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A B S T R A C T

Although Carbon Capture and Storage (CCS) has been demonstrated successfully on many occasions, the po-
tential leakage of deep sequestrated CO2 into shallow groundwater remains a concern. To address this, an ar-
tificial injection experiment was performed at the K-COSEM test site in Eumseong, South Korea, that involved
the release of CO2–infused water (16.9 kg of CO2 in 5m3) containing He and Kr tracers into a shallow, het-
erogeneous, weathered-granite aquifer. The initial CO2–fluid was slightly oversaturated at the subsurface in-
jection point, and thus the plume was expected to initially degas CO2 before equilibrating at in-situ conditions.
Monitoring of carbonate system parameters in nearby observation wells helped define the evolution of the
injected fluids, while the noble gas tracers were used to clearly define the physical behavior of the CO2 plume
(including an estimate of degassed CO2 equal to 0.9–3.1%). This study demonstrates the potential use of noble
gases for monitoring CO2 leakage in shallow aquifers, constraining mass balance and phase changes of leaking
fluids, and better understanding local flow pathways. Furthermore, breakthrough of noble gases in this study
was different from some previous experiments, suggesting that monitoring efficiency of these tracers may de-
pend on leakage and site conditions.

1. Introduction

Carbon Capture and Storage (CCS) is a climate change mitigation
technology that involves isolating large volumes of man-made CO2 in
the deep subsurface instead of releasing it to the atmosphere (IPCC,
2005). Although CCS has been demonstrated successfully on many
occasions (Celia, 2017), the potential for CO2 leakage and its possible
impact on shallow groundwater resources remains a concern (Boyd,
2016). To address this, research has been conducted to better under-
stand the various chemical and physical processes during fluid migra-
tion, the potential impacts on groundwater quality, and to develop
groundwater monitoring tools. This has been done using both con-
trolled CO2-injection experiments in shallow aquifers (Lee et al., 2016,
and references therein) and natural sites of CO2 leakage to the surface
(e.g., Keating et al., 2010; Beaubien et al., 2014).

In this regard, various geochemical parameters have been shown to
be effective tools (Yang et al., 2014; Lee et al., 2016). For example, the
monitoring of CO2 itself, as well as its δ13C signature, is a fundamental
starting point to uncover the origins of CO2 anomalies in groundwater
systems (Ballentine et al., 2001; Sherwood Lollar et al., 1997). How-
ever, the complex interaction of this gas in various chemical and bio-
logical reactions has led to the study of other, more conservative tracers
(Risk et al., 2015; Kharaka et al., 2006; Shevalier et al., 2013). For
example, