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A B S T R A C T

Chemical and isotopic data for water co-extracted with hydrocarbons in oil and gas fields are commonly used to
examine the source of the formation water and possible impacts on groundwater in areas of oil and gas de-
velopment. Understanding the geochemical variability of oil-field water could help to evaluate its origin and
delineate possible contamination of shallow aquifers in cases where oil-field water is released to the environ-
ment. Here we report geochemical and multiple isotope (H, C, O, Sr, Ra) data from 22 oil wells, three sources of
produced water that are disposed of in injection wells, and two surface disposal ponds in four oil fields in the
southern San Joaquin Valley, California (Fruitvale, Lost Hills, North and South Belridge). Correlations between
Cl and δ18O, as well as other ions, and gradual increases in salinity with depth, indicate dilution of one or more
saline end-members by meteoric water. The saline end-members, represented by deep samples (610m–2621m)
in three oil-bearing zones, are characterized by NaeCl composition, near-seawater Cl concentrations (median
20,000mg/L), enriched δ18OeH2O (median 3.4‰), high ammonium (up to 460mg-N/L), and relatively high
radium activity (226Ra+228Ra=12.3 Bq/L). The deepest sample has low Na/Cl (0.74), high Ca/Mg (5.0), and
low 87Sr/86Sr (0.7063), whereas the shallower samples have higher Na/Cl (0.86–1.2), Ca/Mg near 1, and higher
87Sr/86Sr (∼0.7083). The data are consistent with an original seawater source being modified by various depth
and lithology dependent diagenetic processes. Dilution by meteoric water occurs naturally on the east side of the
valley, and in association with water-injection activities on the west side. Meteoric-water flushing, particularly
on the east side, results in lower solute concentrations (minimum total dissolved solids 2730mg/L) and total
radium (minimum 0.27 Bq/L) in oil-field water, and promotes biodegradation of dissolved organic carbon and
hydrocarbon gases like propane. Acetate concentrations and δ13C of dissolved inorganic carbon indicate biogenic
methane production occurs in some shallow oil zones. Natural and human processes produce substantial
variability in the geochemistry of oil-field water that should be considered when evaluating mixing between oil-
field waters and groundwater. The variability could result in uncertainty as to detecting the potential source and
impact of oil-field water on groundwater.

1. Introduction

Substantial recent research has examined the potential effects of oil
and gas production activities on groundwater quality (Kharaka and
Otton, 2007; Darrah et al., 2014; Humez et al., 2016; Schloemer et al.,
2016; Wen et al., 2016; McMahon et al., 2017; Nicot et al., 2017; Zheng

et al., 2017; Kulongoski et al., 2018). Quantifying mixing between
groundwater and fluids from hydrocarbon reservoirs requires an un-
derstanding of the geochemical signatures of the end-member waters.
Oil-field water consists of a complex mixture of inorganic and organic
chemicals; therefore, measuring geochemical tracers with a range of
chemical and physical properties could be advantageous to
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understanding mixing and contamination processes (Warner et al.,
2014; Harkness et al., 2015; Lauer et al., 2016; Barry et al., 2018). For
example, the combined use of noble gases, hydrocarbon-gas and trace-
element abundances, dissolved salts isotopes, and water isotopes was
shown to be a powerful approach for understanding natural and an-
thropogenic mixing processes involving shallow groundwater and fluids
from natural-gas reservoirs in the northern Appalachian Basin (Darrah
et al., 2014; Harkness et al., 2017).

Data sets for various chemical components in fluids from hydro-
carbon reservoirs are available in the literature (Carothers and Kharaka,
1980; Land and Macpherson, 1992; Ballentine and Sherwood Lollar,
2002; Orem et al., 2014; McIntosh et al., 2010; Rowan et al., 2011;
Blondes et al., 2017). However, the historical data sets can have lim-
itations. Generally, they provide detailed information on a subset of
constituents, depending on the research objectives, rather than data for
a broad spectrum of constituents. Moreover, data may not be available
for all the types of water associated with hydrocarbon production, such
as native formation water, fluids used for enhanced oil recovery (EOR)
and well stimulation treatment (WST), and oil-field wastewater-injec-
tion fluids (collectively referred to herein as oil-field water). Previous
studies analyzed oil-field water in the southern San Joaquin Valley
(SJV), California for various subsets of constituents, including the
abundance and (or) isotopic composition of water, major and trace
elements, organic acids, hydrocarbon gases, radium, and noble gases
(Kharaka and Berry, 1973; Carothers and Kharaka, 1978; Schultz et al.,
1989; Fisher and Boles, 1990; California Department of Conservation,
1996; Lillis et al., 2007; Tyne et al., 2018). We are not aware of any
studies in the SJV that analyzed these chemical constituents in oil-field
waters simultaneously. Such an analysis is essential for developing a
comprehensive understanding of the sources and modification of oil-
field water, and for applying that information to studies of mixing be-
tween groundwater and oil-field water. Oil fields in the SJV, like most
oil fields, are characterized by variable geology and hydrocarbon pro-
duction depths, but also by widely varying amounts of meteoric-water
flushing and fluid injection for EOR, oil-field wastewater injection, and
WST (Jordan and Heberger, 2014; California Department of
Conservation, 2018a). Regional patterns in the geochemistry of oil-field
water in the SJV are likely related to spatial variability in these oil-field
characteristics.

This study examines oil-field water along an east-west transect in
the SJV with the purpose of characterizing regional variability in the
geochemistry of oil-field water and understanding the primary pro-
cesses affecting it. The work was done in cooperation with the
California State Water Resources Control Board in support of their
Regional Groundwater Monitoring in Areas of Oil and Gas Production
Program (California State Water Resources Control Board, 2018). From
2014 to 2017, water and gas samples were collected from 22 oil wells,
three sources of produced water that are disposed of in injection wells,
and two surface disposal ponds in four oil fields (Fig. 1). The sampled
wells vary in terms of geology of the producing formation, depth of
production, proximity to subsurface injection, and from never having
been hydraulically fractured to having been hydraulically fractured
within 2 weeks of sampling. To evaluate the possible sources and
geochemical processes that affect both the inorganic and organic con-
stituents in the oil-field water, samples were analyzed for a broad
spectrum of inorganic and organic chemicals, isotopes, and gases. Data
collected for this study were augmented with publicly available his-
torical data. We posit that such a detailed characterization of the geo-
chemical composition of oil-field waters is required in order to de-
lineate the source of contamination in cases where oil-field water is
released to the environment. Thus, this study provides a geochemical
baseline for future studies that attempt to evaluate the possible impact
of oil-field water on water resources in the SJV.

2. Geologic setting and oil field information

The Fruitvale, Lost Hills, and North and South Belridge oil fields,
located in Kern County, at the southern end of the SJV (Fig. 1A), are the
focus of this study. The SJV represents the southern part of the Central
Valley of California, a 700-km-long asymmetric basin containing>
7500m of Mesozoic through Cenozoic-aged sediments (Scheirer and
Magoon, 2007). The Fruitvale oil field is on the east side of the SJV and
the other fields are on the west side of the valley. Near Kern County, the
SJV is bounded on the east by granitic rocks of the Sierra Nevada, on
the west by marine sediments of the Temblor Range, part of the Coast
Ranges, and on the south by the Tehachapi and San Emigdio Mountains.
The following is a brief overview of the geologic setting in each field.
Further details are in the Supplementary Information (SI) Section S1.

For this study, six samples from the Fruitvale oil field were collected
from oil and gas wells producing from sands in the Santa Margarita
(Miocene), Chanac (Miocene-Pliocene), and Etchegoin (Pliocene)
Formations (Table S1 and Figs. S1 and S2) (Hluza, 1965; California
Department of Conservation, 1998). The Chanac Formation consists of
nonmarine sediments largely deposited in fluvial environments,
whereas the Santa Margarita and Etchegoin sediments were largely
deposited in marine environments (Preston, 1931; Hluza, 1965). Depths
to the top of perforations in the sampled wells ranged from about 960 to
1350m below land surface (Table S1). About 87 million m3 of water
were injected for EOR and produced-water disposal (WD) from 1960 to
2017 (Fig. S3). WD accounted for most of the volume (California
Department of Conservation, 2018a). The Kern River flows through the
southern end of the field and is a major source of groundwater recharge
in the area.

In the Lost Hills oil field, nine samples were collected from oil and
gas wells producing from diatomite zones in the Monterey (Miocene)
and Etchegoin Formations, and from the Cahn zone of Land (1984) in
the Monterey Formation (Table S1 and Fig. S1) (California Department
of Conservation, 1998). The diatomite zones consist of relatively pure
diatomite to diatomaceous shale and sands deposited in a marine en-
vironment. Production from the diatomite zones is commonly stimu-
lated by hydraulic fracturing because of the rock's low permeability
(Jordan and Heberger, 2014). Depths to the top of perforations in the
sampled wells ranged from about 400 to 640m in diatomite zones and
1390–1460m in the Cahn zone (Table S1). Lost Hills was second to
South Belridge in terms of total volume of water and steam injection
(∼436 million m3 from 1960 to 2017) (Fig. S3). From 2014 to 2017,
EOR accounted for the largest amount of injection (∼87%), followed by
WD (∼13%) and WST such as hydraulic fracturing (∼0.1%) (Fig. 2)
(California Department of Conservation, 2018a).

In the Belridge oil fields, seven samples were collected from oil and
gas wells producing from sands in the Temblor (64-Zone sandstone of
Taylor and Soule (1993)) (Oligocene) and Tulare (Pleistocene) For-
mations, and diatomite zones in the Monterey Formation (Table S1 and
Fig. S1) (California Department of Conservation, 1998). The Tulare
Formation sands were largely deposited in fluviodeltaic environments,
whereas the 64-Zone sands were deposited in a marine environment
(Taylor and Soule, 1993). Depths to the top of perforations in the
sampled wells ranged from about 140m in the Tulare Formation,
210–610m in the Monterey, and 2620m in the Temblor (Table S1).
South Belridge had the largest total volume of water and steam injec-
tion of the four fields (∼1400 million m3 from 1960 to 2017) (Fig. S3).
The largest amounts of injection in South Belridge were for EOR
(∼56%), followed by WD (∼44%) and WST (∼0.2%) (Fig. 2)
(California Department of Conservation, 2018a).

3. Methods

Three categories of end-member fluids were characterized geo-
chemically: (1) water and gas from important hydrocarbon production
zones (collected from 22 oil wells), (2) produced water intended for
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disposal in injection wells (three sources), and (3) produced water
disposed of in surface ponds (two ponds) (Fig. 1). The data are available
in Tables S4 and S5, and in Gannon et al. (2018). The two sampled
ponds receive water from multiple oil fields. The number and spatial
distribution of samples in each category was limited somewhat due to
difficulties gaining permission to access some sites. The selected sam-
pling sites are intended to capture variability in the geology and depth
of major production zones, history of EOR and hydraulic fracturing, and
water types (relatively unimpacted formation water, formation water
affected by mixing with fluids injected for EOR, treated produced water
for injection, and discharge from recently hydraulically fractured
wells).

3.1. Sample collection

Data collected for four general groups of analytes are discussed in
this paper: (1) concentrations of dissolved inorganic and organic

constituents, (2) concentrations of methane through pentane, (3) iso-
topes in selected components of groups 1 and 2, and (4) activities of
224Ra, 226Ra, and 228Ra nuclides. Group 1 includes concentrations of
major and minor ions and selected trace elements; dissolved organic
carbon (DOC); and acetate. Group 3 includes δ2H and δ18O of water;
δ13C of dissolved inorganic carbon (DIC); 87Sr/86Sr of dissolved stron-
tium; δ13C of methane, ethane, and propane; and δ2H of methane.
General sampling protocols are described by Lico et al. (1982), Engle
et al. (2016), and Harkness et al. (2017, 2018). Water samples were
collected in 19-L plastic carboys at the well head of oil wells, flow
manifolds for produced water intended for injection disposal, or di-
rectly from disposal ponds using a submersible pump, and then pro-
cessed at a central location. Additional samples for the analysis of hy-
drocarbon gases were collected and processed at the well heads and
flow manifolds. Some oil wells also had separate sampling ports for
casing gas. Casing-gas samples for hydrocarbon gases were also col-
lected at those sites. The data show that gas abundances and isotopic

Fig. 1. Location of study-area oil fields and sampling sites. Injection-well volumes represent amounts of water or steam injected for enhanced oil recovery and
wastewater injected for disposal, data from California Department of Conservation, 2018a).
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compositions could vary depending on how the sample was collected
(SI Section S2). Data from the wellhead samples are used in the analysis
because they generally have δ13CeCH4 and gas wetness values inter-
mediate to those of the other sample types and because wellhead
samples were the most common type of hydrocarbon-gas sample col-
lected in this study. Various types of sample containers, filtering and
preservation protocols were used, as listed in Table S2.

3.2. Sample analysis

Water and gas samples were analyzed by several U.S. Geological
Survey (USGS) laboratories, Duke University, and private laboratories.
The laboratories and their analytical procedures are listed in Table S3.
The geochemical data discussed in this paper are listed in Table S4.
These data and additional analytical data are also available from
Gannon et al. (2018).

