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ARTICLE INFO ABSTRACT

Editor: Don Porcelli In regions where water resources are scarce and in high demand, it is important to safeguard against contami-
nation of groundwater aquifers by oil-field fluids (water, gas, oil). In this context, the geochemical characteri-

Keywords: sation of these fluids is critical so that anthropogenic contaminants can be readily identified. The first step is
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characterising pre-development geochemical fluid signatures (i.e., those unmodified by hydrocarbon resource
development) and understanding how these signatures may have been perturbed by resource production,
particularly in the context of enhanced oil recovery (EOR) techniques. Here, we present noble gas isotope data in
fluids produced from oil wells in several water-stressed regions in California, USA, where EOR is prevalent. In oil-
field systems, only casing gases are typically collected and measured for their noble gas compositions, even when
oil and/or water phases are present, due to the relative ease of gas analyses. However, this approach relies on a
number of assumptions (e.g., equilibrium between phases, water-to-oil ratio (WOR) and gas-to-oil ratio (GOR) in
order to reconstruct the multiphase subsurface compositions. Here, we adopt a novel, more rigorous approach,
and measure noble gases in both casing gas and produced fluid (oil-water-gas mixtures) samples from the Lost
Hills, Fruitvale, North and South Belridge (San Joaquin Basin, SJB) and Orcutt (Santa Maria Basin) Oil Fields.
Using this method, we are able to fully characterise the distribution of noble gases within a multiphase hy-
drocarbon system. We find that measured concentrations in the casing gases agree with those in the gas phase in
the produced fluids and thus the two sample types can be used essentially interchangeably.

EOR signatures can readily be identified by their distinct air-derived noble gas elemental ratios (e.g.,
20Ne/%Ar), which are elevated compared to pre-development oil-field fluids, and conspicuously trend towards
air values with respect to elemental ratios and overall concentrations. We reconstruct reservoir 2°Ne/>Ar values
using both casing gas and produced fluids and show that noble gas ratios in the reservoir are strongly correlated
(2 = 0.88-0.98) to the amount of water injected within ~500 m of a well. We suggest that the 2°Ne/%Ar in-
crease resulting from injection is sensitive to the volume of fluid interacting with the injectate, the effective
water-to-oil ratio, and the composition of the injectate. Defining both the pre-development and injection-
modified hydrocarbon reservoir compositions are crucial for distinguishing the sources of hydrocarbons
observed in proximal groundwaters, and for quantifying the transport mechanisms controlling this occurrence.

1. Introduction production by means of displacing oil or lowering its viscosity. This is
similar to, but distinct from, hydraulic fracturing - the injection of water,

The environmental effects of oil production, enhanced oil recovery chemicals and sand to proliferate fractures in order to promote hydro-
(EOR) techniques, and hydraulic fracturing need to be understood in carbon production. There is growing concern about the effects of hy-
order to safeguard nearby water resources. EOR is the injection of sur- drocarbon production on overlying aquifers, which are particularly
face fluids (e.g., water, steam, CO3) into a reservoir to increase oil valuable resources in semi-arid regions such as California (e.g., EPA,
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2015). The detection and quantification of oil-field fluids (oil, gas,
produced fluids) within groundwater, requires an understanding of the
geochemical composition of the pre-development hydrocarbon reservoir
(unmodified by hydrocarbon production) and the extent to which it may
have been perturbed during production.

Noble gases are powerful conservative geochemical tracers of sub-
surface fluids that can be used to quantify volumes of water, gas and oil
contributing to a particular multiphase fluid system (e.g., Bosch and
Mazor, 1988; Ballentine et al., 1991, 1996, 2002). Once incorporated
into subsurface fluids, noble gases are only fractionated by physical
processes, such as phase partitioning and diffusion. Terrestrial noble gas
reservoirs (atmosphere, crust and mantle) have distinct isotopic com-
positions, which allow fluids from each reservoir to be readily differ-
entiated. Hydrocarbon phases are initially devoid of all atmospheric
noble gases and gain their unique signatures by interactions with air-
saturated waters (ASW), which inherit their geochemical signature via
atmospheric equilibration at recharge (e.g., Ballentine and Hall, 1999;
Aeschbach-Hertig et al., 1999; Kipfer et al., 2002). This subsequent
redistribution — from water to oil - is solubility controlled and is a
function of the thermodynamic conditions and the relative volumes
involved. Noble gases have been successfully applied as tracers in hy-
drocarbon systems and have provided essential information in devel-
oping our understanding of such systems (Zaikowski and Spangler,
1990; Ballentine et al., 1991; Pinti and Marty, 1995; Ballentine et al.,
1996; Torgersen and Kennedy, 1999; Zhou et al., 2005; Gilfillan et al.,
2008, 2009; Hunt et al., 2012; Darrah et al., 2015; Barry et al., 2016,
2017, 2018a, 2018b; Byrne et al., 2018, 2020; Scott et al., 2021).
Furthermore, noble gases have also been shown to be useful tracers of
thermogenic hydrocarbon gases in shallow aquifers (Darrah et al., 2014,
2015; Wen et al., 2017; Harkness et al., 2017) and for understanding the
effects of EOR in hydrocarbon reservoirs (LaForce et al., 2014; Gyore
etal., 2015, 2017; Barry et al., 2018a). In hydrocarbon systems that have
been perturbed by anthropogenic processes such as EOR and hydraulic
fracturing, defining end-members for evaluating potential mixing with
groundwater requires the determination of the pre-development reser-
voir noble gas compositions and how these signatures have evolved with
production, as well as with the secondary effects of EOR.

