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Abstract Hydrocarbon systems with declining or viscous oil production are often stimulated using
enhanced oil recovery (EOR) techniques, such as the injection of water, steam, and CO2, in order to
increase oil and gas production. As EOR and other methods of enhancing production such as hydraulic
fracturing have become more prevalent, environmental concerns about the impact of both new and
historical hydrocarbon production on overlying shallow aquifers have increased. Noble gas isotopes are
powerful tracers of subsurface fluid provenance and can be used to understand the impact of EOR on
hydrocarbon systems and potentially overlying aquifers. In oil systems, produced fluids can consist of a
mixture of oil, water and gas. Noble gases are typically measured in the gas phase; however, it is not always
possible to collect gases and therefore produced fluids (which are water, oil, and gas mixtures) must be
analyzed. We outline a new technique to separate and analyze noble gases in multiphase
hydrocarbon‐associated fluid samples. An offline double capillary method has been developed to
quantitatively isolate noble gases into a transfer vessel, while effectively removing all water, oil, and less volatile
hydrocarbons. The gases are then cleaned and analyzed using standard techniques. Air‐saturated water
reference materials (n= 24) were analyzed and results show a method reproducibility of 2.9% for 4He, 3.8% for
20Ne, 4.5% for 36Ar, 5 .3% for 84Kr, and 5.7% for 132Xe. This new technique was used to measure the noble gas
isotopic compositions in six produced fluid samples from the Fruitvale Oil Field, Bakersfield, California.

1. Introduction

The increasing use of enhanced oil recovery (EOR) and other techniques to increase hydrocarbon recovery
such as hydraulic fracturing has led to concerns that shallow aquifers could be contaminated due to these
more intensive hydrocarbon production practices (Darrah et al., 2014, 2015; Gilfillan et al., 2017; Harkness
et al., 2017; Vengosh et al., 2014). It is imperative to understand subsurface fluid provenance and dynamics
when investigating such systems. In systems with long hydrocarbon production histories, it is valuable to
determine the pristine signature (before EOR) and how the system has evolved geochemically with produc-
tion; injected fluids play a significant role on this evolution. Noble gases represent powerful geochemical tra-
cers, as they are chemically inert and therefore act conservatively in geologically dynamic systems (e.g.,
Ballentine et al., 1991, 1996, 2002; Barry, Kulongoski, et al., 2018; Barry, Lawson, et al., 2018; Bosch &
Mazor, 1988; Darrah et al., 2015; Gilfillan et al., 2008, 2014; Holland & Gilfillan, 2013; Pinti & Marty,
1995). Noble gases are most readily determined in systems dominated by a single phase (e.g., gas or ground-
water); however, within a hydrocarbon system they can reside in multiple phases (i.e., oil, water and gas)
and thus may be present in each component.

Terrestrial reservoirs of noble gases (atmospheric, crustal, and mantle) have well‐characterized and diagnos-
tic isotopic and abundance compositions, meaning fluid contributions from each reservoir can be easily
differentiated. Previous studies have successfully used noble gas isotopes and abundances to quantify
water‐oil‐gas interactions in both conventional and unconventional hydrocarbon systems and those effected
by EOR techniques (Ballentine et al., 1991, 1996, 2002; Barry et al., 2016, 2017; Barry, Kulongoski, et al., 2018;
Barry, Lawson, et al., 2018; Byrne et al., 2018a, 2018b; Darrah et al., 2014, 2015; Györe et al., 2017, 2015;
Prinzhofer, 2013). These studies have primarily focused on natural gas systems, although some have specifi-
cally investigated oil systems (e.g., Ballentine et al., 1996; Györe et al., 2017), unconventional systems (e.g.,
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Byrne et al., 2018b; Zhou et al., 2005) and multi‐component systems (Barry, Lawson, et al., 2018). The use of
noble gases as tracers in oil‐dominated systems is not yet well established due to the multiphase nature of
these samples meaning they are not amenable to the normal high‐vacuum noble gas purification procedures
for natural gases. As a result, the focus of previous studies has been primarily on gas phase hydrocarbon sam-
ples, which are exsolved from oil as they decompress during production (Figure S1 in the supporting infor-
mation; Ballentine et al., 2002; Prinzhofer, 2013). Recent studies reconstructed the noble gas composition of
the oil phase from casing gas measurements using broad assumptions about gas solubility in oil (e.g., Barry,
Kulongoski, et al., 2018; Barry, Lawson, et al., 2018). However, production practices are often not amenable
to collecting casing gas samples, and therefore produced fluids must be used to geochemically characterize
the hydrocarbon reservoir. Additionally, if casing gas flow is controlled or diverted during production, pro-
duced waters samples may provide a better representation of reservoir conditions.