3.3. Quality control

Sampling equipment was cleaned or replaced after sampling each
location. Nevertheless, blank and replicate samples represented about
40% of the samples collected for the study. Blank samples were col-
lected by passing certified blank water obtained from the USGS
National Water Quality Laboratory in Lakewood, Colorado through the
cleaned or replaced sampling equipment using the same procedures as
for environmental samples. Results for quality-control samples are
listed in Table S5 and data are available from Gannon et al. (2018).
Blank data indicate there were no issues with respect to sample con-
tamination with target analytes during sample collection, shipping, or
in the laboratory. Replicate data indicate reasonable reproducibility in
the data, with>90% of replicated constituents having relative stan-
dard deviations< 10%. Charge-balance errors were<10% for all but
two samples (10.3 and −12.7%) (Table S4). The sample (F5) with the
10.3% error was deficient in anions, which may reflect the fact that
acetate was not analyzed in the sample. The sample (BN3) with the
−12.7% error was deficient in cations, which may reflect the fact that K

was not analyzed in the sample.

3.4. Historical data

Data collected for this study were augmented with historical data
compiled from the State of California (California Department of
Conservation, 2018a; Gans et al., 2018) and USGS (Blondes et al.,
2017). For the most part, historical data consist of concentration data
for major ions and trace elements. Samples that have absolute charge-
balance errors< 10% are used in the analysis.

4. Results and discussion

4.1. Geochemical constraints on the origin of SJV oil-field waters

Increases in salinity (represented by Cl) and δ18OeH2O with depth,
correlations between δ18OeH2O and Cl, and correlations between Na,
Br, Li and Cl (Figs. 3 and 4), suggest the SJV oil-field waters represent
one or more deep saline end-members, diluted by meteoric water.
Samples BN5 (from arkosic sandstone, Temblor Formation, North Bel-
ridge), L9 (diatomaceous shale, Cahn zone, Monterey Formation, Lost
Hills), and BN4 (diatomite zone, Monterey Formation, North Belridge)
are relatively deep samples in their respective oil-bearing zones that are
enriched in Cl and 18O (Fig. 3, Table S1). Given that many of the
chemical constituents such as Na, Br, and Li, as well as δ18OeH2O, vary
linearly towards the composition of one or more of those samples
(Figs. 3 and 4), their compositions are used to characterize the chem-
istry of the saline end-members. In the following discussion, we eval-
uate the possible original saline source water, water-rock interactions
that modified the composition of the saline source water to produce the
observed chemistry of the saline end-members, and the nature of the
mixing (dilution) process with meteoric water.

4.1.1. Original saline source water
The saline end-members (BN5, BN4, and L9) are characterized by

NaeCl compositions, near-seawater Cl concentrations (median

Fig. 2. Injection-water budgets for enhanced oil recovery, produced water disposal, and well-stimulation treatments in the Lost Hills, South Belridge, and North
Belridge oil fields. Circle areas are proportional to total injection volumes. Data from California Department of Conservation (2018a).
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20,000mg/L), and enriched δ18OeH2O values (median 3.4‰). These
data are generally consistent with previously reported data (Blondes
et al., 2017) showing predominantly NaeCl water compositions in the
Belridge and Lost Hills fields and Cl concentrations up to ∼27,000mg/
L (∼760mM) (Figs. S4 and 4). The deepest sample (BN5, ∼2600m)
had low Na/Cl (0.74), high Br/Cl (∼2×10−3), and high Ca/Mg (5.0)
molar ratios relative to modern seawater; and low 87Sr/86Sr (0.7063)
(Fig. 4). Relative to BN5, the shallower samples (L9, ∼1460m; BN4,
∼610m) have higher Na/Cl (0.86–1.2), higher Br/Cl (∼3×10−3),
lower Ca/Mg (near 1), and higher 87Sr/86Sr (∼0.7083) ratios (Fig. 4).
These geochemical variations are not consistent with the expected
chemical composition of unaltered seawater or evaporated seawater,
even though seawater is the most likely original formation water in
these marine sediments (Fisher and Boles, 1990; Taylor and Soule,
1993). For example, the enriched δ18OeH2O (> seawater) is not con-
sistent with the depleted δ2HeH2O (< seawater) (Fig. 5). The Br/Cl
ratios could suggest evaporation of seawater (up to ∼10-fold for BN5
and ∼20-fold for L9 and BN4). However, 10-fold evaporation would
not appreciably shift the seawater Na/Cl ratio toward the lower ratio in
BN5. For L9 and BN4, 20-fold evaporation would lower Na/Cl ratios
(∼0.67), but that opposes the Na/Cl enrichment observed in those
samples. Moreover, the highest historical Cl concentration in the Bel-
ridge fields (∼27,000mg/L) indicates < 1.5-fold evaporative con-
centration of seawater. The mismatches of δ18O-δ2H and Br/CleNa/Cl
indicate the saline end-members could not be unaltered residual sea-
water or evaporated seawater. The salinity also cannot be from salt
dissolution given the Br/Cl ratios are inconsistent with halite dissolu-
tion that would generate Br/Cl < seawater. Also, there are no eva-
porite deposits in the section (Boles, 1998; Kharaka and Hanor, 2014).
Consequently, we posit that the geochemical compositions of BN5, BN4,
and L9 are derived from an original seawater source that was modified
by depth (temperature) and lithology dependent water-rock interac-
tions, consistent with interpretations of chemical data from other oil
fields in the SJV (Schultz et al., 1989; Fisher and Boles, 1990; Boles,
1998).

4.1.2. Geochemical modifications induced by water-rock interactions
The data suggest multiple geochemical processes modified the ori-

ginal seawater source to produce the observed end-member water
compositions. The end-member samples have δ18OeH2O and δ2HeH2O
values that are greater than and less than seawater values (Fig. 5), re-
spectively, with the deep end-member samples having the most en-
riched δ18OeH2O values in their respective oil-production zones
(Fig. 3B). An increase in δ18OeH2O values with oil-well depth has been
observed elsewhere in the SJV and attributed to temperature-dependent

isotopic exchange between water and minerals (Kharaka and Berry,
1973; Fisher and Boles, 1990). This process appears to have occurred to
some extent in all the fields (Fig. 3B). Relatively depleted δ2HeH2O
values observed in our study area have also been observed in other SJV
oil fields (Kharaka and Berry, 1973; Fisher and Boles, 1990). Fisher and
Boles (1990) proposed that the 2H depletion was due to isotopic equi-
libration between the water and detrital hydrous silicates or, possibly,
between water and hydrocarbons.