There have been limited noble gas studies in o0il dominated systems
(Pinti and Marty, 1995; Ballentine et al., 1996; Torgersen and Kennedy,
1999; Gyore et al., 2017; Barry et al., 2018a, 2018b) and these studies
have mostly focused on casing gases, that exsolve from subsurface fluids
and travel up the well annulus during production (e.g., Supplementary
Fig. 1 in Tyne et al. (2019)). Subsequent phase and reservoir re-
constructions have been made using gas solubility in oil and assuming
100% of the noble gases have partitioned to the gas phase. However, the
measured distribution of noble gases in the different phases from the
same well has not been systemically explored and thus the biases
involved in the assumptions for phase and reservoir reconstructions
have never been comprehensively investigated. To validate these as-
sumptions and methods, both the casing gases (CG) and produced fluids
(PF; oil-water-gas mixtures taken directly at the wellhead) must be fully
characterised. The development of an extraction and purification
method and more precise analyses of noble gases allow for the charac-
terisation of all noble gas concentrations and isotope ratios in multi-
phase samples, such that produced fluids can now be directly analysed
(Tyne et al., 2019). As a result, for the first time we are able to inves-
tigate the distribution of noble gases between casing gases and the
phases that constitute produced fluids, allowing for the validity of pre-
vious assumptions to be investigated.

Specifically, this work compares noble gas distributions in casing gas
and produced fluid samples from the Fruitvale, Lost Hills, North and
South Belridge and Orcutt Oil Fields in California. Casing gas results
from the Lost Hills Oil Field were reported in Barry et al. (2018a) and
produced fluids from Fruitvale Oil Field were reported in Tyne et al.
(2019). These data are used to: 1) compare the noble gas distribution
within the reservoir fluids for various samples types, 2) reconstruct
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reservoir noble gas signatures, 3) establish pre-development reservoir
noble gas signatures, 4) establish the effect of EOR injection on the noble
gas distribution and 5) determine the controlling processes across mul-
tiple oil fields. These will provide a characterisation of both the pre-
development and current reservoir endmembers, which are critical for
distinguishing and quantifying any hydrocarbon fluids that may be
present in overlying aquifers. This work is part of the California State
Water Resources Control Board (SWRCB) Oil and Gas Regional Moni-
toring Program (RMP) to evaluate potential pathways, natural or
anthropogenic, between hydrocarbon-bearing formations and ground-
water resources (Taylor et al., 2014; California State Water Resources
Control Board, 2020).

2. Geological context

The Fruitvale, Lost Hills and North and South Belridge Oil Fields are
located in Kern Country, at the southern end of the San Joaquin Basin
(SJB) in the south of the Central Valley of California. The Orcutt Oil Field
is distinct from the other fields in this study, being located within the
Santa Maria Basin in coastal Santa Barbara County (Fig. 1). A summary
of the samples' site characteristics in each field can be found in Sup-
plementary Table 1 and description of the oil fields can be found in the
supplementary information. All these fields have been extensively
injected with water, and sometimes steam, for EOR over the course of
many decades. The Lost Hills, North and South Belridge, and Fruitvale
Oil Fields have similarly had extensive injections for produced water
disposal and pressure management. Although >90% of hydraulic frac-
turing in California occurs in the Lost Hills and Belridge (North and
South) Oil Fields, hydraulic fracturing accounted for <0.5% of total
water volume injection during 2014-17 (McMahon et al., 2018). Hy-
draulic fracturing has also been allegedly tested in the Orcutt Oil Field
(Kanamori and Hauksson, 1992). Volumes of injection for EOR and
produced water disposal are orders of magnitude larger than volumes of
injection for hydraulic fracturing in these fields. No hydraulic fracturing
is known to have occurred in the Fruitvale Oil Field.

3. Methods
3.1. Sample collection

During 2016, 11 casing gas and 11 produced fluid samples were
collected from the Lost Hills (CG n = 8, PF n = 5), Fruitvale (PF n = 6)
and North and South Belridge (CG n = 3) Oil Fields. A further six pairs of
casing gas and produced fluid samples were collected from the Orcutt
Oil Field in 2018. All samples were collected as part of the RMP at wells
that are close to EOR injection (within 500 m) and at wells more than
500 m from injection. Sample types from each field can be found in
Supplementary Table 1.

Produced fluid samples were collected in 3/8" refrigeration-grade
copper tubes with stainless steel clamps using methods previously
described (Tyne et al., 2019). The copper (Cu) tubes were connected to
the wellhead sampling point using reinforced PTFE tubing and hose
clamps. A ‘T-connection’ was fitted at the wellhead to ensure the tubing
did not become over pressurised once the Cu tubes were sealed. Cu tubes
were flushed with produced fluids prior to sampling. Casing gases were
also collected in Cu tubes using standard sampling methods using a two-
stage regulator attached to the well head which stepped the pressure
down to 1-2 bars (Burnard, 2013). Cu tubes were flushed with casing
gases for 10 minutes minutes with the end submerged into water to
prevent any backflow before being sealed with stainless steel clamps
(Weiss, 1968).

3.2. Analytical techniques

Noble gas analyses were conducted in the Noble Laboratory at the
University of Oxford, UK, using two noble gas mass spectrometers
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Fig. 1. Location of study oil fields and sampling sites (coloured squares)Division of Oil Gas and Geothermal Resources (DOGGR), 2017. Injection wells (grey circles)
are those used for water flooding, water disposal, steam flooding, and water and cyclic steam injection (CalGEM, 2020). Producing formation is indicted by a symbol
for each well; these symbols are consistent throughout the manuscript. Oil field boundaries and Quaternary and major inactive faults have been sourced from
(California Geological Survery, 2021) and (USGS, 2019), respectively. Topography is from ESRI, 2020.

interfaced to a dedicated hydrocarbon extraction and purification line,
as well as a dedicated offline fluid extraction system. Gases were initially
extracted from the produced fluids using an offline double capillary
method to quantitatively isolate noble gases into a transfer vessel, while
effectively removing all water, oil, and less volatile hydrocarbons (Tyne
et al., 2019). Relative volumes of gas, water and oil, as well as the full
tube volume, were then recorded. The extracted gases and casing gases
were then purified of their hydrocarbons and other reactive gases and
analysed on a Thermo Helix SFT and Thermo Argus IV. Full procedures
can be found in Barry et al. (2016, 2018a) and Tyne et al. (2019).

