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ABSTRACT: Geochemical data from 40 water wells were used to
examine the occurrence and sources of radium (Ra) in groundwater
associated with three oil fields in California (Fruitvale, Lost Hills, South
Belridge). 226Ra+228Ra activities (range = 0.010−0.51 Bq/L) exceeded the
0.185 Bq/L drinking-water standard in 18% of the wells (not drinking-
water wells). Radium activities were correlated with TDS concentrations
(p < 0.001, ρ = 0.90, range = 145−15,900 mg/L), Mn + Fe
concentrations (p < 0.001, ρ = 0.82, range = <0.005−18.5 mg/L), and
pH (p < 0.001, ρ = −0.67, range = 6.2−9.2), indicating Ra in groundwater
was influenced by salinity, redox, and pH. Ra-rich groundwater was mixed
with up to 45% oil-field water at some locations, primarily infiltrating
through unlined disposal ponds, based on Cl, Li, noble-gas, and other
data. Yet 228Ra/226Ra ratios in pond-impacted groundwater (median = 3.1) differed from those in oil-field water (median =
0.51). PHREEQC mixing calculations and spatial geochemical variations suggest that the Ra in the oil-field water was removed
by coprecipitation with secondary barite and adsorption on Mn−Fe precipitates in the near-pond environment. The saline,
organic-rich oil-field water subsequently mobilized Ra from downgradient aquifer sediments via Ra-desorption and Mn/Fe-
reduction processes. This study demonstrates that infiltration of oil-field water may leach Ra into groundwater by changing
salinity and redox conditions in the subsurface rather than by mixing with a high-Ra source.

■ INTRODUCTION

Consumption of water containing elevated radium (Ra)
activities has been associated with various adverse human-
health effects, including some forms of cancer.1−3 The U.S.
Environmental Protection Agency established a maximum
contaminant level (MCL) for 226Ra+228Ra in drinking water of
0.185 Bq/L (5 pCi/L).4 Previous studies have shown that water
in some hydrocarbon reservoirs is enriched in Ra nuclides, which
could be problematic if that water mixes with nearby
groundwater. 226Ra+228Ra activities up to 666 and 64 Bq/L
were reported in produced water from unconventional hydro-
carbon reservoirs in the Marcellus Shale and Bakken Formation,
respectively.5,6 Produced water from oil reservoirs in the
southern San Joaquin Valley (SJV), California, has reported
226Ra+228Ra activities up to ∼12 Bq/L.7,8 Differences in Ra
activities between water from the SJV and other reservoirs
reflect, in part, differences in salinity between the reservoirs. At
elevated salinities, exchangeable Ra on clay minerals can be
mobilized due to exchange with other dissolved ions.9−11 While
concentrations of total dissolved solids (TDS) in water from SJV

oil reservoirs are typically <40,000 mg/L,8 TDS in water from
the Bakken and Marcellus commonly exceed 100,000 mg/L.5,6

The focus of this study is shallow groundwater associated with
the Fruitvale (FV), Lost Hills (LH), and South Belridge (SB) oil
fields in the SJV (Figure 1),12 where oil production has occurred
for ∼100 years.8 Disposal of oil-field water in unlined ponds has
occurred in parts of the study area since the 1950s and is a direct
pathway for oil-field water to enter the near-surface environ-
ment.13 Several studies have reported the presence of Ra from
oil-field water in near-surface environments, typically in aquatic
sediment or soil associated with releases of Ra-rich produced
water.6,14−16 Those studies found most of the Ra was retained
on solid phases relatively close to the release site due to Ra
immobilization by processes like coprecipitation with barite
(BaSO4) and adsorption on solid phases.6,14,15 In groundwater
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systems, subsequent brine migration and mixing with fresh
groundwater could mobilize Ra associated with the aquifer
sediments, given the direct influence of salinity on Ra
sorption.9,17 Mobilization of Ra from aquifer sediments could
also occur if brine incursion into aquifers shifts pH to acidic
conditions or induces redox to more reducing conditions, which
would enhance Ra release to groundwater.11,18,19 As far as we are
aware, only one study has examined Ra in groundwater near
hydrocarbon production activities to evaluate such processes.14

This study examines the occurrence and sources of Ra in
groundwater associated with the FV, LH, and SB oil fields. In
particular, this study aims to distinguish the impact of oil-field

water disposed of in unlined ponds relative to subsurface mixing
processes between oil-field water and regional groundwater.