Albitization of detrital plagioclase (i.e., replacement of calcic pla-
gioclase by albite) is a common diagenetic process in sandstones (Boles,
1982) and has been reported in relatively deep and hot (100 °C–160 °C)
sediments in central California (Schultz et al., 1989; Fisher and Boles,
1990; Taylor and Soule, 1993). Albitization appears to have affected the
composition of the deepest end-member water (BN5) on the basis its
low Na/Cl ratio (0.74) and Ca (and Sr) enrichment relative to seawater
(Fig. 4). The combined Na depletion and Ca enrichment is consistent
with the albitization process. Additionally, the low 87Sr/86Sr ratio in
BN5 (0.7063) is not consistent with 87Sr/86Sr values for marine car-
bonates that mimic the isotope ratio of Oligocene seawater in which the
BN5 sandstone was deposited (∼0.7079–0.7083; Veizer, 1989)
(Fig. 4H). We also exclude the possibility of dissolution of diagenetic
carbonate cement in Oligocene sandstone from North Belridge as the
source for Ca and Sr in BN5, given the carbonate's radiogenic 87Sr/86Sr
ratios (average 0.7082; Taylor and Soule, 1993). Likewise, separated
smectite minerals in sediments from the southern SJV were reported to
have radiogenic ratios (0.708–0.714; Schultz et al., 1989). Instead, the
low 87Sr/86Sr ratio in BN5 is more like those in separated plagioclase
minerals from Oligocene and Miocene sandstones in the SJV (average
0.7066; Schultz et al., 1989). Based on the Sr isotopes variations, low
Na/Cl, high Ca/Cl, and high Sr/Cl ratios, it is suggested that plagioclase
alteration was the dominant source for the Ca and Sr in BN5.

While the deepest and most saline end-member (BN-5) is char-
acterized by high Ca/Mg (∼5), high Sr/Cl (∼3×10−3), and low
87Sr/86Sr (0.7063) ratios, the shallower end-members (BN4, L9) have
lower Ca/Mg (∼1) and Sr/Cl (∼5×10−4), and higher 87Sr/86Sr ratios
(up to 0.7083) (Fig. 4). The higher 87Sr/86Sr ratios in BN4 and L9
suggest Sr was affected by water interactions with rocks characterized
by higher 87Sr/86Sr compositions. We expect most lithology in the
Monterey Formation to have higher 87Sr/86Sr; including Miocene to
Oligocene marine carbonates (0.7086–0.7089; DePaolo and Finger,
1991), diatomite and diatomaceous shale (0.7091–0.7115; Brueckner
and Snyder, 1985; Weis and Wasserburg, 1987), and smectite minerals
(0.708–0.714; Schultz et al., 1989). Ca/Mg ratios near 1 that char-
acterize BN4 and L9 suggest water-rock interactions involving dolomite
control Ca/Mg ratios in these shallower end-members.

Fig. 3. A. Chloride and B. δ18O-H2O in oil-field water in relation to depth to the top of well perforations, C. δ18O-H2O in relation to chloride. FV, Fruitvale; LH, Lost
Hills; BR, Belridge. California Aqueduct and Tulare groundwater data from Davis (2018).
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All the end-member samples are enriched in Br relative to seawater
(Fig. 4A). We have shown that the Br enrichment is not due to seawater
evaporation, which means mineral or organic components in the for-
mations are the likely Br source. Fisher and Boles (1990) attributed Br
enrichment in water from some other SJV oil fields to organic sources
based on a similarity in patterns of Br and I enrichment in their samples.
This interpretation could explain the greater Br enrichment in end-
members from the Monterey Formation (BN4, L9) than from the Tem-
blor Formation (BN5), given the organic-rich nature of the Monterey
Formation (Compton et al., 1992).

HCO3 also occurs at much higher concentrations in BN4 and L9 (up
to 5600mg/L) than in the deeper BN5 (450mg/L) or seawater
(Fig. 4G). This suggests substantial amounts of HCO3 are generated in-
situ at shallower depths. This is discussed further in Section 4.2.1.

4.1.3. Effect of meteoric water and anthropogenic activities on the
composition of oil-field waters

Most samples in the data set have δ18OeH2O, Na, Br, Li, and Cl
values that generally plot along mixing lines between relatively dilute
meteoric water and one or more of the end-member waters (Figs. 3 and

Fig. 4. (A.–G.) Concentrations and molar ratios of selected inorganic constituents in relation to chloride concentrations in oil-field water, (H.) 87Sr/86Sr in relation to
strontium/calcium molar ratios. FV, Fruitvale; LH, Lost Hills; BR, Belridge. Aqueduct and Tulare groundwater data from Davis (2018); historical data from Blondes
et al. (2017) and Gans et al. (2018).
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4). Isotopic data show that oil-bearing zones in the Fruitvale field are
more extensively flushed with meteoric water than oil-bearing zones in
the Lost Hills and Belridge fields (Fig. 5). This flushing process con-
tributes to oil-field water in Fruitvale having significantly (p < 0.05)
lower concentrations of constituents such as B, Ba, Br, DOC, Li, Na,
NH4, Ra, and TDS compared to the Lost Hills and Belridge fields (Fig.
S5). The Fruitvale samples came from wells with perforation depths of
956–1350m, indicating relatively deep circulation of meteoric water in
that area. Previous studies of oil fields on the east side of the SJV re-
ported the presence of meteoric water in oil-producing formations to
depths of ∼1500m (Fisher and Boles, 1990; Hayes and Boles, 1993).
Fisher and Boles (1990) suggested deeply circulating meteoric water
contributes to the extensive oil biodegradation observed on the east
side. Unaltered meteoric water is less common in samples from the
west-side oil fields even though many of the wells sampled on the west
side are shallower than the Fruitvale wells (Fig. 3B).

The presence of deep meteoric water on the east side is probably
due to substantial sources of recharge coming from Sierra Nevada
streams, such as Kern River, sources that are absent on the west side. In
addition, sandstones in the Fruitvale field are probably more permeable
than diatomite on the west side (Schwartz, 1988; Coburn and Gillespie,
2002), and Fruitvale generally contains fewer major confining layers
(Preston, 1931; Land, 1984), which could allow for deeper penetration
of meteoric recharge on the east side. Fruitvale oil-field water is iso-
topically heavier than modern Kern River water (Fig. 5), suggesting the
oil-field water was recharged under a different climatic or elevation
regime than currently exists in the area. Davis and Coplen (1989)
proposed that the isotopic composition of modern rivers draining the
Sierra Nevada is lighter than the composition of rivers draining that
area prior to about 400 ka ago when uplift of the Coast Ranges began,
resulting in greater interception of moisture from the Pacific Ocean and
more isotopically depleted precipitation in the Sierra Nevada. That
interpretation suggests meteoric water in the Fruitvale oil-bearing
zones was recharged during or prior to the middle Pleistocene.

Water from the Lost Hills and Belridge fields exhibits greater

isotopic variability than water from Fruitvale, suggesting water in the
fields on the west side of the valley have a more complex history than
water on the east side. Diagenetic modifications associated with burial;
natural mixing with meteoric water; mixing with injected fluids asso-
ciated with EOR, WD, or WST; and evaporation of pond water could
alter the isotopic composition of oil-field waters on the west side. The
South Belridge and Lost Hills fields, for example, have had substantially
more water injection than Fruitvale (Fig. S3). Most water injected in
Lost Hills and Belridge during 2014-17 was recycled produced water,
but about 30% of the water injected into the Lost Hills field for EOR
during 2014-17 was groundwater withdrawn from the Tulare Forma-
tion adjacent to the field (Fig. 2), likely the major source of meteoric
water introduced to the field. Groundwater was not a major source of
water injected into the Belridge oil fields during that period, although it
did account for about 15% of the water injected for EOR in South
Belridge from 1984 to 2010 (Fig. 2). Water withdrawn from the Cali-
fornia Aqueduct was a major source of water used in well stimulation
treatment (WST), mostly hydraulic fracturing, but injections of water
for WST were< 0.5% of total injections during 2014-17 and therefore
represented a relatively small source of meteoric water injected into the
oil fields (Fig. 2).

In Lost Hills, sample L4 is probably the least affected by fluid in-
jection of all the samples from diatomite units, based on their proxi-
mities to injection wells and water-injection and WST histories (Fig. 1C,
Table S1); therefore, L4 may be the most representative sample of un-
altered formation water in the Lost Hills diatomite. The six remaining
diatomite water samples (L1–L3, L5, L7, L8) generally plot along mixing
lines between L4 and Tulare Formation groundwater (Fig. 5). The
samples that appear to contain more meteoric water (L1–L3) had more
injection within 100- and 500-m circular buffers around the wells, on
average, than the three less mixed samples (L5, L7, L8) (Table S1),
consistent with the proposed mixing scenario. The mixing trend is not
considered to be related to hydraulic fracturing of these wells because
at least 13 months had elapsed since the most recent WST in the sam-
pled wells (Table S1). Injection of relatively fresh groundwater into oil-
production zones can dilute chemical concentrations in those zone,
which is observed in the Na, Cl, Br, Li, and TDS data for the Lost Hills
diatomite samples (e.g. compare concentrations in L4 and L1 in Fig. 4
and Table S4).

Produced water recycled for EOR, or treated for WD, could also be a
mixing endmember in Lost Hills and Belridge given its importance in
the injection-water budget (Fig. 2). Whether mixing with recycled
produced water can be resolved using water-isotope or other chemical
data depends on how similar its composition is to the composition of
formation water into which it is injected. The isotopic composition of
the Lost Hills injectate sample (L6), for example, plots between that of
presumed unaltered formation water (L4) and the samples with the
largest meteoric-water fractions, but is like samples plotting between
those two groups (Fig. 5). Thus, it is possible the samples with inter-
mediate isotopic compositions only contained recycled produced water,
which itself could contain a meteoric-water fraction. Recent analysis of
noble gases in production gas and injectate streams from these same
fields indicate noble gases could be a useful tracer for differentiating
injected produced water from unaltered formation water (Barry et al.,
2018; Tyne et al., 2018), regardless of other chemical similarities.

The three shallowest samples in the Belridge fields (BN1, BN2, BS1)
also appear to contain some meteoric water. Although the two shallow
wells in the diatomite zone (BN1, BN2) are located close to each other
and have similar perforation depths (213–229m), BN1 was hy-
draulically fractured two weeks before sampling using California
Aqueduct water as the base fluid, whereas BN2 was hydraulically
fractured about 2 years earlier (Table S1). The lighter isotopic com-
position in BN1 is consistent with a larger fraction of meteoric aqueduct
water in that sample as a residual from the WST (Fig. 5). Recent in-
jection of meteoric water into BN1 diluted concentrations of tracers like
Na, Br, Li, and Cl compared to BN2 (Fig. 4). The dilution effects,

Fig. 5. Isotopic composition of oil-field water. FV, Fruitvale; LH, Lost Hills; BR,
Belridge. SMOW, Standard Mean Ocean Water; GMWL, Global Mean Water Line
(Rozanski et al., 1993); LMWL, Local Meteoric Water Line (Shelton et al.,
2008); Kern River data from Coplen and Kendall (2000); California Aqueduct
data from Williams and Rodoni (1997) and Davis (2018); Tulare groundwater
data from Davis (2018).
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however, appear to be short-lived. The TDS concentration in BN1 was
24,600mg/L at the time we sampled it, whereas a sample collected
from BN1 by the operator one week after hydraulic fracturing had a
TDS of 11,000mg/L (California Department of Conservation, 2018b);
and nearby well BN2 had a TDS concentration of 30,000mg/L (Table
S4). The data, indicating relatively rapid re-equilibration of TDS, sug-
gest small-volume injections associated with WST can be a locally im-
portant, but transient, control on water chemistry.

The 87Sr/86Sr ratio in BN1 is noticeably more radiogenic than any
other sample in our data set (Fig. 4H). It is not clear why this is so, but
one potential source of 87Sr is KCl (sylvite). For example, some Cana-
dian sylvite deposits have 87Sr/86Sr ratios as high as 1.56 (Baadsgaard,
1987), which are much higher than the 87Sr/86Sr ratio in BN1. If KCl
was present as an additive in the fluid used to stimulate BN1, this could
account for the radiogenic 87Sr/86Sr signal in that well.

The shallowest oil-well sample in the data set, BS1 (top of per-
forations 136m), has an isotopic composition like that of disposal-pond
sample BS3 (Fig. 5). However, water sourced from a pond seems un-
likely in this instance because BS3 is ∼6 km from BS1 and the closest
mapped disposal pond is ∼1.5 km from BS1 (Central Valley Regional
Water Quality Control Board, 2018). Alternative explanations for the
isotopic composition of BS1 could include that it is affected by steam
flooding for EOR or that it contains evaporated aqueduct or Tulare
groundwater (Fig. 5). There were 121 steam-flood wells within 500m
of BS1, although not all were active at the time of sampling, whereas
the other sampled wells in the Belridge fields had 0 to 2 steam-flood
wells within 500m (California Department of Conservation, 2018a). If
the steam-flooding process fractionates water isotopes like geothermal
systems, water in steam-flooded systems could become enriched in 18O,
with little effect on δ2H, relative to meteoric water (Craig, 1966). An
important unanswered question about that hypothesis is the lateral
extent to which steam-flooding effects are transmitted in the flow
system. In the South Belridge oil field, Tulare groundwater was with-
drawn from wells near the east edge of the field as a source of injection
water during 1984–2010 and was about 15% of the volume of injection
for EOR during that period (California Department of Conservation,
2018a). This implies that Tulare groundwater could be a source of
mixing in the South Belridge oil field. If so, sample BS1 may contain a
mixture of this injected Tulare groundwater and native formation
water.

4.2. Organic geochemical characterization of SJV oil-field waters

The organic geochemistry of oil-field water can play an important
role in modifying the overall composition of the water (Carothers and
Kharaka, 1980; Land and Macpherson, 1992; Kharaka and Hanor,
2014). Moreover, concentrations of organic components such as DOC,
acetate, and hydrocarbon gases (C1eC5); and isotopic compositions of
C1eC5 gases, in oil-field water can be substantially different from those
in fresh groundwater, potentially making them useful tracers of mixing
between groundwater and oil-field water (Thurman, 1985; Darrah
et al., 2014; Kharaka and Hanor, 2014; Orem et al., 2014).

4.2.1. DOC and acetate
DOC and acetate concentrations in the samples of oil-field water

range from about 6 to 2930mg/L and< 1–911mg/L, respectively
(Fig. 6A and B). Maximum DOC concentrations in oil-field water from
this study are comparable to those in produced water from some eastern
shale plays, whereas the maximum acetate concentrations in SJV oil-
field water are substantially higher than those in the shale plays (Orem
et al., 2014). The observed acetate concentrations, however, are like
those previously reported for SJV oil-field water (Carothers and
Kharaka, 1978). DOC concentrations in the Fruitvale samples (median
32mg/L) are significantly lower (p < 0.05) than concentrations in the
samples from Lost Hills and Belridge (medians 155mg/L and 170mg/L,
respectively) (Fig. S5J), and could reflect enhanced hydrocarbon

biodegradation on the east side of the valley due to long-term meteoric
water flushing (Fisher and Boles, 1990). Meteoric-water flushing could
enhance the biodegradation of complex organic compounds in DOC and
oil by delivering electron acceptors and nutrients, and lowering salinity
and toxin levels (Milkov, 2011; Schlegel et al., 2013).

Even though the west-side fields have less meteoric-water flushing
that Fruitvale, the decrease in acetate/DOC ratios with decreasing well-
perforation depth in those fields is consistent with preferential biode-
gradation of labile organic compounds at shallow depths (Fig. 6E).
Carothers and Kharaka (1978, 1980) proposed that lower formation
temperatures (< 80 °C) in shallow oil-producing zones allow extensive
biodegradation of acetate to occur. Thus, for labile organic compounds
like acetate, formation temperature may be as important as meteoric-
water flushing in the context of biodegradation. The low acetate/DOC
ratios at shallow depths are also associated with heavy δ13C-DIC values
(14.2‰–23.6‰) compared to deeper, acetate-enriched samples
(−3.83 to 0.16‰) (Fig. 6F). Although acetate data are unavailable for
Fruitvale, the deepest sampled well in that field (F6) also has the
lightest δ13C-DIC value (6.49‰), consistent with the data from the
west-side fields. Several studies proposed that heavy δ13C-DIC values in
shallow oil reservoirs are due to biodegradation of oil under metha-
nogenic conditions (Carothers and Kharaka, 1980; Jones et al., 2008;
Milkov, 2011). Isotopic modeling of field and laboratory data by Jones
et al. (2008) suggested methanogenic activity associated with oil bio-
degradation occurs primarily via the CO2 reduction pathway, where
secondary CO2 from hydrocarbon biodegradation is the substrate, and
secondarily by acetate fermentation. Cathles et al. (1987) proposed that
CO2 generation from isotopically heavy carbonate minerals during
steam flooding accounted for the isotopically heavy CO2 in the Buena
Vista oil field, located south of the Belridge fields. Steam flooding
probably cannot account for the heavy δ13C-DIC values in our samples
because there were no steam-flood wells within 500m of the sampled
wells in Fruitvale and Lost Hills, and only 0–2 steam-flood wells within
500m of the sampled wells in Belridge that had δ13C-DIC data
(California Department of Conservation, 2018a).

Most samples from the three oil fields have much higher HCO3

concentrations (up to∼7300mg/L, 120mM) than can be accounted for
by mixing seawater with shallow meteoric water sources (Fig. 4G),
indicating substantial in-situ HCO3 production occurs. The high HCO3

concentrations at shallower depths are associated with low acetate/
DOC ratios and high δ13C-DIC values (Fig. 6), consistent with HCO3

production associated with oil biodegradation and methanogenesis
(Carothers and Kharaka, 1980; Jones et al., 2008; Milkov, 2011). At
greater depths, samples BN5, L9, and L10 have variable HCO3 con-
centrations, high acetate/DOC ratios, and low δ13C-DIC values (−3.8 to
0.2‰) (Fig. 6), indicating methanogenesis was less important. The δ13C
values of the deep samples are like the values for some marine carbo-
nates (Keith and Weber, 1964), but dissolution of carbonate minerals in
the absence of CO2 production seems unlikely because the samples are
supersaturated with respect to calcite and dolomite based on pre-
liminary PHREEQC calculations (in situ water temperatures are not
well constrained). Carothers and Kharaka (1980) proposed that HCO3

with similarly low δ13C values in deep zones in other SJV oil fields is
produced by thermal degradation of organic matter. We also cannot
rule out the possibility that SO4 reduction produced CO2 in the deeper
samples given the relatively high detection levels for SO4 in those
samples (Table S4). Reaction of isotopically light CO2 from SO4 re-
duction with isotopically enriched dolomite cement (up to ∼18‰ in
SJV Miocene sediments; Murata et al., 1969), could produce the ob-
served δ13C-DIC values in the deep samples.

