made about the level of concern and
risk estimates. This makes it difficult to evaluate risks
from the use of OPW as irrigation water in the con-
text of other exposures; an example of this can be
seen with arsenic, where ERM suggests an RBC risk-
based concentration of 100 ug/L. In our data set, we
observe a maximum As concentration of 91 ug/L,
close but below the ERM RBC. Under our “veg-
etarian consumption scenario,” this level of arsenic
would meet the level of concern for the cancer risk
level of 10 for adults, especially when considered
in conjunction with other possible sources of arsenic
exposure. While the likelihood of having As concen-
tration of approximately 100 pg/L in the low-saline
OPW is small (3 out of 125 or 2.4% of samples had As
above 80 ug/L), our model indicates that the current
allowable irrigation standard of 100 pg/L could result
in cancer risk at or above the 107° level for the “veg-
etarian consumption scenario,” and this risk does not
incorporate the potential for additional arsenic expo-
sure from naturally occurring drinking water sources
in CA. (Ayers & Westcot, 1976) Enviro-Tox Services
Inc. also prepared an irrigation water quality assess-
ment for the Cawelo Water District in Kern County,
CA, which reviewed concentrations of organic com-
pounds found commonly in OPW, including acetone,
benzene, pyrene, and others (Robles, 2016b). The re-
port used water, soil, and plant data from samples
collected by the Cawelo Water District and analyzed
at a third-party laboratory using standard analytical
methods. However, inorganic chemistry data in the
laboratory reports was not evaluated or presented in
the published Enviro-Tox Services water quality as-
sessment report. Additionally, concentrations of oil
and grease and organic compounds reported in the
study did not apply a systematic or probabilistic risk
assessment framework. Crop samples for test crops
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(irrigated with blended OPW) were compared to
samples from control crops (irrigated with ground-
water only) for acetone, diesel range organics, and
methyl chloride, but most other constituents were not
included in the analysis because concentrations were
below detection limits or not included.

4.1. Limitations

This analysis makes use of a robust publicly avail-
able data set to supplement a limited collection of
field data to evaluate the risks of using low-saline
OPW for irrigation in Kern County, California. While
reported concentrations in the publicly available data
set match or exceed concentrations found in sam-
ples collected and analyzed during our study, future
studies would benefit greatly from additional support
from farmers and water districts to collect OPW, soil,
and crop samples. Our study also focused on human
exposure to metals associated with irrigation of low-
saline OPW in Central California but not organic
constituents, which are being evaluated by the Cal-
ifornia Food Safety Expert Panel (Robles, 2016a). It
is important to emphasize that this analysis examined
the use of low-saline OPW that is currently used for
irrigation in Kern County. Across the United States
there is interest in reusing higher salinity OPW for
irrigation, and while this modeling framework could
be useful in understanding the human health impacts
of that irrigation, the potential for significantly differ-
ent salinity, along with organic and inorganic chemi-
cal concentrations, need to be accounted for prior to
applying this modeling framework elsewhere.

4.2. Recommendations

This is the first probabilistic risk assessment
completed evaluating trace metals exposure from
low-saline OPW used for crop irrigation. Overall,
our findings suggest that with careful management
and monitoring, low-saline OPW can be beneficially
reused to augment regional water availability, in par-
ticular for the agricultural sector, especially with
standardized regulations, monitoring and best man-
agement practices, as further described.

4.2.1. Current Regulations and Policies

The first agreement to supply OPW to water dis-
tricts was signed in 1994, with the water district re-
sponsible for monitoring and managing water (CA
RWQCB CVR, 2012). Permits have been issued on a
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case-by-case basis, with the Basin Plan placing limits
on the levels of salinity, chloride, and boron in OPW
used for irrigation (CA RWQCB CVR, 2018) Ad-
ditional limits on arsenic concentrations of 10 ug/L
(national MCL) have been added to limit supply of
arsenic within distribution canals, and 90 pg/L daily
maximum discharge into the Cawelo mixing basin
(CA RWQCB CVR, 2007, 2012). In 2006, SOC Re-
sources, Inc. was issued a permit to store OPW in an
unlined surface impoundment, where a large portion
of the wastewater was transferred from the impound-
ment through the Schaefer Pipeline (CA RWQCB
CVR, 2006). The pipeline transfers the wastewater
from the impoundment to the Cawelo Water District,
where it is blended with fresh water and distributed
for irrigation (CA RWQCB CVR, 2006). The 1994
Texaco (Chevron) deal was renewed in 2006, then
again in 2012. The 2012 renewal granted Chevron
permission to pipe 33.5 million gallons per day to the
Cawelo Water District to be used to help meet irri-
gation demand (CA RWQCB CVR, 2012). The wa-
ter supplied to the district is treated with mechanical
separation, sedimentation, air floatation, and filtra-
tion to meet Basin Plan standards and delivered to
the Cawelo district (CA RWQCB CVR, 2012). Other
permits were issued to Valley Waste Disposal Com-
pany in 2007 (CA RWQCB CVR, 2007), E&B Nat-
ural resources in the Jasmin Mutual Water District
(Jasmin Oil Field) in 1998 (CA RWQCB CVR, 1998),
and California Resources Production Corporation in
the North Kern Water Storage District (Kern Front
Oil Field) in 2015 (CA RWQCB CVR, 2015).

In addition to following the Basin Plan’s water
quality control plan, districts also aim to follow set
water quality standards outlined in A Compilation
of Water Quality Goals (17th Edition, January 2016)
(Marshack, 2016), setting guidelines for water qual-
ity associated with various reuse options. For agricul-
tural water, suggestions from Ayers & Westcot’s Wa-
ter Quality for Agriculture (Ayers & Westcot, 1976)
are used. These guidelines line up closely with those
outlined in the Basin Plan and the Water Boards’
stated goals and limits for chloride, boron, and ar-
senic in irrigation water.

4.2.2.  Recommended Safeguards to Reduce Arsenic
Exposure

The level of arsenic in OPW can lead to in-
creased cancer risk for highly exposed subpopula-
tions eating a vegetarian diet high in nuts, as well
as fruits and root vegetables, that are irrigated with
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OPW. While more study should be completed to
characterize specific food consumption patterns on
the farm-to-fork continuum, our findings indicate
that for crops irrigated with OPW there is a small but
potential increase in cancer risk, especially for highly
exposed residents of California or other regions al-
ready exposed to elevated arsenic in their drinking
water. Blending OPW with other lower arsenic water
sources could reduce arsenic to levels below the level
of concern.

4.2.3. Recommended Monitoring Updates

A number of parameters that can affect crop
health (and are mentioned in the agricultural wa-
ter quality thresholds) are omitted from the basin
plan and water district-oil company agreements.
These include aluminum (5,000 wg/L), beryllium
(100 pg/L), cadmium (10 pg/L), total chromium (100
ung/L), cobalt (50 ug/L), copper (200 png/L), fluoride
(1,000 pg/L), iron (5,000 pg/L), lead (5,000 pg/L),
manganese (200 pg/L), molybdenum (10 wug/L),
nickel (200 ug/L), selenium (20 wg/L), and vana-
dium (100 pg/L) (Ayers & Westcot, 1976; Marshack,
2016). We recommend that these constituents, along
with sodium adsorption ratio, are also added to the
current regulations on water quality for agricultural
usage.

It is important that both used OPW and ground-
water quality will be monitored along with food
safety on a regular (monthly, quarterly or semian-
nual) basis to detect possible changes in concentra-
tions across growing seasons, geographic areas, and
used OPW over time. OPW discharge into Cawelo
reservoirs and being sent to farms is monitored for ar-
senic, boron, and chloride on a monthly basis (2012).
Priority pollutants, including many of the inorganics
mentioned in the water quality thresholds above, are
only required to be monitored every five years. In
comparison, recycling of other wastewater is moni-
tored at a higher frequency and for a larger spectrum
of constituents. For example, the U.S. EPA’s Guide-
lines for Water Reuse (CA RWQCB CVR, 2012)
allowing municipal wastewater recycling “was pre-
ceded by an intensive, 11-year pilot study to deter-
mine whether or not the use of disinfected filtered
recycled water for irrigation of raw-eaten food crops
would be safe for the consumer, the farmer, and the
environment.” Additionally, monitoring should be
expanded to include inorganic and organic contam-
inants regularly. To foster transparency and thereby
improve potential use of OPW, we recommend cre-
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ating and maintaining a publicly available OPW
database to house these data. This database should
be continuously updated as publicly available labo-
ratory reports are made available to facilitate public
access to these data.

4.2.4. Best Management Practices

In addition to monitoring, standardization of
OPW pretreatment and water blending protocols
should be completed for transparency and to con-
sider the long-term safety and sustainability of OPW
usage (Kondash et al., 2020). Additionally, greater
transparency and cooperation with both water dis-
tricts and farmers on future studies in the region will
help foster a greater understanding of the risks and
mutual trust between consumers and farmers.