■ MATERIALS AND METHODS

The study area is in the southern SJV (Figure 1), part of the
Central Valley of California, a 700-km-long basin containing >
7500 m of Mesozoic through Cenozoic-aged sediments.20 From
2014 to 2017, water samples were collected from 40 water wells
located in, or near (within 5 km), the three oil fields (Figure 1,
Table S1). A detailed description of the study area is provided in
Section S1 and briefly summarized here. In the FV oil field,
located on the east side of the SJV, sampled wells are screened in
semiconsolidated gravel, sand, silt, and clay in late Miocene to

Figure 1. (A) Location of the study-area oil fields, and locations of sampling sites in the (B) Fruitvale, (C) Lost Hills, and (D) South Belridge oil fields.
Oil-well data from ref 12. Only selected active and decommissioned disposal ponds are shown.
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Pleistocene fluvial deposits in the Kern River Formation (Figure
S1).21 Those sediments were largely derived from granitic rocks
in the Sierra Nevada to the east.22 Groundwater flow directions
are generally to the west, southwest.21 The median depth to the
bottom of perforations in the sampled water wells is 209 m,
whereas the median depth to the top of perforations in FV oil
wells is 1088 m.23 Sediments in the Kern River Formation and
marine sediments in the underlying Etchegoin Formation are
present between the deepest water wells and shallowest oil wells
(completed in basal portions of the Etchegoin Formation)
(Figure S1).24 The Macoma Claystone, within the basal portion
of the Etchegoin Formation, generally serves as a hydraulic
barrier between the oil and water-bearing zones.24

In the SB and LH oil fields, located on the west side of the SJV,
sampled wells are screened in unconsolidated to semi-
consolidated sand, silt, and clay in Holocene/Pleistocene
alluvium and fluvial, deltaic, to lacustrine deposits in the Tulare
Formation (Pleistocene).25 Those sediments were largely
derived from marine rocks in the Temblor Range to the
west.25 Groundwater flow directions are generally to the
northeast.26 The aquifers are generally unconfined to semi-
confined, except for water-bearing units in the Tulare
Formation, which are confined by the Corcoran Clay.26 Median
depths to the bottom of perforations in the sampled water wells
are 199 m (LH) and 153 m (SB). Median depths to the top of
perforations in oil wells are 414 m (LH) and 326 m (SB).23

Within the LH and SB oil fields, the deepest water wells and
shallowest oil wells are both completed in the Tulare Formation
(Figure S1), although the Tulare oil wells in the vicinity of the
sampled Tulare water wells are deeper than the water wells. In
parts of LH and SB, the Amnicola, Tulare, and Corcoran Clays
(deepest to shallowest) in the Tulare Formation could serve as
confining layers between the oil wells and water wells.25,26

Generally, samples were collected from the wells after three
casing-volumes of water were purged from the wells and
readings of pH, specific conductance, dissolved oxygen (O2),
and water temperature stabilized. Samples were also collected
from two oil-field water disposal ponds (SB field) and an oil-field
injectate flow manifold (LH field) integrating produced waters
from many oil wells for injection for enhanced oil recovery
(EOR) (Figure 1). Previously published data for other oil-field
water in the study areas were also used in the analysis.8 Samples
were analyzed for Ra-isotope activities (224Ra, 226Ra, 228Ra);

major ions, nutrients, and trace elements; dissolved organic
carbon (DOC) and volatile organic compounds (VOCs);
isotopic compositions of water (δ2H−H2O, δ18O−H2O),
dissolved inorganic carbon (δ13C-DIC) and CH4 (δ

2H−CH4,
δ13C−CH4); noble gas abundances (4He, Ne, Ar, Kr) and
isotopes (40Ar/36Ar, 86Kr/84Kr); 3H and 14C in DIC (14C-DIC);
and concentrations of CH4 through pentane (C1−C5) (Tables
S2, S3, and S4).
Sediment cuttings collected from two boreholes drilled by the

U.S. Geological Survey near the LH and SB oil fields in 2018
were analyzed for their 226Ra and 228Ra activities using gamma
spectrometry methods described in Section S2 (Figure 1).
Mann−Whitney and Tukey multiple comparison tests, as

implemented in the software OriginPro 2018,27 were used on
ranked data to test for significant differences in Ra
concentrations between study areas and other variables.
Spearman correlation analysis considered relations between
concentrations of Ra and other variables. For the statistical tests,
concentrations below reporting levels were set to zero. An α
value of 0.05 was used for each test.