4.2.2. Hydrocarbon gases
Oil-field water samples have δ2HeCH4 and δ13CeCH4 values ran-

ging from−246.0 to−187.7‰ and−46.65 to−38.96‰, respectively
(Fig. 7A). Isotopic values in those ranges are generally indicative of
thermogenic CH4 (Schoell, 1980; Whiticar et al., 1986), and the
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presence of C3eC5 hydrocarbons in most of the samples supports that
interpretation (Table S4). Interestingly, the acetate and δ13C-DIC data
suggest biogenic CH4 production occurs in the shallower oil wells
(Fig. 6D), yet the CH4 isotopic data do not clearly indicate the presence
of a biogenic CH4 component based on the isotopic criteria established
by Schoell (1980) and Whiticar et al. (1986) (Fig. 7A). This could in-
dicate the fraction of biogenic CH4 is small compared to the thermo-
genic-gas fraction. Additionally, Jones et al. (2008) showed that
δ13CeCH4 values in mixtures of biogenic and thermogenic gas could
remain relatively heavy if a substantial fraction of the secondary CO2

produced during oil biodegradation is converted to methane.
δ13C data for CH4, C2H6 (ethane), and C3H8 (propane) indicate the

hydrocarbon gases themselves are also degraded to various extents. In
Fruitvale and Lost Hills, δ13CeC3H8 values are as heavy as −6.3‰ and
−10.4‰, respectively (Fig. 8). When compared to ranges of δ13C va-
lues in 81 gas samples from the SJV reported by Lillis et al. (2007),
C3H8 appears to be the most heavily degraded hydrocarbon, with lesser
degradation of C2H6 and no apparent degradation of CH4. Preferential
degradation of C3H8 over CH4 and C2H6 has been noted in numerous oil
and gas fields (James and Burns, 1984; Milkov, 2011). The Fruitvale
gases appear to contain the most heavily degraded C3H8 based on the
δ13C data, followed by the Lost Hills gases, a pattern that appears to
generally correspond with the extent of meteoric-water flushing in-
dicated by the δ2HeH2O and δ18OeH2O data (Fig. 5). Sample L4, from
Lost Hills, was an exception to the pattern. L4 contains some biode-
graded C3H8 even though it does not contain substantial meteoric
water.

Gas wetness values for the oil-field waters range from<1 to ∼50%
(Fig. 7B). Wetness values in the Fruitvale field exhibit a narrow range
near the threshold between wet and dry gas (2.5%) proposed by Lillis
et al. (2007) for SJV gas, whereas values in the Lost Hills and Belridge
fields exhibit much broader ranges in values. The combination of bio-
genic CH4 production and preferential degradation of C3H8 in shallow
oil-bearing zones could result in residual gas becoming drier (James
and Burns, 1984; Milkov, 2011), and may explain the consistently low
wetness values for the Fruitvale samples and some samples from the
west-side fields (Fig. 7B). That combination of processes did not result
in relative dry gas in all instances. Sample L2, from Lost Hills, has heavy
δ13C-DIC (20.6‰) and δ13CeC3H8 (−14.7‰) values (Table S4), in-
dicating biogenic CH4 production and C3H8 degradation occurred, but it
still has the second highest wetness value (47%) (Fig. 7B). The wide
range in gas wetness values in the Lost Hills and Belridge samples ap-
pear to reflect several factors, including the extent of microbial activity
and probably initial gas wetness.

4.3. Other chemicals of concern in SJV oil-field waters

In addition to evaluating the source of the oil-field water and me-
chanisms of geochemical modification, here we report the occurrence of
some other chemicals that are known to be enriched in oil-field waters,
including ammonium and naturally occurring radioactive materials
(NORM) in the form of radium nuclides. These chemicals could be of
concern if oil-field water mixes with groundwater in the study area.

Fig. 6. Concentrations of (A.) DOC, (B.) acetate, and (C.) bicarbonate; and (D.) δ13C-DIC, in oil-field water in relation to depth to the top of well perforations; (E.)
depth to the top of well perforations and (F.) δ13C-DIC in relation to acetate-C/DOC ratios in oil-field water. FV, Fruitvale; LH, Lost Hills; BR, Belridge. Acetate
samples from Fruitvale were damaged during shipment to the laboratory.
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4.3.1. Ammonium
Previous work showed that water in hydrocarbon reservoirs could

be enriched in NH4 due to mineralization of organic N in the organic-
rich sediments (Williams et al., 1995; Harkness et al., 2015). The
Monterey Formation in the study area is also noted for NH4-enriched
sediment (Compton et al., 1992). Data from this study are consistent
with that previous work. NH4 concentrations range from 1.4 to 460mg-
N/L (Fig. 9), and are significantly lower (p < 0.05) in the Fruitvale
field (median 5.8mg-N/L) than in the Lost Hills and Belridge fields
(medians 163mg-N/L and 426mg-N/L, respectively) (Fig. S5E). The
large difference in NH4 between Fruitvale and the west-side fields is
consistent with meteoric-water flushing on geological timescales in
Fruitvale, which could promote substantial biodegradation of organic
carbon and removal or dilution of soluble degradation products from
the system (Milkov, 2011; Schlegel et al., 2013). In the Lost Hills and
Belridge fields, the patterns in NH4 concentrations reflect variability in

lithology of the oil-production zones and dilution effects due to EOR
injection. In both fields, NH4 concentrations are higher in the diatomite
wells than in wells producing from other lithologies, consistent with the
organic C-rich nature of the diatomite (Compton et al., 1992). Among
the Lost Hills diatomite wells, the highest Cl and NH4 concentrations
occur in the well least affected by injection (L4; Fig. 5), and lower
concentrations occur in the wells affected by injection of relatively di-
lute groundwater (Fig. 9), consistent with the effects of dilution.

4.3.2. Radium
Activities of 224Ra, 226Ra, and 228Ra in filtered samples of oil-field

water range from 0.09 to 4.8 Bq/L, 0.04–8.6 Bq/L, and 0.05–3.7 Bq/L,
respectively (Table S4). Total radium (Ratotal = 224Ra+226Ra+228Ra)
activities range from 0.27 to 17 Bq/L. 224Ra and 226Ra account for
significantly larger (p < 0.05) fractions of Ratotal (median 40% and
35%, respectively) than does 228Ra (median 23%) (Fig. S6A). Mea-
surements of 224Ra in oil-field water are rare but the data suggest 224Ra
could be an important component of the Ratotal inventory in oil-field
waters. Overall, the SJV oil-field waters have much lower Ra activities
compared to oil-field brines from other basins in the U.S. The median
226Ra+228Ra activity measured in this study (0.78 Bq/L) is much lower
than median activities in produced water from the Marcellus and
Bakken shales and Gulf Coast (91 Bq/L, 43 Bq/L, and 23 Bq/L, re-
spectively) (Rowan et al., 2011; Lauer et al., 2016; Kraemer and Reid,
1984).