3.3. Calculating noble gas concentrations within produced fluids

In order to compare the noble gas concentrations in the multi-phase
produced fluids and casing gases at the wellhead, the concentration of
noble gas within each phase of the produced fluid need to be calculated
from the measured total noble gas abundance. The abundance of noble
gas i in the oil ([i],), gas ([ilg) and water ([i],) can be calculated relative
to each other at the time of sampling using their relative solubilities
(parameterised by Henry's Constant for each element), production
temperatures, sampling salinity and oil density (eq. (1) and (2)).

Production temperatures, sample salinity and oil density can be found in
Gannon et al. (2018) and Seitz et al. (2021).

4 il x Vo
Mn = Kigo XV, (@)
L [y x Ve
[, = m ®))

Vo, Vgand V,, are the volumes of oil, gas, and water respectively that
are measured in the sample tube. Kigw and Kigo are the Henry's Constants
for species i between gas and water and gas and oil respectively. K'g, and
Kjgo are temperature, salinity and pressure dependent and can be
calculated as in Crovetto et al. (1982), Kharaka & Specht (1988) and
Fernandez-Prini et al. (2003). Using the total abundance of noble gases
measured within the produced fluid and the relative volumes of each
phase at the wellhead, the concentration in each phase can be calculated
(eq. (3)-(5), Tyne et al. (2019))

fil,,  [i], x 22400

G- (i, + 1, + 11, )  GOR
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where Cgi, Coi and Cwi are the concentration in the gas (cm® STP/cm®), oil
(crn3 STP/g) and water (cm3 STP/g) phase respectively. [i] is the total
abundance of noble gas species i measured in the sample. The variable
nature of the produced fluid compositions at the wellhead means that
the water-to-oil ratio (WOR) and gas-to-oil ratio (GOR) are not consis-
tent during sampling and are not representative of the average GOR and
WOR for production. Therefore, instead of using V,, V,, and V; to
calculate the concentrations, the average time integrated GOR and WOR
(Supplementary Table 1) are used. If one phase is not present within the
produced fluid collected, the concentration in the missing phase can be
calculated based on phase equilibrium under wellhead conditions. The
calculated concentration in the gas phase can then be directly compared
to that measured in the casing gas. From the concentration in the casing
gases, the expected concentrations in the oil and water phase can also be
calculated based on relative solubility.

4. Results
4.1. Casing gas results

Casing gases were collected from the Lost Hills, North and South
Belridge and Orcutt Oil Fields; measured concentrations can be found in
Supplementary Table 2 and isotope ratio data can be found in Supple-
mentary Table 3, as well in USGS data releases (Gannon et al., 2018;
Seitz et al., 2021).

Measured helium (*He) concentrations in the casing gases across the
sites vary from 4.8 + 0.4 x 1078 to 3.3 + 0.1 x 10~°> cm® STP/cm®
(where STP is standard temperature and pressure) (Fig. 2). Samples from
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Fig. 2. Helium (“He) concentrations and isotope data (®He/*He) in both the
casing gas and gas phase of produced fluid. Helium isotopes are normalised to
air (where air =1R,). Helium isotopes show that helium in all fields is largely
radiogenic, with the exception of the Orcutt Oil Field that has more elevated
helium isotopes likely due to a mantle influx from its proximity to faults (e.g.
Kulongoski et al., 2013). 1o uncertainties are less than 5% and within symbol
size for most samples.

Chemical Geology 584 (2021) 120540

the SJB sites (Lost Hills & North and South Belridge Oil Fields) have
helium isotope ratios (3He/4He) relative to air (Ry = 1.4 x 106) of 0.013
=+ 0.001 to 0.06 + 0.003 Ry, which suggests that they are dominated by
radiogenic “He (where the radiogenic production *He/*He value = 0.02
Ra). However, in the Orcutt Oil Field, SHe/*He ranges from 0.051 +
0.001 to 0.572 4 0.006 R,, indicative of a mantle helium contribution
(Fig. 2). Using the expected radiogenic production value and assuming a
mantle helium isotopic composition of 6.1 + 2.1 Ry (Day, et al., 2015),
the Orcutt Oil Field samples show up to a 9% mantle helium contribu-
tion. The most elevated helium isotope ratios are found in samples 0-01,
0-02, and 0-03, to the west of the active faults within the field (Fig. 1cc),
suggesting that these faults are acting as a conduit for mantle derived
fluids (Kulongoski et al., 2003, 2005, 2013). Fluid migration along a
fault is in agreement with findings from Hummel (2009), who found that
the activation and reactivation of faulting within the Orcutt Oil Field
provided conduits for fluid migration.

Across the three fields, neon (®®Ne) concentrations range from 1.85
+0.04 x 1077 t0 28.6 + 0.4 x 10~° cm® STP/cm®. Measured 2°Ne/*’Ne
and 2'Ne/??Ne ratios vary between 9.38 + 0.05 and 10.2 + 0.1 and
0.0283 £ 0.0002 and 0.0305 + 0.0002. Deviations from the atmospheric
20Ne/22Ne (9.8) and 2INe/?*?Ne (0.0290) can be attributed to mass
dependent fractionation effects.

Measured argon isotope (4°Ar/36Ar) values are above the atmo-
spheric value (298.56; Lee et al., 2006), with measured values between
291.8 + 0.4 to 501.5 + 0.6, showing a resolvable radiogenic *“°Ar con-
centration in each of the oil fields. Measured ®Ar/*®Ar values are pre-
dominantly air-like. Argon (*°Ar) concentrations in the casing gases
range from 10.0 £ 0.1 to 219 + 2 x 1072 ecm® STP/cm?.

Measured krypton and xenon isotope ratios are indistinguishable
from air. Krypton (®*Kr) concentrations from the Lost Hills, Orcutt and
North and South Belridge Oil Fields casing gases range from 1.42 + 0.03
t012.2 + 0.3 x 102 cm® STP/cm?3. The xenon (13°Xe) concentrations in
the three fields range from 111 + 2 to 529 + 11 x 10~'? em® STP/cm?.

4.2. Produced fluid results

Produced fluids were collected from the Fruitvale, Lost Hills and
Orcutt Oil Fields. Wellhead concentrations from each phase of the pro-
duced fluids are reported in Supplementary Table 2. These have been
calculated following methods described in section 3.3 and in more detail
in Tyne et al. (2019). Due to solubility within elements being approxi-
mately the same for all isotopes, differences in the noble gas isotope
ratios between the phases are expected to be negligible and therefore
only the overall produced fluid ratio is reported (Supplementary
Table 3). Within an oil-water system, higher noble gas concentrations
are expected in the oil phase compared to the water phase (Ballentine
et al., 1996; Tyne et al., 2019). During production, gases exsolve from
the denser fluids and typically exhibit the highest noble gas concentra-
tions of all three phases. We observe this partitioning trend within the
produced fluids, where the gas phase concentrations are >2 orders of
magnitude higher than oil concentrations, which contain approximately
twice the amount of noble gases as the water phase (Supplementary
Table 2).

The “He concentration within the exsolved gases in the produced
fluid samples range from 0.084 + 0.002 to 21.1 + 0.6 x 10~® cm® STP/
cm?, with the largest “He concentration range within the Orcutt Oil Field
(Fig. 2). The *He concentrations calculated in the oil and water phases
were significantly lower at 6.24 + 0.23 to 37,400 = 1100 x 107! mol/
8oil and 3.04 + 0.11 to 17,000 + 500 x 10715 mol/gwater respectively.
Similarly to the casing gases, the *He/*He in the produced fluids from
Lost Hills Oil Field are strongly radiogenic (0.014 + 0.001 to 0.042 +
0.001 Ry). Fruitvale Oil Field has a slightly less radiogenic signature
(0.068 + 0.001 to 0.17 + 0.002 Rp), whilst Orcutt Oil Field again shows
a variable mantle contribution with *He/*He ranging from 0.052 +
0.001-0.648 + 0.08 Ry in agreement with the casing gases.

Neon (ZONe) concentrations vary from 0.086 + 0.004 to 90.6 + 0.9 x
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1072 cm® STP/cm? in the gas phase of the produced fluids. Concentra-
tions of 2°Ne in the oil and water phases within the sample fields are
between 0.025 + 0.001 to 35 + 1 x 10~ % mol/g,; and 0.016 + 0.001 to
7.7 £ 0.4 x 10°1° mol/gwater, respectively. 2ONe/?’Ne and *'Ne/*’Ne
ratios within the produced fluids are in agreement with the casing gases
at 9.80 + 0.14 to 10.5 + 0.2 and 0.0278 + 0.0002 to 0.0310 + 0.0002
respectively.

Fruitvale, Lost Hills and Orcutt Oil Fields *°Ar concentrations in gas,
oil and water phases are 4.09 + 0.18 to 816 + 48 x 10~° ecm® STP/cm®,
1.02 + 0.04 to 2500 = 100 x 10~ %° mol/gei and 0.218 + 0.009 to 380 +
20 x 10°1° mol/gwater- 4OAr/3%Ar values are between 294 + 5 and 479 +
11 and are consistent with a radiogenic *°Ar present in some samples.

Krypton isotopic ratios (3Kr/3%Kr) are agreement with the air value
(0.303) at 0.300 + 0.005 to 0.309 + 0.001 and consistent with the
casing gas results. The 84Kr concentrations are 0.115 + 0.011 to 260 +
10 x 10°1° mol/g,i in the oil phase, 0.74 + 0.06 to 45.1 + 3.7 x 107°
cm® STP/cm® in the gas phase and 0.102 + 0.0008 to 28 = 1 x 107 1°
mol/gwater in the water phase.

Measured '3?Xe/!3%Xe in the produced fluids across the fields are
6.52 £ 0.02 to 6.69 + 0.11, consistent with both the casing gas values
and air. Within the gas phase, the produced fluids had 130%e concen-
trations of 31.8 + 1.5 to 2800 + 40 cm® STP/cm® STP and 0.018 + 0.002
to 150 & 10 x 10 1° mol/g.i; within the oil phase. The 130%e concen-
trations within the water in the produced fluids were 0.018 + 0.002 to
11 + 2 x 107 mol/gyater.

5. Discussion

Casing gas and produced fluid data from the Fruitvale, Lost Hills,
North and South Belridge and Orcutt Oil Fields in California are used to:
1) compare the noble gas abundance in the casing gas and gas phase of
the produced fluids at the wellhead (section 5.1.), 2) reconstruct the
noble gas distribution within the reservoir system for both the casing
gases and produced fluids (section 5.2.), 3) characterise pristine reser-
voir noble gas signatures (section 5.3.), 4) quantify the effects of EOR
injection on the noble gas distribution (section 5.4.), and 5) determine
the controlling processes, across multiple oil fields (section 5.4.).