Future research should evaluate how the Sus-
tainable Groundwater Management Act and Cali-
fornia’s net carbon zero plans may affect usage of
OPW (CA Senate Bill No. 100, 2018, 2015). Overall
uncertainty surrounding the sustainability and safety
of using OPW may affect future regulations and per-
mitting, leaving farmers without a lifeline source of
alternative irrigation water during periods of water
stress and leading to food insecurity concerns.

5. CONCLUSIONS

Beneficial use of certain low-saline OPW from
Kern County in the Central Valley of California for
irrigation is a promising example of a high-potential
synergy among the energy, water, and food indus-
tries to sustainably use natural resources. This is the
first study evaluating how trace metals in low-saline
OPW used for crop irrigation in California may af-
fect food safety and human health risks using a prob-
abilistic risk modeling framework. This study was
designed to model and quantify the risk associated
with the consumption of crops and soil irrigated with
low-saline OPW using available concentration data
for inorganic compounds. Our scientific investigation
shows low risk from consumption of crops irrigated
within this area using low saline OPW. Results show
that vegetarians or other adults that eat a significant
amount of protein in their diet from nuts, plus high
consumption of fruits and root vegetables, could have
increased cancer risk associated with arsenic expo-
sure, assuming the consumption of foods are irrigated
with the higher arsenic concentrations (90 g/L rela-
tive to mean value of 30 g/L OPW). The noncancer
hazards are far below levels of concern, and cancer
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risks for all other constituents evaluated are below
levels of concern. The model used in this study ap-
plies for unique low-saline OPW that is clearly char-
acterized by low salinity (Kondash et al., 2020). If the
constituents in OPW vary in other regions, the study
results may not apply, even though all other environ-
mental parameters were considered across the Cen-
tral Valley of California. Other oilfield formations,
especially those with higher salinity, may contain
higher inorganic and organic constituents in OPW
and would therefore require additional testing and
risk modeling to evaluate the potential human health
effects of prospective irrigation use. With oilfield pro-
duction (and thus, OPW volume) projected to in-
crease in some basins in the United States long-term,
the reuse of OPW has the potential to make a critical
difference in the water budgets of drought-stressed
watersheds. There is clear demand for increased ac-
cess to OPW in this highly productive but water-
stressed agricultural region, provided adequate wa-
ter quality is monitored, regulations address human
health and crop health concerns, and best manage-
ment practices are followed. This article expands the
limited body of literature on the human health im-
pacts of using OPW for irrigation. Through the use of
collected water samples and a rigorous modeling and
risk assessment we have begun the process of filling
in this literature gap.

ACKNOWLEDGMENTS

The authors acknowledge the following key
RTI staff for their invaluable contributions to the
project: Linda Andrews (database development),
Anne Lutes (technical editing and quality assurance),
and former RTI colleague Kristin Litzenberger (data
collection, quality assurance). The authors are very
appreciative of the feedback and support from Cali-
fornia stakeholders including the Central Valley Wa-
ter Quality Control Board and the Food Safety Ex-
pert Panel.

The authors would like to thank the United
States Department of Agriculture for providing a
National Institute of Food and Agriculture (NIFA)
Grant Award No. 2017-68007-26308 to conduct this
research from 2017-2020. This study did not include
research on human subjects or experimental animals.
The authors declare no conflicts of interest.

REFERENCES
Ayers, R. S., & Westcot, D. W. (1976). Water quality for agricul-

ture. FAO Irrigation And Drainage Paper, 29 Rev. 1 (Reprinted
1989, 1994).

13

Ayotte, J. D, Nolan, B. T., & Gronberg, J. A. (2016). Predicting
arsenic in drinking water wells of the central Valley, California.
Environ Sci Technol, 50(14), 7555-7563. https://doi.org/10.1021/
acs.est.6b01914

CA DOGGR, California Division of Oil, Gas & Geothermal Re-
sources. (2016). Water use SB 1281 data and reports. Retrieved
from https://maps.conservation.ca.gov/oilgas/#dataviewer

CA DWR, California Department of Water Resources. (2018).
California irrigation management information system. Re-
trieved from https://cimis.water.ca.gov/

CA RWQCB CVR, California Regional Water Quality Control
Board Central Valley Region. (1974). Waste discharge require-
ments for Getty Oil Company Kern County. Retrieved from
https://www.waterboards.ca.gov/centralvalley/water_issues/
oil_fields/food_safety/data/texaco/76-264.pdf

CA RWQCB CVR, California Regional Water Quality Con-
trol Board Central Valley Region. (1998). Revised moni-
toring and reporting program No. 98-205 for E&B natu-
ral resources and Jasmin mutual water district. Retrieved
from https://www.waterboards.ca.gov/rwqcb5/board_decisions/
adopted_orders/kern/98-205_mrp_rev.pdf

CA RWQCB CVR, California Regional Water Quality Con-
trol Board Central Valley Region. (2006). Waste discharge re-
quirements for SOC Resources, inc. Jones Lease Mount Poso
Oil Field Kern County Order No. R5-2006-0050. Retrieved
from https://www.waterboards.ca.gov/rwqcb5/board_decisions/
adopted_orders/kern/r5-2006-0050.pdf

CA RWQCB CVR, California Regional Water Quality Control
Board Central Valley Region. (2007). Waste discharge require-
ments for valley waste disposal company and Cawelo water
district NPDES NO. CA0081311 (ORDER NO. R-2007-0066).
Retrieved from https://www.waterboards.ca.gov/centralvalley/
board_decisions/adopted_orders/kern/r5-2007-0066.pdf

CA RWQCB CVR, California Regional Water Quality Con-
trol Board Central Valley Region. (2012). Waste discharge re-
quirements for Chevron Usa, Inc. and Cawelo water district
produced water reclamation project, Kern River Area Station
36, Kern River Oil Field, Kern County order R5 2012 0058.
Retrieved from https://www.waterboards.ca.gov/centralvalley/
board_decisions/adopted_orders/kern/r5-2012-0058.pdf

CA RWQCB CVR, California Regional Water Quality Control
Board Central Valley Region. (2015). Waste discharge require-
ments for California resources production corporation and north
kern water storage district. (Order R5-2015-127). Retrieved
from https://www.waterboards.ca.gov/rwqcb5/board_decisions/
adopted_orders/kern/r5-2015-0127.pdf

CA RWQCB CVR, California Regional Water Quality Con-
trol Board Central Valley Region. (2018). Water qual-
ity control plan for the Tulare lake basin third Edition.
Retrieved from https://www.waterboards.ca.gov/centralvalley/
water_issues/basin_plans/tlbp_201805.pdf

CA Senate Bill No. 100. (2018). Senate bill no. 100 Cal-
ifornia renewables portfolio standard program: Emissions
of greenhouse gases. the 100 percent clean energy act of
2018. Retrieved from https://leginfo.legislature.ca.gov/faces/
billNavClient.xhtml?bill_id=201720180SB100

CAWB, California Water Boards. (2016). Food safety expert panel
recycled oilfield water for crop irrigation. Retrieved from http:
/lwww.waterboards.ca.gov/centralvalley/water_issues/oil_fields/
food_safety/data/fact_sheet/of_foodsafety_fact_sheet.pdf

CAWRB, California Water Boards. (2019). Launch of Kettleman
City’s new water treatment facility makes arsenic struggle a thing
of the past. Retrieved from http://www.waterboards.ca.gov/
press_room/press_releases/2019/pr20191218_kettleman.pdf

CAWB CVR, California Water Boards Central Valley Re-
gion. (2016). Oil fields: Food safety. Retrieved from
https://www.waterboards.ca.gov/centralvalley/water_issues/
oil_fields/food_safety/


https://doi.org/10.1021/acs.est.6b01914
https://doi.org/10.1021/acs.est.6b01914
https://maps.conservation.ca.gov/oilgas/#dataviewer
https://cimis.water.ca.gov/
https://www.waterboards.ca.gov/centralvalley/water_issues/oil_fields/food_safety/data/texaco/76-264.pdf
https://www.waterboards.ca.gov/centralvalley/water_issues/oil_fields/food_safety/data/texaco/76-264.pdf
https://www.waterboards.ca.gov/rwqcb5/board_decisions/adopted_orders/kern/98-205_mrp_rev.pdf
https://www.waterboards.ca.gov/rwqcb5/board_decisions/adopted_orders/kern/98-205_mrp_rev.pdf
https://www.waterboards.ca.gov/rwqcb5/board_decisions/adopted_orders/kern/r5-2006-0050.pdf
https://www.waterboards.ca.gov/rwqcb5/board_decisions/adopted_orders/kern/r5-2006-0050.pdf
https://www.waterboards.ca.gov/centralvalley/board_decisions/adopted_orders/kern/r5-2007-0066.pdf
https://www.waterboards.ca.gov/centralvalley/board_decisions/adopted_orders/kern/r5-2007-0066.pdf
https://www.waterboards.ca.gov/centralvalley/board_decisions/adopted_orders/kern/r5-2012-0058.pdf
https://www.waterboards.ca.gov/centralvalley/board_decisions/adopted_orders/kern/r5-2012-0058.pdf
https://www.waterboards.ca.gov/rwqcb5/board_decisions/adopted_orders/kern/r5-2015-0127.pdf
https://www.waterboards.ca.gov/rwqcb5/board_decisions/adopted_orders/kern/r5-2015-0127.pdf
https://www.waterboards.ca.gov/centralvalley/water_issues/basin_plans/tlbp_201805.pdf
https://www.waterboards.ca.gov/centralvalley/water_issues/basin_plans/tlbp_201805.pdf
https://leginfo.legislature.ca.gov/faces/billNavClient.xhtml?bill_id=201720180SB100
https://leginfo.legislature.ca.gov/faces/billNavClient.xhtml?bill_id=201720180SB100
http://www.waterboards.ca.gov/centralvalley/water_issues/oil_fields/food_safety/data/fact_sheet/of_foodsafety_fact_sheet.pdf
http://www.waterboards.ca.gov/centralvalley/water_issues/oil_fields/food_safety/data/fact_sheet/of_foodsafety_fact_sheet.pdf
http://www.waterboards.ca.gov/centralvalley/water_issues/oil_fields/food_safety/data/fact_sheet/of_foodsafety_fact_sheet.pdf
http://www.waterboards.ca.gov/press_room/press_releases/2019/pr20191218_kettleman.pdf
http://www.waterboards.ca.gov/press_room/press_releases/2019/pr20191218_kettleman.pdf
https://www.waterboards.ca.gov/centralvalley/water_issues/oil_fields/food_safety/
https://www.waterboards.ca.gov/centralvalley/water_issues/oil_fields/food_safety/

14

Christian-Smith, J., Levy, M. C., & Gleick, P. H. (2015). Maladap-
tation to drought: A case report from California, USA. Sustain-
ability Science, 10(3), 491-501. https://doi.org/10.1007/s11625-
014-0269-1

Echchelh, A., Hess, T., & Sakrabani, R. (2018). Reusing oil and gas
produced water for irrigation of food crops in drylands. Agricul-
tural Water Management, 206, 124-134.

Echchelh, A., Hess, T., Sakrabani, R., de Paz, J. M., & Visconti,
F. (2019). Assessing the environmental sustainability of irri-
gation with oil and gas produced water in drylands. Agricul-
tural Water Management, 223. https://doi.org/10.1016/j.agwat.
2019.105694.

ERM. (2016). Development of risk-based comparison levels
for chemicals in agricultural irrigation water. Retrieved from
https://www.waterboards.ca.gov/centralvalley/water_issues/
oil_fields/food_safety/data/studies/erm_riskassrpt.pdf

Esser, B. K., Beller, H. R., Carroll, S. A., Cherry, J. A., Gillespie,
J., Jackson, R. B,, ... Vengosh, A. (2015). Recommendations on
model criteria for groundwater sampling, testing, and monitor-
ing of oil and gas development in California. Retrieved from
California State Water Resources Control Board. Retrieved
from  http://www.waterboards.ca.gov/water_issues/programs/
groundwater/sb4/docs/llnl_recommendations_report.pdf

Food & Water Watch. (2018). Toxic oilfield wastewater used
to grow California food, including organics. Cision - PR
Newswire. Retrieved from https://www.prnewswire.com/news-
releases/toxic-oilfield-wastewater-used- to- grow- california-
food-including-organics-300586797.html

Harkinson, J. (2015). There might be fracking wastewa-
ter on your organic fruits and veggies. Retrieved from
https://www.motherjones.com/food/2015/08/organic-crops-
can-be-irrigated-fracking-wastewater/

Harkness, J., Dwyer, G. S., Warner, N. R., Parker, K. M., Mitch, W.
A., & Vengosh, A. (2015). lodide, bromide, and ammonium in
hydraulic fracturing and oil and gas wastewaters: Environmen-
tal implications. Environmental Science & Technology, 49(3),
1955-1963.

Heberger, M., & Donnelly, K. (2015). Oil, food, and water: Chal-
lenges and opportunities for California agriculture. Retrieved
from Pacific Institute: Retrieved from http://pacinst.org/app/
uploads/2015/12/P1_OilFood AndWater_.pdf

Hurst, T. J. (1988). Memo to Kenneth Wilkins. California
regional water quality control board central valley region. Re-
trieved from https://www.waterboards.ca.gov/centralvalley/
water_issues/oil_fields/food_safety/data/chevron/88-
119_smr_feb_1988.pdf

Johnson, T., & Belitz, K. (2003). Hydrogeologic Provinces for Cal-
ifornia based upon established groundwater basins and water-
shed polygons. Retrieved from U.S. Geological Survey. Reston,
VA. Retrieved from https://water.usgs.gov/lookup/getspatial?
ca_provinces