We present a new method for isolating noble gases from produced fluids, containing water‐gas‐oil mix-
tures. The technique required construction of an offline extraction system, which interfaced with exist-
ing purification systems and two noble gas mass spectrometers (Thermo Argus VI and Thermo Helix
SFT). New composition and isotope data for air‐saturated waters (ASW) are reported. The precision,
accuracy and reproducibility of both ASW and produced fluid samples measured are assessed using
the new method. Produced fluid data indicate that this technique is robust at isolating and measuring
noble gas isotope compositions in oil‐water‐gas mixtures and can be used to investigate processes within
hydrocarbon reservoirs.

2. Analytical Methods

Noble gas analyses were conducted in the Noble Laboratory at the University of Oxford, UK, where the ana-
lysis of gas phase samples is well established using a custom‐built high vacuum gas purification system to
purify and separate noble gas species before measurement (e.g., Barry et al., 2016, 2017; Barry, Kulongoski,
et al., 2018; Barry, Lawson, et al., 2018; Byrne et al., 2018a, 2018b). Samples containing significant liquid
volumes cannot be analyzed in this way, as the liquids are not adequately removed using conventional cryo-
genic or gettering techniques, are adsorbed easily to the inside of the stainless‐steel system and are difficult
to remove even using ultra‐high vacuum turbomolecular and diaphragm pump combinations. Single‐phase
water samples are routinely characterized in other laboratories (e.g., Bayerle et al., 2000; Hunt, 2015).
However, the introduction of hydrocarbons into these types of systems will contaminate the mass‐
spectrometers and increase backgrounds and isobaric interferences, significantly reducing measurement
precision and reliability. A new inlet line and vacuum system were developed for the extraction of the noble
gases from multi‐phase fluid samples using a double capillary method to quantitatively transfer all the
noble gases. Water vapor in the system is cryogenically drawn across the capillary towards a stainless‐steel
cold trap cooled to −196 °C. The strong flow of water vapor entrains the noble gases and quantitatively
draws them across towards the cold trap, preventing any backflow of noble gases and resulting in their iso-
lation in the transfer vessel (Bayerle et al., 2000). The capillaries were effective at isolating the noble gases in
the transfer vessel and minimizing water transfer; the liquid volume transferred was typically less than 0.5
ml compared to the initial sample size of approximately 13 ml. The transfer vessel is later attached to a gas
purification system (Figure 1). The extraction line system consists of high‐vacuum circular knife‐edge
(ConFlat fittings) fittings with copper flanges, VCR fittings with silver‐coated stainless‐steel gaskets and
bellow‐sealed valves. It is split into two volumes (A and B), and the Cu tube, which interfaces the sample
to the extraction system. Volume A represents the dedicated inlet section and is comprised of a degassing
volume and a 1‐mm (inside diameter, ID) by 30‐mm capillary on the horizontal between the degassing ves-
sel and the transfer vessel. The 1mm capillary is included to minimize the transfer of water and low‐
volatility hydrocarbons out of the transfer vessel. In volume B, the noble gases are stored and transferred
to the gas purification system; it includes a 0.5‐mm ID by 30‐mm capillary screwed into a solid Cu disk
below valve E2.

Initially volumes A and B are pumped to low‐vacuum (to <2 × 10−2 mbar) using a rotary pump and then to
high‐vacuum using a turbo molecular pump (to <3 × 10−6 mbar). Valves E2 and E3 are then closed and the
bottom of volume B (up where the vessel separates to the two valves) is cooled to−196 0C using a liquid nitro-
gen bath. Volume A is heated to 600 0C using a thermostatically controlled heater, whilst being actively
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pumped. After 3 min, E4 is closed and the sample is released into the extraction volume by opening clamp
E1, with valves E2‐E4 closed. The Cu tube sample and volume A are then heated (using a thermostatically
controlled heater at 600 °C) for an additional 3 min. Valve E2 is then opened to allow for the cryogenic
transfer of noble gases and water vapor across the capillary into volume B. To further facilitate the
degassing of the sample and noble gas transfer, the degassing vessel is agitated in an ultra‐sonic bath and
the sample tube and capillaries are heated (as above) for 2 min every 15 min, to ensure the system stays at
temperature. After 1 hr, valve E2 is closed and the transfer vessel is moved to the dedicated gas
purification system. The extraction of noble gases from water typically takes between 18 and 30 min (e.g.,
Hunt, 2015). In implementing a double capillary method for the produced fluids, the transfer time was
increased to 1 hr to establish a safety margin ensuring quantitative gas transfer into the transfer vessel and
sufficient water vapor accumulation to enable quantitative gas transfer back out of the transfer vessel onto
the noble gas purification system.

Once extracted, the transfer vessel is moved to a gas purification line. The noble gases are transferred back
through the capillary by establishing a flow of water vapor from the transfer vessel onto a titanium sponge
held at 950 °C. Details about the subsequent purification and analysis steps can be found in the supporting
information (Barry et al., 2016, SAESGetters, 1986, Stout &Gibbons, 1955). In addition, the supporting infor-
mation contains information on the types of standards, blanks and corrections used.

After the gases are extracted, the relative amounts of gas (Vg [cm
3]), water (Vw [cm3]), and oil (Vo [cm

3]) in each
Cu tube are measured using the full Cu tube volume (Vt=length*pi*(ID/2)

2), the weight of sample processed,
and the ratio of oil‐water collected within the degas vessel, after the extraction of each sample (Table 1).

Figure 1. Schematic diagram of the noble gas extraction system, noble gas purification system and automated preparatory
system. The systems are constructed of stainless steel with high‐vacuum circular knife‐edge (ConFlat [CF] fittings) fittings
with copper flanges and bellow‐sealed valves, with the exception of the fittings to both the vessels on the extraction sys-
tems, which are ¼” VCR fittings with silver‐coated stainless steel gaskets. The procedure is split across three different
systems (extraction, noble gas purification and automated preparatory) with 11 distinct volumes held at vacuum by tur-
bomolecular pumps. The Hidden Analytical HAL‐200 quadrupolemass spectrometer (QMS) on the gas purification system
is held separately at vacuum by a dedication ion pump. The procedural air standard was collected in a cylinder from
University Parks, Oxford, UK on 24 November 2014 (pressure: 1027mBar, temperature: 5 °C and humidity: 89%). The prep
air standard was collected in a cylinder from University Parks on 13 May 2016 (pressure: 1,010 mBar, temperature: 14 °C,
and humidity: 71%).
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As it is highly probable that an oily residue remains within the extraction system, the system (past E4) is dis-
mantled and cleaned after each extraction. Parts are washed and sonicated in an acetone bath to remove any
oily residue and then placed in an oven at 100 °C for a minimum of 1 hr to remove the acetone. The parts are
then scrubbed with a plastic brush and neutracon detergent (Decon) and rinsed in DI water, to ensure the
removal of any leftover salt before being returned to the oven for 1 hr. Parts are also washed with
Petroleum Ether and left to dry for 1 hr under a fume hood. The system is then reassembled and He
leak checked.

3. Air‐Saturated Water Data

ASWs were used as a reference material for checking the method reproducibility and calibrating sample
measurements. These were chosen over an air standard, as they are more comparable to the samples. Due
to the length of time that is required to run an ASW, only 24 have been analyzed.

3.1. Air‐Saturated Water Generation

ASWs were made in the Oxford Noble Laboratory, by equilibrating 20 L of water in a plastic carboy with the
atmosphere. Equilibration is ensured using an aquarium bubbler (bubbling at a rate of 2 L/min) suspended
in the water (Hillegonds et al., 2013). Water is bubbled for a minimum of seven days with the laboratory air
temperature next to the carboy recorded every 15 min. Temperature variations are typically ±0.2 °C. The
bubbler is stopped at least 3 hr prior to sampling of the ASWs. The noble gas concentrations in the ASW gen-
erated are as expected under those conditions.

ASW samples were taken in copper tubes held in clamp holders to ensure consistent liquid volume. The final
equilibration temperature was taken as the average air temperature of the 48 hr prior to sampling.

ASW were extracted using the method described in this paper and were analyzed between every three
unknown samples of the system.

3.2. Calculating Air‐Saturated Water concentrations

The concentration of each noble gas in ASW can be calculated using Henry's Law solubility equilibrium. The
expected concentration (cm3/cm3) in the ASW under laboratory conditions can be calculated using:

Cex asw
i ¼

760−e
−5375:83=Tþ21:2023734ð Þ� �

× Pi

18:02×760×Ki
gw ×e

h=8350ð Þ (1)

where Ci
ex asw is the expected concentration of i in the ASW, h is the elevation (m), and T is the mean labora-

tory temperature (17 °C). Pi is the partial pressure of i in the atmosphere (GPa) and 760 represents the partial
pressure of water vapor in air (GPa). Ki

gw is Henrys constant for ASW generation (17 °C, 0 M and 65 m;
Crovetto et al., 1982, Fernández‐prini et al., 2003, Smith & Kennedy, 1983, Wagner & Pruss, 1992). All
Parameters are defined in Table S1 in the supporting information.

Table 1
Oil Metadata for the Produced Waters From the Fruitvale Oil field

Sample ID Production conditions API Volumes sampled GORs WORs

Temperature Salinity Oil Gas Water

°C M o cm3 cm3 cm3

F1 29 0.095 18.5 0 0.5 12.9 76 41
F2 36 0.095 18.5 0 0.8 12.4 75 17
F3 35 0.095 18.5 0.3 0.6 12.4 75 147
F4 36 0.095 18.5 0 0.4 12.9 75 25
F5 36 0.095 18.5 0 0.4 12.9 76 28
F6 43 0.095 16.7 0 0.7 12.7 48 39

Note. Volumes sampled are those in the Cu tube measured in the laboratory. All other information is from the California Division of Oil Gas and Geothermal
Resources (DOGGR) (2018). GORs and WORs are the gas‐oil ratio and water‐oil ratio, respectively, for the production well during the month of sampling. For
additional data see Table S2.
Abbreviations: GOR: gas‐oil ratio; WOR: water‐oil ratio.
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The noble gas concentrations for each ASW analyzed were calculated using the expected concentrations for
the corresponding equilibration temperature (equation (2)). Temperature differences between different
ASWs generated could cause He, Ne, Ar, Kr, Xe concentration variations of 0.34%, 1.2%, 3.2%, 3.9%, and
4.9%, respectively. In order to compare all the ASW, they were all subsequently corrected to 17 °C. In addi-
tion, the signals had to be corrected for any internal machine changes (i.e., machine drift) over the 10‐month
period they were analyzed and normalized to the internal air standards.

Ci
asw ¼ Si=Vw

Siasw av=Vasw av
×Cex asw

i (2)

Ci
asw is the ASW concentration (cm3/cm3), Si= corrected signal for i (fA), Vw is the weight of water processed

(cm−3), Vasw av is the average ASW weight (cm−3), and Si
asw av is the average ASW signal for I (fA).