5.1. Comparison of casing gas and produced fluids at the wellhead

In this study, we collected both casing gases and produced fluids
from the Lost Hills and Orcutt Qil Fields, which allow the distribution of
noble gases between the casing gas and produced fluid (oil-water-gas)
phases to be investigated for the first time. The abundances in measured
casing gas samples can be directly compared to the gas phase in the
produced fluids (as calculated in section 3.3.) under site-specific sam-
pling conditions (Supplementary Table 2). By comparing the two, we are
able to rigorously test the assumptions (e.g., equilibrium between pha-
ses, average WOR and average GOR) used for both the casing gas and
produced fluids and determine whether these two sample types can be
used interchangeably. We predict produced fluid concentrations to be
more variable than casing gases due to greater systematic uncertainties
associated with this sample type. For example, there are systematic
uncertainties associated with how the fluids have degassed and travelled
from the reservoir to the wellhead, which will be unique to each well/
field, as it will depend on the production practices (e.g., pumping rate,
‘shutting in’ of casing gas), as well as from analytical uncertainties
associated with analysing produced fluids (Tyne et al., 2019).

The produced fluids gas concentrations are within the same order of
magnitude both above and below that in the casing gases. On average,
measured 2°Ne concentrations in Lost Hills Oil Field casing gases are 2.8
+ 3.3 times higher than those exsolved from the produced fluid (Fig. 3),
with two out of six samples having lower 2°Ne concentrations in the
casing gas phase vs. the produced fluid gases. A similar variation is seen
for 3%Ar (2.6 + 2.6 times higher in the casing gas, Supplementary Fig. 2)
at Lost Hills and in the Orcutt Oil Field (1.2 4+ 1.5 and 5.5 + 4.7 times
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Fig. 3. Comparison of the 2°Ne concentration measured in the casing gases and
in the gaseous phase of the produced fluid samples, where the darker bars are
for the casing gas samples and lighter bars are the gaseous phase in the pro-
duced fluids. 16 analytical uncertainties are shown. Greater variability is ex-
pected and observed in the produced fluids; however, 2°Ne concentrations in
both sample types are in broad agreement.

higher in the gases within the produced fluid gases than casing gas for
20Ne and 3°Ar respectively) (Fig. 3, Supplementary Fig. 2). This agree-
ment between casing gas samples and gases exsolved from produced
fluids at wellheads is within the expected variability from the systematic
uncertainties and confirms that assumptions for both sample types are
reasonable. Furthermore, the observed variability between the concen-
trations in two sample types does not change the overall interpretation
of these data, and thus either casing gas or produced fluids can be used
interchangeably to determine the noble gas composition of a reservoir.
Further interrogation of these sample types using a larger dataset, which
should include more well and production data, is needed to better un-
derstand the relationship between sample types and improve any asso-
ciated uncertainties.

5.2. Reconstructing noble gas concentrations in the reservoir oil

In hydrocarbon systems that consist predominantly of oil and water
(at reservoir conditions), fluids brought to the surface during production
will exsolve gases due to decompression. The noble gas content in the
denser (i.e., oil and water) phases within the reservoir can be recon-
structed by taking into account this exsolution during production. Pre-
vious reconstructions of the oil phase from casing gases have assumed
that 100% of the gas phase is derived from the oil (Barry et al., 2018a).

However, it is probable that gases have also exsolved from the
reservoir water. Here, we assume the amount of noble gases is constant
between the bottom of the well and wellhead and the noble gases are
distributed between the water and oil phases.

The total amount of a noble gas (%) is calculated by multiplying the
calculated wellhead concentration by the relative volumes produced
over a set time frame (Eq. (6)).

C,xV,+C,xV,+Cl, x V,

i — v 6
i 22400 ©®

As no absolute volume measurements are available, the relative
volumes are used instead (GOR and WOR). GOR and WOR are measured
at the wellhead and can vary significantly over short timescales due to
variation in production techniques. Here, we use the average time-
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integrated GOR and WOR values (with an assumed 15% error) for each
formation (Supplementary Table 1), which are likely more representa-
tive of the true values in the reservoir.

The concentration of a given noble gas, originally in the oil (Cior,
mol/g.;) and water (Clr, mol/gwater) phases at reservoir temperature
and pressure (RTP) can be estimated using egs. (7) to (9).

. Fxn
¢, =t %
. Fxnl
Co =" ®
n
F = . V”:(K‘ xn, (9)
; XKl X1
Mor + —Voxk,

where F is the proportion of noble gas i in the oil phase. Kigw and Kigo are
the Henry's Constants for a given noble gas i under reservoir conditions.
n',, is the amounts of i within the reservoir, as only relative proportions
are needed any value can be used. Reservoir WOR is used instead of
absolute volumes. Calculated oil concentrations within the reservoirs
from both casing gases and produced fluids can be found in Supple-
mentary Table 4.

5.3. Determining pre-development reservoir characteristics

In order to trace hydrocarbon contributions to shallow aquifers, it is
important to first determine pre-development reservoir characteristics,
as well as an understanding of how this composition has been perturbed
(i.e., due to EOR) during production. As described in section 5.2, con-
centrations of noble gases within the oil and water in the reservoir can
be reconstructed based on their solubility at depth (Supplementary
Table 4.).

Atmosphere-derived noble gases (e.g., 20Ne, 3%Ar, 8*Kr, 13%Xe) enter

a) 0.6 T T T

) @ Air
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the subsurface dissolved in groundwater either during natural aquifer
recharge or anthropogenically during injection. Krypton and xenon
concentrations across all fields measured here are in excess of those
predicted by solubility (Supplementary Fig. 3), as is commonly observed
in hydrocarbon systems (e.g., Podosek et al., 1980; Torgersen and
Kennedy, 1999; Zhou et al., 2005; Barry et al., 2016, 2018a; Wen et al.,
2017; Byrne et al., 2018). This excess is likely derived from sediments
but the processes controlling heavy noble gas excesses are not well-
understood (Torgersen and Kennedy, 1999; Zhou et al., 2005; Barry
et al., 2016). As a result, we consider only the light atmospheric gases
(20Ne, 36Ar, which have no significant subsurface sources) in the
following mixing models to evaluate the effects of injection on hydro-
carbon reservoir noble gas signatures.

The solubilities of noble gases in groundwater are a function of the
recharge conditions (temperature, salinity and recharge elevation,
Supplementary Table 6) and generally increase with mass, allowing the
initial noble gas inventory to be calculated (Ballentine and Hall, 1999;
Aeschbach-Hertig et al., 1999; Kipfer et al., 2002). As oil migrates from
source to the reservoir, any contact with formation waters will result in
the partitioning of noble gases into the oil phase based on their relative
solubility under reservoir conditions and Specific Gravity of oil (where
Sg = 141.5/(API + 131.5); Supplementary Table 1, Supplementary
Table 6).

During initial charging of the reservoir (i.e., high WOR), the oil will
be at its most fractionated (i.e., have the lowest 2°Ne/3Ar, “1st bubble’
composition) and as the system evolves (i.e., oil is produced) and/or
more oil-water interaction occurs (WOR decreases), the 2ONe/%Ar(,ﬂ will
increase towards 2°Ne/3®Aragw (Fig. 4a) and concentrations of the noble
gases in the oil will decrease due to dilution. Assuming a closed system
equilibrium, the relative volumes of water that have exchanged with the
oil can therefore be derived (Eq. (10) after Ballentine et al., 1996; Barry
etal., 2016, 2018a) to predict the relative pre-development WOR within
each reservoir.

b) 0.45 F ' - - - ' -
0.40 |
0.35 |
0.30 |
0.25 |
0.20 |

0.15 |

0.10 | X 8 1

0.05 " 1

0.25 050 0.75 1.00 1.25 1.50 1.75

Injection volume within 500m (x10” m?3)

0.00

Fig. 4. Noble gas mixing models for the Fruitvale Oil Field, showing solubility partitioning and the effects of injection. a) Fruitvale Oil Field samples as a function of
their 2°Ne/3®Ar vs. 2°Ne concentration in oil. The solid black line represents the predicted pristine hydrocarbon evolution for the reservoir conditions within the
Fruitvale Oil Field and the red line represents the range of possible injectate compositions (as a function of Fg;). Solid grey line represents the predicted mixing and
reservoir evolution between the pristine reservoir and injectate using best fit V; and Fg; parameters (Chi-squared p = 0.15), with grey diamonds indicating model
results for known sample injection volumes. Sample F5, which has seen no injection falls on the pristine reservoir evolution. b) 2°Ne/3®Ar as a function of injected
water volume within 500 m. Corresponding modelled injection evolution is shown by the grey line in both panels. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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where [i] g, is the amount of noble gas i in the formation water calcu-
lated from its recharge conditions (in mol/g) and [i],y is the amount of
noble gas i in the oil phase (mol/g). Henry's Constants (Kigo and Kigw)
were calculated under reservoir conditions (temperature, salinity and
pressure) and S is the specific gravity of oil in g/cm®. Sample API's can
be found in Supplementary Table 1.

Assuming that the oil and water phases are in direct contact and the
reservoir is in equilibrium, the pre-development concentrations of 2°Ne
and 3®Ar within the hydrocarbon reservoir for different WORs can be
estimated by rearranging eq. (11) (Barry et al., 2018a).

|:l':| asw (1 1)
WOR + —Xe__

Sgx Ky,

[on =

where [i],j is calculated for each reservoir using a fixed specific gravity
assumption, solubility coefficients and noble gas concentrations in the
ASW (based on the unique estimated recharge conditions in each
reservoir; Supplementary Table 6). The volume of injected water for
each injection well within a 500 m radius of the sampled wells has been
recorded and aggregated since 1977. Samples which have not been
subjected to injection within 500 m display 2°Ne/3°Ar and noble gas
concentrations consistent with those calculated for a pristine system
(Fig. 4, Supplementary Fig. 4).

5.4. Assessing the effects of injection

During injection, noble gases are redistributed from the injected
fluids into the reservoir oil, altering the pre-development composition.
Samples exposed to injection within 500 m have elevated 2°Ne/*®Ar and
20Ne and 36Ar concentrations compared to those predicted for the pre-
development reservoir (Fig. 4a, Supplementary Fig. 4), in agreement
with previous findings (e.g., Barry et al., 2018a). This distinct injection
signature allows us to differentiate between those samples which have
been affected by EOR (i.e., have elevated 20Ne/%6Ar, 2°Ne and °Ar
concentrations) and pristine samples, which are characterised by equi-
librium exchange (eq. (10)). These results emphasize the importance of
characterising both the endmember (injectate and pre-development
reservoir) composition and how this has perturbed the system over
time to better distinguish the source of any hydrocarbon contributions
identified in the groundwater.

Within the Lost Hills and Orcutt Oil Fields, the relationship of
20Ne/35Ar in reservoir oil versus injection volume for both the produced
fluids and casing gases can be seen in Supplementary Fig. 5. We note that
there is a similar relationship between oil values calculated from the
casing gases and the produced fluids at Lost Hills Oil Field. However, at
Orcutt Oil Field, elevated °Ne/*°Ar and ®He/*He in the 0-02 and 0-06
casing gas samples compared to the produced fluids suggests significant
air contamination. Therefore, where both sample types are available,
the produced fluid data appears to yield more robust results.