Kondash, A. J., Redmon, J. H., Lambertini, E., Feinstein, L.,
Weinthal, E., Cabrales, L., & Vengosh, A. (2020). The impact of
using low-saline oilfield produced water for irrigation on water
and soil quality in California. Science of the Total Environment,
733, https://doi.org/10.1016/j.scitotenv.2020.139392

Marshack, J. B. (2016). A compilation of water quality goals.In J.
B. Marshack (Ed.), Sacramento, CA: California Environmen-
tal Protection Agency State Water Resources Control Board.
Retrieved from https://www.waterboards.ca.gov/water_issues/
programs/water_quality_goals/docs/wq_goals_text.pdf

McMahon, P. B., Kulongoski, J. T., Vengosh, A., Cozzarelli, I. M.,
Landon, M. K., Kharaka, Y. K. , ... Davis, T. A. (2018). Re-
gional patterns in the geochemistry of oil-field water, southern
San Joaquin Valley, California, USA. Applied Geochemistry, 98,
127-140.

McMahon, P. B., Vengosh, A., Davis, T. A., Landon, M. K., Tyne,
R. L., Wright, M. T., ... Ballentine, C. J. (2019). Occurrence and
sources of radium in groundwater associated with oil fields in

Redmon er al.

the southern San Joaquin Valley, California. Environmental Sci-
ence & Technology, 53(16), 9398-9406.

Monaco, E. (2016). California crops may have been irrigated with
toxic wastewater for 30 Years. Organic Authority. Retrieved
from https://www.organicauthority.com/buzz-news/california-
crops-may-have-been-irrigated-with-toxic-wastewater-for-30-
years

Navarro, L., Jones, M., & Mulhearn, S. (2016). Devel-
opment of risk-based comparison levels for chemi-
cals in agricultural irrigation water. Retrieved from
http://www.waterboards.ca.gov/centralvalley/water_issues/
oil_fields/food_safety/data/studies/erm_riskassrpt.pdf

NIDIS, National Integrated Drought Information System. (2020).
United States drought portal: Drought in California. Retrieved
from https://www.drought.gov/drought/states/california

NOAA, National Oceanic and Atmospheric Administration.
(2020). Land-based station data. National Centers for Environ-
mental Information Retrieved from https://www.ncdc.noaa.gov/
data-access/land-based-station-data

Robles, H. (2016a). Citrus crop sampling & analysis report Cawelo
Water District Bakersfield. Irvine, CA: Enviro-Tox Services, Inc.

Robles, H. (2016b). Irrigation water quality evaluation Cawelo Wa-
ter District Bakersfield. Irvine, CA: Enviro-Tox Services, Inc.

SGMA. (2015). Sustainable groundwater management act. Sacra-
mento, CA: California State Legislature.

Sheridan, M. (2006). California crude oil production and
imports. California Energy Commission: Fossil Fuels Of-
fice - Fuels and Transportation Division Retrieved from
https://ww2.energy.ca.gov/2006publications/ CEC-600-2006-
006/CEC-600-2006-006.PDF

Smith, R., Knight, R., & Fendorf, S. (2018). Overpumping leads
to California groundwater arsenic threat. Nature Communica-
tions, 9(1), 2089. https://doi.org/10.1038/s41467-018-04475-3

Stringfellow, W. T., & Camarillo, M. K. (2019). Flowback verses
first-flush: New information on the geochemistry of produced
water from mandatory reporting. Environ Sci Process Impacts,
21(2), 370-383. https://doi.org/10.1039/c8em00351c

The Tribune. (2019). This Central Coast community is getting
arsenic-free drinking water after 10 years. Retrieved from
https://www.sanluisobispo.com/news/local/article238593353.
html

US EIA, United States Energy Information Administration.
(2020). Monthly crude oil and natural gas production. Retrieved
from https://www.eia.gov/petroleum/production/#oil-tab

US EPA, United States Environmental Protection Agency. (2000).
Arsenic in drinking water rule economic analysis.