3.3. Reproducibility of Air‐Saturated Waters

Concentrations for the air‐derived noble gases (4He, 20Ne, 36Ar, 84Kr, and 132Xe) in the water phase were cal-
culated to be 4.5 ± 0.1 × 10−8 cm3/cm3, 1.7 ± 0.1 × 10−7 cm3/cm3, 1.1 ± 0.1 × 10−6 cm3/cm3, 4.4 ± 0.2 × 10−8

cm3/cm3, and 3.0 ± 0.2 × 10−9 cm3/cm3, respectively (Figure 2 and Table 2). Instrument error (associated
with the internal air standards, section S2.1.) is <1.2% for all isotopes; the method reproducibility between
ASWs is the most significant source of error. The elemental ratios are 20Ne/36Ar 0.15 ± 0.01, 84Kr/36Ar
0.039 ± 0.003, and 132Xe/36Ar 0.0027 ± 0.0002. This is significantly less than the difference in the important
natural ratios (i.e., for 20Ne/36Ar Air = 0.52, ASW = 0.15, and an infinitely small volume of oil equilibrated
with ASW = 0.04; Figure 2 and Table 2). The percentage standard error was 1.2%, 2.1%, 2.3%, 2.7%, and 2.8%
for 4He, 20Ne, 40Ar, 84Kr, and 132Xe concentrations, respectively, in a consecutive set of five ASW noble
gas determinations.

Due to the variable nature of the phases in produced water samples at the wellheads, it was not possible to
collect repeatable samples to use for sample standardization. However, due to the rigorous clean‐up proce-
dure between samples, the ASWs are sufficient to determine the method reproducibility. The water salinity
could be altered to match that of the samples being run if necessary.

4. Produced Water Results
4.1. Geological Context

The Fruitvale oil field is located in the south of the San Joaquin basin, within the city limits of Bakersfield,
California, USA (Figure S2). Fruitvale, like most oil fields in the San Joaquin valley is characterized by spa-
tially variable geology and hydrocarbon production depths as well as by widely varying amounts of water
injection (Long et al., 2015; Division of Oil Gas and Geothermal Resources (DOGGR), 2018). Most of the
water injected is produced water from oil wells, although some waste water from refineries is injected in
places (Wright et al., 2019). Analyses of casing gas samples from injectate storage tanks in Fruitvale indicated
substantial mixing with air (Barry, Kulongoski, et al., 2018). Geological and depositional history for the field
can be found in the supporting information (Division of Oil, Gas and Geothermal Resources (DOGGR), 1992,
1998, 2017, 2018, Hluza, 1965; Lillis & Magoon, 2007; Preston, 1931, Scheirer & Magoon, 2007).

The injection and long production history have resulted in temporal variations in the total amount of hydro-
carbons and produced waters being produced in the Fruitvale oil field (McMahon et al., 2018). The average
reservoir temperature is 51 0C and salinity is 0.095 M (Division of Oil Gas and Geothermal Resources
(DOGGR), 2018). The relatively low salinity of the field compared to many oil‐field waters is a result of
the significant recharge over geologic timescales from the Kern River and other smaller streams draining
the high altitude Sierra Nevada (McMahon et al., 2018). There has been no significant change in reservoir
salinity since injection began (Stephens et al., 2018). Production data shows no evidence for gas cap forma-
tion at Fruitvale (Division of Oil Gas and Geothermal Resources (DOGGR), 1998, 2018).

4.2. Sample Collection

Six produced water samples were collected from the Fruitvale oil field, as part of the California State Water
Resources Control Board's oil and gas regional groundwater monitoring program (RMP; Table S2). The RMP
aims to determine the relations of regional water quality in aquifers located near to oil and gas sources (U.S.
Geological Survey, 2019). Produced fluids in the oil wells sampled were pumped to the surface as part of
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normal production activities and appear as surges of oil, water, and gas at a sampling port on the well
discharge pipe. Measured gas‐oil (GOR) and water‐oil (WOR) ratios during sample collection were >2 and
>41, respectively, compared to GOR= 48–76 and WOR=17–147 reported for the wells during the month
of sampling (July 2016) by the Division of Oil, Gas and Geothermal Resources (Table 1; Division of Oil
Gas and Geothermal Resources (DOGGR), 2018). With the exception of sample F5, where no injection has
been recorded within 500 m since 1977 and is considered pristine, the samples represent wells which have
been effected by the injection of produced water for EOR and waste disposal purposes.

Fluid samples were collected in 3/8” refrigeration grade copper tubes connected to sample ports at the well-
head using standard noble gas sampling techniques (Burnard, 2013; Weiss, 1968). The copper tubing was
flushed with produced oil well fluids prior to sampling. During water sampling, precautions are typically
taken to ensure there are no bubbles present within the tubes (as noble gases preferentially partition to

Figure 2. Overall reproducibility of the air‐saturated water (ASW) reference materials. Mean values are given by dashed line and errors are for 1 standard deviation.
(a) Reproducibility of the 4He concentrations across all the ASWs. Mean concentration was 4.54±0.13 × 10‐8 cm3/cm3. (b) Reproducibility of the 20Ne
concentrations in the ASWs. Mean concentration was 1.73±0.07 × 10‐7 cm3/cm3. (c) Reproducibility of the 36Ar concentrations across all the ASWs. Mean con-
centration was 1.12±0.05 × 10‐6 cm3/cm3. (d) Reproducibility of the 84Kr concentrations in the ASWs. Mean concentration was 4.38±0.23 × 10‐8 cm3/cm3. (e)
Reproducibility of the 132Xe concentrations in the ASWs run. Mean concentration was 2.98±0.17 × 10‐9 cm3/cm3. (f) Reproducibility of the elemental ratio 20Ne/
36Ar. Mean 20Ne/36Ar was 0.15±0.009. (g) Reproducibility of the elemental ratio 84Kr/36Ar. Mean 84Kr/36Ar was 0.039±0.003. (h) Reproducibility of the elemental
ratio 132Xe/36Ar. Mean 132Xe/36Ar was 0.0027±0.0002.
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the gas phase); however, as produced fluids are variable mixtures of water, oil, and gas in variable quantities,
gas was inherently present within these oil well samples. Copper tubes were connected to the wellhead
sampling port using reinforced polytetrafluoroethylene tubing and hose clamps were used to seal each
sample from atmospheric exposure. A “T” was fitted at the wellhead to ensure the tubing did not become
over‐pressurized once the copper tubes were sealed with stainless steel clamps. Complementary casing
gases were not available for collection from oil wells sampled at Fruitvale; this made it an ideal location to
test what could be learnt solely from produced water samples.

4.3. Calculating Concentrations in Multiphase Samples

Total concentration of noble gases within the sampled Cu tube can be calculated using equation (2), where
Ci

asw is replaced with the total concentration in the sample Ci
S (cm3/cm3) and Vw is replaced with the total

volume of the Cu tube sampled (Vt[cm
3]). The total number of mols of noble gases (ni

t [mol]) within the sam-
ple can be calculated using equation (3). The total amount of the noble gases within in the Cu tube will not
change between production and analysis.

nt
i ¼

Cs
i×Vt

22413
(3)

Produced fluid samples contain variable mixtures of water, gas, and oil; therefore, it is important to consider
the concentration of noble gas in each phase. To calculate the concentration of noble gas in each phase at the
time of sampling, the relative solubilities (Henry's constants) of the noble gases within each phase in the Cu
tube must be calculated under production temperature, sample salinity and oil density. For the gas water

Table 2
Measured Concentrations in ASW (cm3/cm3) and Associated Ratios

4He 20Ne 36Ar 84Kr 132Xe 3He/4He (R/RA)
20Ne/22Ne 40Ar/36Ar 84Kr/82Kr 132Xe/130Xe 20Ne/36Ar

×10‐8 ×10‐7 ×10‐6 ×10‐8 ×10‐9

Air 520 170 31 65 24 1 9.8 296 4.9 6.6 0.52
ASW at 17 °C 4.5 1.7 1.1 4.3 2.9 1 9.8 296 4.9 6.6 0.15
ASW 1 4.4 1.6 n.d 4.2 2.9 0.96 9.2 n.d. 4.8 6.5 n.d.
ASW 2 4.5 n.d. n.d. 4.2 n.d. 0.96 9.2 n.d. n.d. 6.5 n.d.
ASW 3 4.4 1.7 n.d. 4.8 3.0 1.00 9.5 n.d. 4.8 6.6 n.d.
ASW 4 4.8 1.9 n.d. n.d. 3.1 0.95 9.5 n.d. 4.8 6.6 n.d.
ASW 5 4.7 1.8 1.2 4.6 3.2 1.00 9.6 301 4.5 6.6 0.15
ASW 6 4.4 1.7 1.1 n.d. n.d. 1.00 9.8 301 n.d. n.d. 0.15
ASW 7 4.8 1.8 1.2 4.7 3.2 1.00 9.8 302 4.5 6.6 0.15
ASW 8 4.5 n.d. 1.1 n.d. 2.8 0.99 9.5 294 4.4 6.8 n.d.
ASW 9 4.4 1.7 1.1 4.2 2.9 n.d. 9.6 300 4.5 6.5 0.15
ASW 10 4.7 1.7 1.2 4.4 3.2 1.01 9.9 298 4.5 6.5 0.15
ASW 11 4.4 n.d. 1.1 4.4 2.9 1.00 9.9 301 4.8 6.5 n.d.
ASW 12 4.5 n.d. 1.2 4.5 3.0 n.d. 9.8 298 4.9 6.6 n.d.
ASW 13 4.6 1.8 1.1 4.7 3.2 1.05 9.7 293 4.8 6.5 0.15
ASW 14 4.7 1.7 1.1 4.1 2.8 0.97 9.7 292 4.7 6.4 0.15
ASW 15 4.5 1.6 1.0 4.0 2.6 0.99 9.8 299 4.8 6.6 0.16
ASW 16 n.d. 1.8 1.1 4.4 3.1 n.d. 9.7 291 4.9 6.4 0.16
ASW 17 n.d. 1.7 1.1 4.1 2.8 1.05 9.3 292 4.9 6.4 0.16
ASW 18 4.3 1.6 1.0 n.d. 2.9 1.03 9.3 292 n.d. 6.6 0.16
ASW 19 4.7 1.8 1.1 4.2 3.0 1.01 9.5 295 4.5 6.6 0.16
ASW 20 4.6 1.8 1.2 4.6 3.2 1.01 9.7 304 4.8 6.5 0.15
ASW 21 4.5 1.8 1.1 n.d. 3.1 1.01 9.7 303 n.d. 6.5 0.15
ASW 22 4.5 1.7 1.2 4.4 3.1 1.00 9.6 304 4.5 6.5 0.15
ASW 23 4.6 1.7 1.1 n.d. 3.0 0.98 9.7 304 n.d. 6.5 0.15
ASW 24 4.5 1.7 1.1 4.3 2.8 1.00 9.7 305 4.8 6.5 0.15
Average ASW 4.5 1.7 1.1 4.4 3.0 1.00 9.6 299 4.7 6.5 0.15
Standard error (%) 2.9 3.8 4.5 5.3 5.7 2.7 2.0 1.6 3.6 1.2 5.9

Note. Errors are given for 1 standard deviation.
Abbreviation: n.d.: not determined.
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equilibrium, the solubility coefficient (Ki
gw, atm kg/mol) can be calculated in the same way as for ASW

(Crovetto et al., 1982; Fernández‐prini et al., 2003; Smith & Kennedy, 1983; Wagner & Pruss, 1992). The solu-
bility coefficients between a gas and oil phase (Ki

go, atm kg/mol) are calculated using Kharaka and Specht
(1987) and Smith and Kennedy (1983). The expected distribution of noble gases between the phases within
the Cu tube can then be calculated. The amount in the oil, gas, and water phase is calculated relative to each
other using equations (4) and (5).

ni
o ¼ ngi×Vo

Kgo
i ×Vg

(4)

ni
w ¼ ngi×Vw

Kgw
i ×Vg

(5)

where ni
g is the amount in the gas phase. As just the relative proportions of water, oil, and gas are required,

any value can be used for ni
g. The concentration of the noble gases between the phases can then be calculated

using equations (6)–(8).

Cg
i ¼

ni
t×ng

i

ni
g þ ni

o þ ni
wð Þ×Vg

(6)

Co
i ¼

ni
t×no

i

ni
g þ ni

o þ ni
wð Þ×Vo

(7)

Cw
i ¼ ni

t×nw
i

ni
g þ ni

o þ ni
wð Þ×Vw

(8)

where Ci
g, Ci

o, and Ci
w are the concentration in the gas, oil and water phase, respectively, in mol/cm3. All

parameters are defined in Table S1.

The variable nature of the produced water compositions at the wellhead means that the WOR and GOR are
not consistent during sampling and are not representative of the average GOR and WOR for production
(Table 1). As a result, a collected sample may not contain all three phases. By assuming that the phases
are in equilibrium at the wellhead, the concentration in the missing phase can be calculated using equa-
tions (9) and (10).

Kgo
i ¼ Ci

g

Ci
o (9)

Kgw
i ¼ Ci

g

Ci
w (10)

The concentration of noble gases between the three phases at the point of production can be found in Table
S3. The concentrations in the Cu tube were originally reported in Gannon et al. (2018) in cm3/g (total fluid) at
standard temperature and pressure; these values can be converted to the total amount of noble gases in the
Cu tube (ni

t) by multiplying by (Vw+Vo). It is important to note that it is assumed that solubility equilibrium
has been reached at the wellhead between all phases. If equilibrium has not been reached, the results will
be skewed.

4.4. Produced Water Compositions

Concentrations of noble gases in both the oil and water phases are significantly depleted in comparison to the
gas phase and ASW for recharge conditions at the Fruitvale oil field (15 °C, 0 M, 123 m; Table S3). The gas
phase is likely to resemble the composition expected within casing gas samples. The oil and water phase have
similar concentrations for the lighter noble gases; however, there is a noticeable enrichment of Kr and Xe
within the oil phases due to their higher solubility in oil. Within each phase, concentrations range by up
to two orders of magnitude. 20Ne concentrations range from 0.42 ± 0.02 to 57 ± 3 × 10−12 mol/cm3 in the
gas phase, 0.22 ± 0.01 to 35 ± 2 ×10−15 mol/cm3 in the oil phase and 0.19 ± 0.01 to 25 ± 1 × 10−15

mol/cm3 in the water phase (Table S3). Single‐element isotope ratios are consistent throughout all the sam-
ples; however, the elemental ratios show significant difference between the samples and phases. For example
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the 20Ne/36Ar in the gas phase ranges from 0.080 ± 0.005 to 0.40 ± 0.03, from 0.0065 ± 0.0005 to 0.033 ± 0.002
in the oil phase, and 0.029 ± 0.002 to 0.15 ± 0.01 in the water phase.

Blank contributions to the samples analyzed were <0.40% He, <1.5% Ne, <1.5% Ar, <0.15% Kr, and <0.020%
Xe, suggesting that the main source of analytical uncertainty on the concentrations is from the variability in
the ASW reproducibility.

5. Conclusions

A newly designed noble gas extraction system, interfaced with a gas purification system, automated prepara-
tory system and Argus IV and Helix SFT mass spectrometers, has been constructed to allow multi‐phase oil‐
water‐gas samples from oil wells to be separated and the fluids analyzed for their noble gas abundance and
isotopic composition. We are able to reproducibly purify and measure noble gases from air‐saturated waters
and produced fluids using this system. The reproducibility of the ASW reference material was within 2.9% for
4He, 3.8% for 20Ne, 4.5% for 36Ar, 5.3% for 84Kr, and 5.7% for 132Xe. We demonstrate the need for and advan-
tages of this new system, which allows us to fully characterize oil field fluids without damaging the ultra‐
high vacuum systems required for noble gas analysis.

The system was tested for concentrations and isotope ratios with six produced fluid samples from oil wells in
the Fruitvale oil field, California. The oil and water phases are significantly depleted in noble gases compared
to the gas phase and ASW. The ability to calculate noble gas concentrations in each of the phases means pro-
duced fluids alone can be effective samples for geochemically characterizing hydrocarbon systems and could
be used in similar ways to casing gases to reconstruct hydrocarbon reservoir compositions. Once the reservoir
has been fully characterized, reservoir evolution can be modeled, which will be critical when identifying if
there is a presence of fugitive gases in overlying aquifers, and if present, determining their source.
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