The calculated 2°Ne/3%Ar values in reservoir oil within the samples
are strongly correlated to injected volume (within 500 m; Fig. 4b, 5).
This relationship is statistically significant at a 95% confidence level in
the Fruitvale, Lost Hills and North and South Belridge Oil Fields (Pear-
son's R correlation Fruitvale p = 0.0032, Lost Hills p = 0.0030, North and
South Belridge p = 0.0075, Supplementary Table 5), however there is no
significant relationship in the Orcutt Oil Field. This correlation implies
that the noble gas composition of the reservoir during production is
impacted by injection. Thus, the expected composition of a well, where
other samples have been characterised, can be predicted based on its
injection volume within 500 m. However, the response (i.e., increase in
20Ne/30A1) to the injected water differs between oil fields, with the
response in the Fruitvale Oil Field being much greater than in the other
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Fig. 5. Atmospheric noble gas ratio (*’Ne/3°Ar) in the reservoir oil vs. volume
of injected fluids (x10°) within 500 m of the sampled well. 1¢ uncertainties
encompassed by symbol sizes. There is a clear positive correlation between the
injected volume and response in the atmospheric noble gas ratio (as denoted by
the dashed lines), and the sensitivity of this response (increase in 20Ne/30Ar)
appears different between the fields, with the most sensitive response (steepest
slope) occurring within the Fruitvale Oil Field. Pearson's R correlation co-
efficients are p = 0.0032 for Fruitvale Oil Field, p = 0.0030 for Lost Hills Oil
Field, p = 0.0075 for North and South Belridge Oil Fields. No significant rela-
tionship is observed within the Monterey Formation reservoir at Orcutt
0Oil Field.

fields (Fig. 5). We note that 20Ne/3®Ar correlates with *°Ar/3CAr at the
Lost Hills Oil Field but not at the Fruitvale Oil Field, perhaps due to the
fact that the Lost Hills Oil Field has significantly more injection than at
the Fruitvale Oil Field.

In previous studies, injected fluids have been assumed to be ‘air-like’
based upon measured injectate gases having elevated 2°Ne/3°Ar and
elevated 2°Ne and 3°Ar concentrations (Barry et al., 2018a). However, in
all sampled fields, the injected fluids are predominantly recycled pro-
duced waters and other sources, with contributions from groundwater
(McMahon et al., 2018; CalGEM, 2020).

Produced waters have inherently low noble gas concentrations, as a
result of stripping into the oil phase, and therefore cannot account for
the elevated concentrations observed within the injected samples. We
propose that during the injection process, de-oiled produced waters
equilibrate with ‘head space’ air to reach ASW conditions, and addi-
tional entrapped air bubbles cause both the elevated concentrations and
observed ratios. The injected material composition can therefore be
modelled as a two-component mixture between air and ASW (Eq. 12).

[i]inj = [dpsw ¥ (1= Fair) + [y ¥ Fair 12)

where Fg;- is the fraction of air in the mixture, and [iij, [ilasw, [i]air are
the concentration of noble gas i in the injectate, ASW (assumed at 15 °C)
and air respectively.

As there is no evidence of gas caps in the sampled fields, we assume
that the injected material will mix with the oil within the reservoir and
can therefore be treated as binary mixing between the pristine system oil
and the injectate:

(s = iy X Fpris + [iliy; X Fng a3

where [iligj, [ilpris, [ilres are the concentration of noble gas i in the
injectate, pristine oil and reservoir after injection. The concentration of i
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in the ‘pristine’ oil is a function of the WOR of the system and can be
calculated by rearranging eq. (10). Although we recognise that there is
likely a range in pre-development reservoir compositions, we assume a
common endmember, which has not been subjected to any injection (e.
g., sample F5 for the Chanac reservoir at Fruitvale Oil Field), and the
WOR of this sample (8.96, 20Ne/30Ar = 0.053) is assumed to be repre-
sentative of all pre-development WORs within the field. In fields where
an unaltered sample is not available, we used the calculations to find a
best-fit WOR. Fys and Fy; are the fraction of pristine oil and injectate,
respectively and Fpis + Fipj = 1. They can be calculated using the
following: Finj = Vinj/ (Voir + Viny) and Fyris = Voi/ (Voir + Vigj)-

By iteratively calculating the effects of injection in this way for
differing Fq;r, which determines the composition of injectate, and V,;, we
are able to determine these parameters and their associated un-
certainties using non-linear least squares minimisations for each field.
The minimisation is carried out using the Levenberg-Marquardt algo-
rithm (Marquardt, 1963), and an associated Chi-Squared value is
calculated. V,y and Fg;- are shared parameters between samples from the
same formations, while Vj;; is the known amount of injectate, assumed to
be different for each well. Within the Fruitvale Oil Field system, at 85%
probability, we find that samples influenced by EOR are consistent with
modelled mixtures of injectate with a best-fit fraction of air of 0.11 +
0.04, a total volume of oil and injectate mixture of 1.7 + 0.7 x 107 m?,
and assuming a pristine composition of sample F5 (Fig. 4, Supplemen-
tary Table 5). This novel noble gas approach allows us to derive an
estimated oil volume for which the known volume of injected fluids
must have come into contact with within the reservoir. Within the
Fruitvale Oil Field, this volume of oil is 2 orders of magnitude less than
maximum predictions based on simple reservoir reserve estimates and
size (~2 x 10° m3; DOGGR, 1991). This difference suggests that the
injected water has had restricted interaction with the reservoir fluids. A
combination of the Vy;; and Fg- will control how the system responds to
injection and how it will evolve during production.

The same model was applied to both the North and South Belridge
and Lost Hills Oil Fields (Supplementary Fig. 4). For samples collected
within the North and South Belridge Oil Fields, we predict that the
injectates have a more ‘air-like’ composition than at Fruitvale Oil Field
(Supplementary Fig. 4, Supplementary Table 5) and that the volume of
oil exposed to the injectate (within 500 m of the well) is 2 orders of
magnitude greater than at Fruitvale Oil Field, causing the smaller in-
crease in 2°Ne/%Ar with the same injected volume, (Fig. 5, Supple-
mentary Table 5). In the Lost Hills Oil Field, the injectate fluid appears to
have a larger ASW contribution and more variable pristine WOR (Sup-
plementary Fig. 4). However, the calculated results for the North and
South Belridge and Lost Hills Oil Fields were not statistically significant.
It is likely that the variability within these reservoirs could be a result of:
(1) differences in the injectate compositions between different injection
processing tanks and injection wells; (2) differences in the ease of fluid
circulation within the field (i.e., permeability and porosity), where
higher permeability and porosity would increase circulation and allow
for a greater volume of water per bulk unit of rock and thus, a higher
effective WOR,; (3) differences in migration distances, as oils with longer
migration distance are likely to have been exposed to greater volumes of
water; (4) compartmentalisation, whereby some stratigraphic units will
have been subjected to greater volumes of water than others since flow is
restricted by geological conditions and features such as faults; and (5)
human induced variability as a result of production history. Notably,
these explanations are not mutually exclusive and each of these will
have implications on the reservoir processes. No model has been con-
structed for the Orcutt Oil Field due to its large degree of geo-
compartmentalisation driven by Quaternary faulting across the field.

By modelling the injection within the reservoir, we are able to
develop a broad reconnaissance-level understanding of the composition
of the injectate and how the injectate has interacted with the pristine
reservoir. As a result, the secondary overprinting of noble gas signatures
by injection can be quantified, allowing for the characterisation of both
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the pristine reservoir and how this pristine reservoir has been perturbed
and evolved with the addition of these injected fluids.

5.5. Implications for water resources

Geochemical tools provide a method for distinguishing between
natural and anthropogenic sources of oil-field fluids in shallow aquifers,
which is an important tool in the protection of groundwater resources.
For example, noble gases can be used to distinguish between oil that is
surface-derived (i.e., air-like) vs. oil that is deeply-derived (i.e., radio-
genic). By characterising the distinct composition of the various com-
ponents of oil field fluids (i.e., water, oil and gas phases in produced
fluids or surface disposal ponds), we may be able to determine if these
fluids have contacted an aquifer system, and if so, we can potentially
identify fluids were involved. Here, we show that there are distinct
differences in the noble gas composition of these oil field fluids,
particularly in comparison to ASW. This finding demonstrates that the
noble gases constitute an effective tool for identifying not only the
source of any potential contamination, but also the transport within a
groundwater aquifer. For example, by reconstructing noble gases orig-
inally in the fluids (under reservoir conditions), we show that oil is
enriched in Kr by a factor of 14 relative to ASW and by a factor of 280
relative to ASW with respect to Xe (Supplementary Table 4). This is
important, because these fluids are therefore readily identifiable due to
their huge Kr and Xe excesses. Moreover, in samples heavily affected by
EOR, ?°Ne/®CAr is typically very high (i.e., > > ASW), approaching the
value of air (e.g., Fig. 5). There is also potential to use the observed
excesses in radiogenic noble gases (e.g., Supplementary Table 3) as an
additional constraint in any mixing model of oil-field fluids and shallow
groundwater. Conversely, produced waters are stripped of their noble
gases due to partitioning into the oil and gas phases, meaning they are
depleted relative to ASW (up to a factor of 100 with respect to Xe)
(Supplementary Table 2). Karolyte et al. (2021) applied this technique
using noble gas data from the SJB oil field fluids, as well as surface
disposal ponds, to identify oil-field fluid mixing in shallow aquifers and
showed the clear utility of including the noble gas composition of these
different endmembers when investigating potential hydrocarbon sour-
ces in groundwater.

6. Conclusions

We present noble gas data from both casing gases and produced
fluids across four oil fields (Fruitvale, Lost Hills, Orcutt and North and
South Belridge Oil Fields) in California, which have been subjected to
variable degrees of enhanced oil recovery. Collecting both casing gas
and produced fluid samples enables a comparison, for the first time, of
these two samples types with regards to their noble gas concentrations.
Concentrations of noble gases were on average 3.0 & 1.8 times greater in
the casing gases, validating previous methods of phase and reservoir
reconstructions that rely on casing gas compositions. This validation
allows for direct comparison of fields where only singular sample types
are available, regardless of sample type.

We find that 2°Ne/3°Ar in each of the sampled fields has a strong
positive correlation with the injected volume within 500 m of the
sampled wells. The sensitivity of this correlation is, however, not
consistent between fields, and the Fruitvale Oil Field 20Ne/3CAr values
are higher as a result of injection than the Lost Hills, North and South
Belridge and Orcutt Oil Fields. By developing a mixing model between
the injected fluid and pristine system compositions we determine both
the fraction of air injected and initial oil volume interacting with the
injection fluids, which allows us to investigate how the pristine system
has been perturbed during production. We conclude that the injectate
composition and volume of oil are likely to be the primary controls on
the magnitude of increase of 2°Ne/2Ar with injection volume. This
observation may help to develop a tool to quantify interaction between
the injectate and reservoir fluids. However, further work is needed to
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characterise the composition of the injectate fluids and the range in
possible initial water-to-oil ratios within a reservoir. Understanding the
composition of the pristine hydrocarbon reservoir and how it evolves
with injection is critical in determining baseline endmembers for future
forensic studies of groundwater quality.
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