US EPA, United States Environmental Protection Agency. (2003).
Multimedia, multi-pathway, multi-receptor exposure and risk as-
sessment (3MRA). National Exposure Research Laboratory -
Ecosystems Research Division - Office of Research and Devel-
opment - Center for Exposure Assessment Modeling Retrieved
from https://www.epa.gov/ceam/3mra

US EPA, United States Environmental Protection Agency.
(2005). Human health risk assessment protocol (HHRAP) for
hazardous waste combustion facilities, final. Retrieved from
https://archive.epa.gov/epawaste/hazard/tsd/td/web/html/risk.
html

US EPA, United States Environmental Protection Agency.
(2008). Child-specific exposure factors handbook (2008, Fi-
nal Report). Retrieved from https://cfpub.epa.gov/ncea/risk/
recordisplay.cfm?deid=199243

US EPA, United States Environmental Protection Agency.
(2011). Exposure factors handbook 2011 edition (Final Report)
(EPA/600/R-09/052F). National Center for Environmental As-
sessment, Office of Research and Development Retrieved from
http://www.epa.gov/ncea/efh/pdfs/efh-complete.pdf

US EPA, United States Environmental Protection Agency. (2019).
EPA guidelines for human exposure assessment. Retrieved from
https://www.epa.gov/risk


https://doi.org/10.1007/s11625-014-0269-1
https://doi.org/10.1007/s11625-014-0269-1
https://doi.org/10.1016/j.agwat.2019.105694
https://doi.org/10.1016/j.agwat.2019.105694
https://www.waterboards.ca.gov/centralvalley/water_issues/oil_fields/food_safety/data/studies/erm_riskassrpt.pdf
https://www.waterboards.ca.gov/centralvalley/water_issues/oil_fields/food_safety/data/studies/erm_riskassrpt.pdf
http://www.waterboards.ca.gov/water_issues/programs/groundwater/sb4/docs/llnl_recommendations_report.pdf
http://www.waterboards.ca.gov/water_issues/programs/groundwater/sb4/docs/llnl_recommendations_report.pdf
https://www.prnewswire.com/news-releases/toxic-oilfield-wastewater-used-to-grow-california-food-including-organics-300586797.html
https://www.prnewswire.com/news-releases/toxic-oilfield-wastewater-used-to-grow-california-food-including-organics-300586797.html
https://www.prnewswire.com/news-releases/toxic-oilfield-wastewater-used-to-grow-california-food-including-organics-300586797.html
https://www.motherjones.com/food/2015/08/organic-crops-can-be-irrigated-fracking-wastewater/
https://www.motherjones.com/food/2015/08/organic-crops-can-be-irrigated-fracking-wastewater/
http://pacinst.org/app/uploads/2015/12/PI_OilFoodAndWater_.pdf
http://pacinst.org/app/uploads/2015/12/PI_OilFoodAndWater_.pdf
https://www.waterboards.ca.gov/centralvalley/water_issues/oil_fields/food_safety/data/chevron/88-119_smr_feb_1988.pdf
https://www.waterboards.ca.gov/centralvalley/water_issues/oil_fields/food_safety/data/chevron/88-119_smr_feb_1988.pdf
https://www.waterboards.ca.gov/centralvalley/water_issues/oil_fields/food_safety/data/chevron/88-119_smr_feb_1988.pdf
https://water.usgs.gov/lookup/getspatial?ca_provinces
https://water.usgs.gov/lookup/getspatial?ca_provinces
https://doi.org/10.1016/j.scitotenv.2020.139392
https://www.waterboards.ca.gov/water_issues/programs/water_quality_goals/docs/wq_goals_text.pdf
https://www.waterboards.ca.gov/water_issues/programs/water_quality_goals/docs/wq_goals_text.pdf
https://www.organicauthority.com/buzz-news/california-crops-may-have-been-irrigated-with-toxic-wastewater-for-30-years
https://www.organicauthority.com/buzz-news/california-crops-may-have-been-irrigated-with-toxic-wastewater-for-30-years
https://www.organicauthority.com/buzz-news/california-crops-may-have-been-irrigated-with-toxic-wastewater-for-30-years
http://www.waterboards.ca.gov/centralvalley/water_issues/oil_fields/food_safety/data/studies/erm_riskassrpt.pdf
http://www.waterboards.ca.gov/centralvalley/water_issues/oil_fields/food_safety/data/studies/erm_riskassrpt.pdf
https://www.drought.gov/drought/states/california
https://www.ncdc.noaa.gov/data-access/land-based-station-data
https://www.ncdc.noaa.gov/data-access/land-based-station-data
https://ww2.energy.ca.gov/2006publications/CEC-600-2006-006/CEC-600-2006-006.PDF
https://ww2.energy.ca.gov/2006publications/CEC-600-2006-006/CEC-600-2006-006.PDF
https://doi.org/10.1038/s41467-018-04475-3
https://doi.org/10.1039/c8em00351c
https://www.sanluisobispo.com/news/local/article238593353.html
https://www.sanluisobispo.com/news/local/article238593353.html
https://www.eia.gov/petroleum/production/#oil-tab
https://www.epa.gov/ceam/3mra
https://archive.epa.gov/epawaste/hazard/tsd/td/web/html/risk.html
https://archive.epa.gov/epawaste/hazard/tsd/td/web/html/risk.html
https://cfpub.epa.gov/ncea/risk/recordisplay.cfm?deid=199243
https://cfpub.epa.gov/ncea/risk/recordisplay.cfm?deid=199243
http://www.epa.gov/ncea/efh/pdfs/efh-complete.pdf
https://www.epa.gov/risk

Oilfield Produced Water and Food Safety

USDA, United States Department of Agriculture. (2005). Pub-
lished soil surveys for California. Natural Resources Conser-
vation Service Retrieved from https://www.nrcs.usda.gov/wps/
portal/nrcs/surveylist/soils/survey/state/?stateId=CA.

USDA, United States Department of Agriculture. (2017). Web
soil survey. Natural Resources Conservation Service Retrieved
from https://websoilsurvey.sc.egov.usda.gov/

USDA, United States Department of Agriculture. (2019). 2017
Census of agriculture (1 - AC-17-A-51). National Agricultural
Statistics Service Retrieved from http://Publications/AgCensus/
2017/index.php#full_report

USGS, United States Geological Survey. (2011). National field
manual for the collection of water-quality data. Retrieved from
https://water.usgs.gov/owq/FieldManual/

USGS, United States Geological Survey. (2016). California wa-
ter science center, California drought. Retrieved from http://ca.
water.usgs.gov/data/drought/

Vengosh, A., Jackson, R. B., Warner, N. R., Darrah, T. H., & Kon-
dash, A. J. (2014). A critical review of the risks to water re-
sources from unconventional shale gas development and hy-
draulic fracturing in the United States. Environmental Science
& Technology, 48, 8334-8348.

Vengosh, A., Kondash, A., Harkness, J., Lauer, N., Warner, N., &
Darrah, T. H. (2017). The geochemistry of hydraulic fracturing
fluids. Paper presented at the 15th Water-Rock Interaction In-
ternational Symposium, Procedia Earth and Planetary Science
https://doi.org/10.1016/j.proeps.2016.12.011

Warner, N. R., Christie, C. A., Jackson, R. B., & Vengosh, A.
(2013). Impacts of shale gas wastewater disposal on water qual-
ity in western Pennsylvania. Environmental Science & Technol-
ogy, 47, 11849-11857.

Wright, M. T., McMahon, P. B., Landon, M. K., & Kulongoski, J.
T. (2019). Groundwater quality of a public supply aquifer in
proximity to oil development, Fruitvale oil field, Bakersfield,
California. Applied Geochemistry, 106, 82-95. https://doi.org/
10.1016/j.apgeochem.2019.05.003

15

SUPPORTING INFORMATION

Additional supporting information may be found on-
line in the Supporting Information section at the end
of the article.

Table Al. Oil Production (MMbbl) from the Top 10
Producing Formations in California

Table A2. Summary of the Five Identified OPW Sup-
ply Agreements

Table A3. Mean and Maximum Concentrations in
Groundwater, OPW, and Irrigation Water Samples
for All Data Used in the Study

Fig. S1. Map of 24 meteorological zones in Califor-
nia’s Central Valley

Fig. S2. Crop ingestion noncancer hazards for ad-
ditional constituents for children (lighter bars) and
adults (darker bars)

Fig. S3. Incidental soil ingestion noncancer hazards
for selected constituents for children (lighter bars)
and adults (darker bars).

Fig. S4. Incidental soil ingestion noncancer hazards
for additional constituents for children (lighter bars)
and adults (darker bars)

Fig S5. Incidental soil ingestion cancer risks for
lead, arsenic, and hexavalent chromium in children
(lighter bars) and adults (darker bars)


https://www.nrcs.usda.gov/wps/portal/nrcs/surveylist/soils/survey/state/?stateId=CA
https://www.nrcs.usda.gov/wps/portal/nrcs/surveylist/soils/survey/state/?stateId=CA
https://websoilsurvey.sc.egov.usda.gov/
http://Publications/AgCensus/2017/index.php#full_report
http://Publications/AgCensus/2017/index.php#full_report
https://water.usgs.gov/owq/FieldManual/
http://ca.water.usgs.gov/data/drought/
http://ca.water.usgs.gov/data/drought/
https://doi.org/10.1016/j.proeps.2016.12.011
https://doi.org/10.1016/j.apgeochem.2019.05.003
https://doi.org/10.1016/j.apgeochem.2019.05.003