Radium activities in water depend, in part, on the salinity, pH, and
redox state of the water (Kraemer and Reid, 1984; Vinson et al., 2013).
Ratotal activities in samples from oil wells in Fruitvale (median 1.1 Bq/
L) are significantly lower (p < 0.05) than activities in oil-well samples
from Lost Hills and Belridge (medians 1.3 Bq/L and 3.5 Bq/L, respec-
tively) (Fig. 10A and Fig. S5K). Our data show that the deepest and
most saline water (BN5) has the highest Ra activity (17.1 Bq/L), con-
sistent with the high-temperature model of formation of that water (see
section 4.1) (Fig. 10). The other oil-field waters have lower Ra activities
that are associated with the salinity variations (Fig. 10A; CleRa
Spearman correlation r= 0.60, p=0.003). Previous studies showed
that Ra activity in oil-field water generally increases with salinity due to
other ions in saline water competing with Ra for adsorption sites on
solids (Kraemer and Reid, 1984; Rowan et al., 2011). Ratotal activities
are also positively correlated with concentrations of dissolved Fe(II)
(r= 0.45, p=0.034) (Fig. S6B). Positive correlations between Ra ac-
tivities and Mn and Fe concentrations have been attributed to mobili-
zation of Ra adsorbed onto Mn(IV)- and Fe(III)-oxide grain coatings
following the reductive dissolution of those coatings (Szabo et al.,
2012). Given the high Fe concentrations in some samples, it is also
possible some Fe(II) was mobilized from the metal oil-well casings.
Sample BN5 has a very low Fe(II) concentration (54 μg/L) but has the
highest Ratotal activity in the data set (Fig. 10A and Fig. S6B). That
sample was excluded from the RaeFe correlation analysis because it
also has the highest Cl concentration in the data set (23,000mg/L),
suggesting Ra in the sample is related more to its high salinity than to
its Fe concentration. Moreover, the 64-Zone sandstone from which that
well produced is relatively clean sandstone that may contain less clay
than the shallower diatomaceous shales (Fig. S1) (Taylor and Soule,
1993). A lack of clay in the sandstone could result in reduced capacity
for Ra adsorption in that production zone, and higher dissolved Ratotal
activities, regardless of the salinity (Vengosh et al., 2009).

228Ra/226Ra activity ratios range from 0.14 to 2.3 and are generally
higher in the Fruitvale water samples (median 1.5) than in water from
diatomite zones in the Lost Hills and Belridge fields (median 0.55) and
Cahn zone in Lost Hills (median 0.24) (Fig. 10C). 226Ra is part of the
238U decay series and 224Ra and 228Ra are part of the 232 Th decay
series. Subsurface waters are generally thought to have 228Ra/226Ra
ratios like the Th/U activity ratios in rocks with which they come in
contact, assuming secular equilibrium between 228Ra and 232Th and
between 226Ra and 238U (Kraemer and Reid, 1984; Vengosh et al.,

Fig. 7. (A.) δ2H-CH4 and (B.) gas wetness in relation to δ13C-CH4. FV, Fruitvale;
LH, Lost Hills; BR, Belridge. In A., methane source boundaries from Whiticar
et al. (1986) and Schoell (1980). In B., historical data and threshold value se-
parating wet and dry gas from Lillis et al. (2007).
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2009). The data are generally consistent with that hypothesis. Sand-
stone is the primary lithology in the perforated intervals of sampled oil
wells in Fruitvale, and the median 228Ra/226Ra ratio in samples from
those wells is close to the global average 228Ra/226Ra ratio in sandstone
(1.6) proposed by Vengosh et al. (2009) (Fig. 10C). 228Ra/226Ra ratios
in the Lost Hills and Belridge samples are lower than the global average
ratio for sandstone and more like the calculated 228Ra/226Ra activity
ratios in sediments within the perforated intervals of the sampled oil
wells in those fields (Fig. 10C). 228Ra/226Ra ratios in the sediments
were calculated from Th/U concentration ratios in the sediments, as
derived from spectral gamma-ray log output collected in several of the
wells (California Department of Conservation, 2018c), using the ap-
proach of Kraemer and Reid (1984). Median 228Ra/226Ra ratios in the
sampled diatomite- and Cahn-zone sediments (0.9 and 0.5, respec-
tively) are within a factor of ∼2 of the ratios in water from those zones.

224Ra/228Ra ratios range from 0.2 to 9.5 (Fig. 10D). The median
224Ra/228Ra ratio in Fruitvale samples (1.5) was like the median ratio
for samples from diatomite zones in the Lost Hills and Belridge fields
(1.6). 224Ra/228Ra ratios above secular equilibrium (224Ra/228Ra> 1)
are commonly observed in groundwater systems (Vengosh et al., 2009;

Szabo et al., 2012; Vinson et al., 2013) and reflect the net effect of
alpha-recoil release of the short-lived 224Ra from solids and adsorption
of Ra on solids surfaces (Hancock and Murray, 1996; Vengosh et al.,
2009). The 224Ra/228Ra>1 that characterizes most of the SJV oil-field
water suggests in-situ water-rock interactions (i.e., contemporary mo-
bilization of Ra from the host rocks).

5. Conclusions

Chemical and isotopic data collected from oil wells, injection-water
sources, and disposal ponds in four oil fields in the southern San
Joaquin Valley were used to characterize regional patterns in the geo-
chemistry of oil-field water. We show that the salinity and chemical
composition of the oil-field water are due to the modification of an
original seawater source by depth (temperature) and lithology depen-
dent diagenetic processes and meteoric-water dilution. Meteoric water
penetrates to depths of at least 1350m on the east side of the valley due
to relatively large natural sources of recharge, such as the Kern River,
coming off the adjacent Sierra Nevada Mountains. Natural flushing of
oil-bearing zones is less apparent on the west side of the valley, but the
effects of water and steam injection for EOR, produced water disposal,
and/or hydraulic fracturing on isotopic, inorganic, or radiochemical
analytes in selected samples are evident. In addition to mixing with
naturally recharged and injected fluids, other processes contributing to
geochemical variability in oil-field water include preferential biode-
gradation of acetate and propane, and mobilization of ammonium and
radium. The data illustrate the complexity of natural and human pro-
cesses affecting the geochemistry of oil-field water in the southern San
Joaquin Valley and underscore the importance of thoroughly char-
acterizing potential oil-field water end members in groundwater-
quality forensic studies.
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Fig. 8. δ13C composition of methane, ethane, and propane in oil-field water from the (A.) Fruitvale, (B.) Lost Hills, and (C.) Belridge oil fields.

Fig. 9. Ammonium in relation to chloride concentrations in oil-field water. FV,
Fruitvale; LH, Lost Hills; BR, Belridge.
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