■ RESULTS AND DISCUSSION
Radium Nuclide Occurrence in Groundwater. 226Ra

+228Ra activities in groundwater in the study areas range from
0.010 to 0.51 Bq/L, with 18% of the wells having 226Ra+228Ra
activities greater than the MCL of 0.185 Bq/L (Table S4).28−30

All the Ra MCL exceedances are from nondrinking-water wells
in LH (LG2, LG3, LG6, LG9) and SB (BG4a, BG5, BG7). 226Ra
+228Ra activities in LH and SB groundwater are significantly
higher (p < 0.001) than the activities in FV groundwater;
however, 226Ra+228Ra activities in LH and SB groundwater are
not significantly different (p = 0.99) from each other [median
226Ra+228Ra activities (Bq/L); FV = 0.020, LH = 0.11, SB =
0.073] (Figure 2A). In each oil field, 226Ra+228Ra activities in
groundwater are significantly lower (p < 0.001) than the
activities in the associated oil-field water (Figure 2A).31 224Ra
composes a large fraction of the total Ra inventory (224Ra+226Ra
+228Ra) in groundwater from the LH and SB oil fields (median
224Ra fraction; FV = 0, LH = 0.37, SB = 0.44).
Radium-isotope activity ratios can provide insight on Ra

sources and processes affecting Ra in groundwater.18,32,33 226Ra
(half-life = 1600 years) is part of the 238U decay series and is the
direct product of 230Th decay.34 224Ra and 228Ra (half-lives =

Figure 2. (A) 226Ra+228Ra activities, (B) 228Ra activities in relation to 226Ra activities, and (C) 224Ra activities in relation to 228Ra activities, in
groundwater and oil-field water. Data for oil-field water from refs 8 and 31. In (A), boxes represent 25th, 50th, and 75th percentile values, whiskers
represent 10th and 90th percentile values; oil fields with different letters (A or B) at the top of the panel have significantly different activities based on
Tukeymultiple-comparison tests andα = 0.05; n, number of samples. In (B), data for aquifer sediments in Table S5 and ref 37 are present. FV, Fruitvale
oil field; LH, Lost Hills oil field; SB, South Belridge oil field; slp, slope.
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3.63 days and 5.75 years, respectively), are part of the 232Th
decay series and are the direct products of 228Th and 232Th
decay, respectively.34 228Ra/226Ra activity ratios in groundwater
are generally considered to reflect the 228Ra/226Ra activity ratios
in solid phases with which the groundwater is in contact.9,18
224Ra/228Ra ratios in groundwater could be expected to be near a
value of 1, assuming secular equilibrium between 224Ra and
228Ra in aquifer sediments.18,33,35 Various processes could alter
these ratios in groundwater. Alpha recoil, for example, releases
224Ra and 228Ra from sediment faster than 226Ra because of the
shorter half-lives of 224Ra and 228Ra relative to 226Ra.33,35,36 As a
result, subsurface flow systems undergoing relatively recent
water-rock interactions could contain water with elevated
228Ra/226Ra (above the ratio in the host rocks) and
224Ra/228Ra (above the ratio of 1).18,33,35 Yet, over longer
residence times, the 228Ra/226Ra of groundwater typically
mimics the 228Ra/226Ra ratio of the host aquifer rocks.

228Ra/226Ra activity ratios in the samples span a wide range
(0.12 to 12), but most samples have ratios between about 0.5
and 3 (median 228Ra/226Ra ratios; FV = 6.0, LH = 1.3; SB = 2.4)
(Figure 2B). The 228Ra/226Ra ratios in FV samples are higher
than those in LH and SB, but the ratios in FV have relatively high
analytical uncertainty due to the low Ra activities in those
samples (Table S4). Given the low Ra activities in FV samples
relative to the MCL, the remaining discussion of activity ratios
focuses on the LH and SB samples. The median 228Ra/226Ra
ratio in LH groundwater (1.3) is close to a previously proposed
average 228Ra/226Ra ratio for sandstones of 1.618 and is within
the range of ratios measured in aquifer sediments (0.26 to 1.39, n
= 10) collected from the LH and SB boreholes (Figures 1 and
2B).37 The median 228Ra/226Ra ratio in SB groundwater (2.4) is
higher than that in LH groundwater, but the high median ratio is
largely due to four samples with conspicuously high 228Ra/226Ra
ratios (> 3). 228Ra/226Ra ratios in those samples are discussed
further in the section Discordant Radium Activity Ratios. The
median 228Ra/226Ra ratio in the seven SB samples with
228Ra/226Ra ratios < 3 is 1.4, nearly identical to the median
ratio in LH groundwater. 228Ra/226Ra ratios in the LH and SB
samples are larger than the ratios in associated oil-field water
samples (median 228Ra/226Ra ratio; LH = 0.46, SB = 0.51)
(Figure 2B), possibly reflecting different water residence times,
Ra mobilization mechanisms, and sediment chemistry between
the oil reservoirs and aquifers. The oil-field water samples are
mostly from organic-rich diatomite with 228Ra/226Ra ratios < 1.8

Median 224Ra/228Ra ratios in samples from LH (1.2) and SB
(1.3) are near the ratio of 1 expected in the aquifer solids,
assuming secular equilibrium between 224Ra and 228Ra (Figure
2C).18,35 224Ra/228Ra ratios in oil-field water from LH and SB are
also mostly between 0.5 and 2 (median 224Ra/228Ra ratio; LH =
2.0, SB = 1.3). A few groundwater samples have 224Ra/228Ra
ratios > 2, suggesting they were affected by relatively recent
water-rock interactions through recoil processes.18,33,35

Geochemical Controls on Radium Activities in
Groundwater. Radium activities in groundwater reflect the
net effects of dissolution and precipitation of Ra-bearing
minerals, radioactive decay of dissolved Th, alpha-recoil release
of Ra from the decay of Th in aquifer solids, decay of Ra in
solution, and reversible Ra exchange processes with aquifer
solids.35,38,39 Some of these processes, like Ra exchange and
mineral precipitation, are affected by groundwater geochemistry
(e.g., salinity, redox, pH).18,19 Thus, regional variations in
groundwater salinity, redox, and pH in the study area have
implications for Ra occurrence in groundwater. TDS concen-
trations in groundwater increase substantially from the FV oil
field on the east side of the SJV to the LH and SB oil fields on the
west side of the valley [median TDS (mg/L); FV = 206, LH =
3520, SB = 4540], whereas pH values decrease (median pH; FV
= 8.1, LH = 7.4, SB = 7.2) (Figure 3A). In FV, water types range
from Ca-HCO3 to Na-SO4 (Figure S2). In LH and SB, water
types include mixed cation-SO4, mixed cation-Cl, Na-SO4, and
Na-Cl. Groundwater in the FV oil field is more oxic, and
contains less dissolved Mn and Fe, than higher-TDS ground-
water in the LH and SB oil fields [median O2 (mg/L); FV = 1.4,
LH = <0.1, SB = 0.2] [median Mn+Fe (mg/L); FV = 0.0034,
LH = 0.85, SB = 0.36] (Figure 3B, Section S1).
Previous studies have shown that elevated Ra activities in

groundwater are most commonly associated with elevated
salinity, anoxic conditions indicated by elevated Mn and Fe and
low SO4 concentrations, and/or low pH.18,19,32,39 Dissolved
cations in saline groundwater can mobilize exchangeable Ra on
clay minerals by outcompeting Ra2+ for exchange sites, with
divalent cations generally being more effective than monovalent
cations in the exchange process.32,39,40 Median concentrations
(in mg/L) of Ca, Sr, and Na in LH (210, 2.5, 984) and SB (445,
9.8, 640) groundwater are much higher than in FV (30, 0.35,
37), indicating that the substantial increase in groundwater
salinity from east to west across the valley is accompanied by
large increases in concentrations of divalent and monovalent
cations. Strong positive Spearman correlations between total Ra

Figure 3. (A) pH in relation to total dissolved solids concentrations and (B) manganese + iron concentrations in relation to dissolved oxygen
concentrations, in groundwater; and (C) δ2H−H2O in relation to δ18O−H2O in groundwater and oil-field water. Data for oil-field water from refs 8
and 31. In (C), GMWL, global meteoric water line;50 LMWL, local meteoric water line.51
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and TDS (p < 0.001, ρ = 0.90), Ca (p < 0.001, ρ = 0.76), Sr (p <
0.001, ρ = 0.80), and Na (p < 0.001, ρ = 0.93) suggest salinity
and water composition are important factors in mobilizing
exchangeable Ra from the aquifer sediments.
Mn- and Fe-oxyhydroxide solids can be especially important

sinks for dissolved Ra in some environments given their
generally high exchange capacity;35,40−42 therefore, reductive
dissolution of those phases under anoxic redox conditions could
reduce the availability of exchange sites for dissolved Ra and
release previously adsorbed Ra into solution. This conceptual
model is supported by the strong positive correlations between
total Ra and dissolved Mn (p < 0.001, ρ = 0.72) and Fe (P <
0.001, ρ = 0.77). The dissolvedO2,Mn, and Fe data indicate that
Mn and Fe reduction processes are more prevalent in SB and LH
than FV (Figure 3B), which results in fewer Ra adsorption sites
and thus higher dissolved-Ra activities in SB and LH. Ra
adsorption on aquifer sediments is also pH dependent, with less
adsorption occurring at lower pH due to the more positive
surface charge on solid phases at lower pH.39,40 The negative
correlation between total Ra and pH (p < 0.001, ρ = −0.67) is
consistent with this model. Inverse correlations between pH and
Mn (p = 0.005, ρ = −0.44) and pH and Fe (p < 0.001, ρ =
−0.65) could reflect CO2 production during microbial Mn and
Fe reduction and thus decreased pHwith intensification of those
redox processes.43 Overall, the TDS, major-ion, Mn, Fe, and pH
data indicate that geochemical conditions in LH and SB
groundwater are more conducive to mobilizing exchangeable Ra
than are the geochemical conditions in FV. Secondary barite
coprecipitation, especially in the LH and SB oil fields, was
evaluated as a Ra sink but appears to be less significant than
processes mobilizing Ra based on persistently high Ra activities
in LH and SB groundwater (Figure S3).
Gradients in salinity, redox conditions, and pH across the SJV

are due in part to variations in recharge, aquifer lithology, and
groundwater age across the valley. The presence of relatively
dilute, oxic groundwater in FV is due to the Kern River, which is
a major source of freshwater recharge to aquifers in the FV oil
field (Figure 1).21 Aquifers on the east side of the SJV are also
mostly composed of relatively coarse-grained sediments derived
from granitic rocks in the Sierra Nevada that could enable
extensive circulation of fresh recharge through the aquifer
system.44−46 3H and 14C-DIC data indicate the aquifers in LH
and SB contain older groundwater than the aquifers in FV
[median 3H (TU); FV = 2.4; LH < 0.1, SB = 0.2] [median 14C-
DIC (pM); FV = 83; LH = 1.3, SB = 3.6] (Table S4), consistent

with the lack of substantial sources of natural recharge in LH and
SB and presence of the Corcoran Clay confining unit that could
restrict groundwater flow.25,26,45 Aquifer lithology in LH and SB
largely consist of reworked marine sediments derived from the
Temblor Range to the west that contain calcite, dolomite,
gypsum, and relatively organic-rich clay.25,44,45 Long ground-
water residence times in sediments of that composition could
produce anoxic conditions with relatively high TDS concen-
trations.
Some of the elevated TDS and anoxia in LH and SB

groundwater could also be due to natural mixing of groundwater
and oil-field water given the relatively small vertical separation
between aquifers and underlying hydrocarbon reservoirs in
those oil fields.23 Some of the sampled wells are also near
unlined oil-field water disposal ponds, oil wells, and injection
wells that had substantial water injection for EOR and disposal
(Figure 1, Table S1). In those areas, oil and gas production
activities could potentially cause oil-field water to mix with
groundwater.

GroundwaterMixing with Oil-FieldWater.Chloride, Br,
Li, B, and stable water-isotope data are used in two-endmember
mixing models to estimate fractions of oil-field water mixed with
the seven Ra-rich groundwater samples. Noble-gas, 3H, and
other data enable us to distinguish between groundwater mixed
with oil-field water from unlined disposal ponds (anthropogenic
source of oil-field water) and oil-field water from subsurface
sources that could be related to natural mixing processes or oil
and gas production. On the basis of these distinctions, the high-
Ra samples are grouped into 4 categories: (1) highly mixed,
surface sources of oil-field water (BG4a, BG7), (2) slightly
mixed, subsurface sources of oil-field water (LG3, LG9), (3)
highly mixed, surface and subsurface sources of oil-field water
(BG5), and (4) little or no mixing with oil-field water (LG2,
LG6). A secondary data set for NH4, DOC, VOCs, and δ13C-
DIC further supports the proposed binning of the high-Ra
groundwater (Section S3).
Group 1 contains the two samples with the highest Ra

activities in the SB area, BG4a and BG7 (Figure 1D). BG7 is
∼2.4 km downgradient from BS2, an unlined pond where oil-
field water has been disposed of from the 1950s to present
(2019).13 Wells BG7, BG6, and BG3 are aligned in a
northeasterly direction downgradient from BS2, with BG7
located closest to BS2 and BG3 farthest from BS2 (Figure 1D).
Chloride, Br, Li, and water-isotope data in those three wells
show consistent patterns of increasing fractions of an end-

Figure 4. Concentrations of (A) bromide and (B) lithium in relation to chloride, (C) 84Kr/36Ar ratios in relation to 4He/36Ar ratios, in groundwater
and oil-field water. Data for oil-field water from this study and refs 8, 31, and 37. In (A and B), vertical bars on the mixing lines represent mixtures
containing 10% or 50% of the saline endmember.
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member water source similar in composition to BS2 with
decreasing distance from BS2 (Figures 3C and 4A,B). BS2 and
BG3 are used as the saline-pond and dilute-groundwater
endmembers, respectively, in the mixing calculations. The
calculations suggest BG7 and BG6 contain roughly 45% and
10% disposal-pond water, respectively. Other potential oilfield-
water endmembers, such as BS3 and produced water similar in
composition to previously sampled oil wells BP2 and BP4-BP6,8

do not show the same consistent mixing patterns as BS2 when
considered in the context of all the tracers (Figures 1D, 3C, and
4A,B).
BG7 is an irrigation well in the Tulare Formation, indicating

that water from BS2 either infiltrates directly into the Tulare
Formation or enters by another pathway. BG7 has a long
screened interval [74.7 to 165.2 m below land surface (bls)] that
could extend a short distance above the Corcoran Clay based on
geophysical-log data from an oil well (API 02903672) 0.35 km
southeast of BG7 that identify the Corcoran Clay ∼76 to 88 m
bls.12 The gravel pack around the well screen in BG7 also
extends upward to ∼15 m bls. The well screen and gravel pack
could provide pathways for water above the Corcoran Clay to
migrate below the clay. The water level in BG7 at the time of
sampling in April 2017 (83.1 m bls) did not extend above the
Corcoran Clay.
A large amount of water injection for EOR and disposal occurs

in SB (Table S1);8 however, noble-gas data are not consistent
with injected fluids as the source of high-TDS water in BG7.
84Kr/36Ar and 4He/36Ar ratios in a sample of oil-field injectate
(LP6) suggest that injection water is greatly enriched in air,
whereas the ratios in BG7 are like those in ASW and BS2 (Figure
4C), consistent with BG7 having been in recent equilibriumwith
the atmosphere. Even though the noble-gas data indicate BG7
was recently exposed to the atmosphere, 14C-DIC in BG7 (5.1
pM) is lower than in downgradient wells BG6 (6.9 pM) and
BG3 (11.5 pM). Conceptually, this pattern is consistent with
temporary storage of old oil-field water (lower 14C-DIC) at the
land surface, allowing noble-gas equilibration with the
atmosphere, followed by infiltration and mixing with younger
ambient groundwater (higher 14C-DIC) downgradient from the
pond. Isotopic exchange between atmospheric 14CO2 and pond
DIC could account for some of the 14C-DIC in BG7.
BG4a has chemical characteristics like BG7, including

elevated Cl, Br, Li, and enriched δ2H−H2O and δ18O−H2O
values (Figures 3C and 4A,B). BG4a is ∼3 km downgradient
from an unlined oil-field water disposal pond that operated from
the 1950s to 2006 (Figure 1D).47 Chemical data suggest BG4a
was affected by infiltration from that or another disposal pond
with similar composition. Using the pond upgradient fromBG4a
and BG3 as the saline-pond and dilute-groundwater endmem-
bers, respectively, mixing calculations based on Cl, B, and water-
isotope data indicate that BG4a may contain ∼40% pond water
(Figures S5A,B).47 Other similarities between BG4a and BG7
are that both contain 3H (0.3 to 0.5 TU) (evidence of a recent
connection to land surface) and both samples haveHe/Ne ratios
(0.264 to 0.321) only slightly higher than ASW (0.242 at 20 °C,
120 m), indicating relatively short groundwater residence times.
Data from BG4a indicate pond seepage is present in the alluvial
sediments, but chemical data from colocated well BG4b,
screened in the Tulare Formation, indicate that pond seepage
is not present in the Tulare Formation at that location.
Group 2 contains the two samples with the highest Ra

activities in the LH area, LG3 and LG9 (Figure 2A). Mixing
calculations based on the Cl, Br, Li, and water-isotope data, and

end-members represented by dilute Tulare groundwater
(sample LG4) and an oil-field water sample unaffected by
EOR or water disposal (LP4 in Figures 3 and 4)8 suggest that
LG3 and LG9 contain ≤ 10% oil-field water (Figures 3C and
4A,B). Oil-field water in these samples appears to be from
subsurface sources rather than pond infiltration. Neither sample
contains 3H and both samples contain high concentrations of
CH4 (33 to 79 mol %) isotopically similar to LH oil-field gas
(Figure S6A). Methane in oil-field water disposed of in ponds is
expected to be low due to degassing (BS2 CH4 = 1.71 mol %).
The mixing in LG3 and LG9 could be related to nearby oil and
gas production activities and/or natural processes. Both wells
have >150 oil-production and injection wells within 500 m, and
more than 9.5 million m3 of fluid were injected historically for
EOR and water disposal within 500 m (Table S1). At the same
time, the median depth to the top of the oil-well perforations in
LH (414 m)23 is only ∼180 to 215 m below the bottom of the
perforations in LG3 and LG9, respectively (Table S1). Given
this vertical separation between aquifers and reservoirs, it is
conceivable that small amounts of natural mixing could occur
over geologic time scales.
Group 3 consists of one sample from SB, BG5 (screened in

the Tulare Formation), that is ∼0.5 km downgradient from an
unlined disposal pond that operated from the 1950s until 2006
(Figure 1D).48 Using the pond upgradient from BG5 and nearby
BG8 as the saline-pond and dilute-groundwater endmembers,
respectively, mixing calculations based on Cl and B data indicate
BG5 could contain roughly 40% saline water with a composition
like that in the now inactive pond (Figure S5C).48 BG5 contains
the highest 3H concentration (0.6 TU) among the LH and SB
groundwater samples, but it also contains elevated CH4 [24 mol
%; isotopically like SB oil-field gas (Figure S6A)]. The data
indicate BG5 could contain oil-field fluids from both surface and
subsurface sources (see section S3).
Group 4 consists of two samples from LH, LG2, and LG6

(Figure 1C). Chloride, Br, Li, and water-isotope data indicate
those samples contain little or no oil-field water (Figures 3C and
4A,B). The absence of 3H in the samples and their elevated
4He/36Ar ratios compared to ASW indicates long groundwater
residence times without recent exposure to the atmosphere
(Figure 4C).

Discordant Radium Activity Ratios. Of the high-Ra
samples affected by mixing with oil-field water, only BG4a, BG7,
and BG5 (groups 1 and 3) are clearly affected by oil and gas
production activities distinct from natural processes. Data
indicate that the groundwater represented by those samples is
affected by infiltration from disposal ponds, yet discordance
between Ra activity ratios in those samples (228Ra/226Ra; BG4a
= 1.2, BG5 = 7.2, BG7 = 3.1) and Belridge oil-field water samples
that include the disposal ponds (median 228Ra/226Ra = 0.51)
imply that Ra in the groundwater samples is not derived directly
from mixing with oil-field water. This apparent inconsistency
could be resolved if Ra in oil-field water disposed of in the ponds
is retained in the near-pond environment and subsequently
replaced by Ra mobilized from aquifer sediments affected by the
saline, organic-rich pond water that infiltrates into the aquifers.
Previous studies showed that Ra associated with surface
releases of produced water is commonly entrained in sediments
near the release site due to coprecipitation with barite and/or
adsorption processes.6,14−16 Mixing calculations were done
using PHREEQC to examine the potential for barite
precipitation in the near-pond environment.49 Chemical data
from BS2 (ref 31) represent the saline pond endmember, and
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data from BG3 represent the ambient groundwater endmember
in the mixing calculations. For mixtures that result in barite
oversaturation, barite saturation is achieved by allowing barite to
precipitate in the model. BS2 is slightly oversaturated with
respect to barite, requiring a small amount of barite precipitation
in the pond (Figure 5A). Mixing pond water with 10%
groundwater results in substantial barite oversaturation and
precipitation because BS2 contains large concentrations of Ba
(4.8 mg/L) and BG3 contains large concentrations of SO4 (996
mg/L). Subsequent additions of groundwater cause increasingly
smaller amounts of barite precipitation as barite saturation
indexes approach equilibrium (Figure 5A). About 85% of the
barite precipitation occurs in the pond and mixture containing
10% groundwater. The mixture reaches a barite saturation level
comparable to BG7 when it contains ∼40% pond water (Figure
5A), near the mixing fraction indicated by the Cl, Br, and Li data
(Figures 4A,B). The PHREEQC results indicate there is a high
potential for Ra coprecipitation with barite in the near-pond
environment.
Radium adsorption on Mn- and Fe-oxyhydroxides is also an

important sink for Ra in water;17,19,32,39 therefore, Mn- and Fe-
oxyhdroxide precipitates formed in the near-pond environment
could remove Ra originally present in oil-field water disposed of
in the ponds. BS2 contains substantially less Mn and Fe than
Belridge-produced water (Figure 5B), suggesting Mn and Fe in
oil-field water disposed of in the pond is removed from solution
in the near-pond environment, possibly by oxidation processes
when oil-field water is exposed to the atmosphere.6

Assuming coprecipitation and adsorption processes in the
near-pond environment remove Ra in oil-field water disposed of
in the ponds, additional processes are needed to generate the Ra
observed in BG7, BG4a, and BG5. A plot of relative 226Ra+228Ra
activities in groundwater with distance from BS2 shows that an
amount of Ra equivalent to about 25% of what is in the pond
would need to be mobilized from aquifer sediments to account
for the Ra in BG7 (Figure 5C). Infiltration of saline, organic-rich
pond water into the aquifer could mobilize Ra from the aquifer
sediments into salinized groundwater. Competing cations in the
saline water could cause exchangeable Ra to desorb from aquifer
solids. DOC in pond seepage could support microbial reduction
of Mn- and Fe-oxyhydroxides in aquifer sediments, thereby
reducing the ion-exchange capacity of aquifer sediments and
mobilizing Ra adsorbed to the Mn and Fe solid phases. The

spike in Mn+Fe concentrations and decrease in DOC relative to
TDS in BG7 indicate that substantial Mn and Fe mobilization
occurred downgradient from BS2 (Figure 5C). The elevatedMn
+Fe concentration in BG7 (6300 μg/L) is not likely related
solely to natural processes, even though Tulare groundwater is
typically anoxic. The Mn+Fe and DOC concentrations in BG7
are ∼15-to-100 and ∼26-to-65 times higher, respectively, than
the concentrations in SB Tulare samples not affected by pond
seepage. Ra desorption could also occur if groundwater pH
decreased due to CO2 production during microbial metabo-
lism.39,43 The spike in Mn+Fe and dip in pH (to 6.4) in BG7
suggest such processes occur downgradient from BS2.
In sum, we propose that oil-field water from BS2 did not cause

direct Ra contamination in BG7; rather, salination and
development of reducing conditions in the downgradient
groundwater by infiltration of oil-field water from BS2 triggered
the mobilization of Ra from aquifer sediments with 228Ra/226Ra
ratios like those in the sediments (Figure S7).
The 228Ra/226Ra ratio in BG4a is in the range of ratios

measured in aquifer sediments collected from the boreholes,
consistent with the conceptual model of Ra mobilization from
aquifer sediments by oil-field water leaked from the ponds
(Figure 2B). The 228Ra/226Ra ratios in BG5 and BG7 are higher
than measured ratios in the sediment. The higher ratios could
simply reflect variability in 228Ra/226Ra ratios in aquifer
sediments across the study area. This is supported by the
observation that some other SB samples much less affected by
mixing with oil-field water also had relatively high 228Ra/226Ra
ratios (Figure 2B). It could also be possible that Ra desorption
from sediment due to repeated intrusion of saline water and
relatively rapid alpha-recoil regeneration of 228Ra could
contribute to the higher 228Ra/226Ra ratios.33,36

Implications. Chemical and isotopic data from this study
show that saline, organic-rich oil-field water infiltrated through
unlined disposal ponds into groundwater in multiple locations
on the west side of the SJV. In three locations identified in this
study, this has induced rock-water interactions that mobilize Ra
from downgradient aquifer sediments to groundwater at levels
that exceed the 226Ra+228Ra drinking-water MCL. These
processes could also control Ra distribution in other areas
with surface releases of produced water, rather than assuming
high Ra is related to Ra adsorbed to sediment near the
release site or that Ra activity in impacted groundwater depends

Figure 5. (A) Barite saturation index and cumulative barite precipitation, calculated using PHREEQC, in relation to the fraction of ambient
groundwater in the mixture, (B) manganese concentrations in relation to iron concentrations in groundwater and oil-field water, and (C) relative
concentrations and ratios in relation to distance downgradient from oil-field water disposal pond BS2. In (A), BG3 and BS2 represent the groundwater
and oil-field water endmembers, respectively. In (B), iron concentrations in the pond samples plotted at one-half the reporting level of 0.02mg/L; data
for oil-field water from refs 8 and 31.
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only on conservative mixing relationships between the oil-field
water and ambient groundwater. Induced-radium mobilization
by oil-field and other saline water sources should be further
studied in other cases, even if the end-member saline source has
low Ra activity.
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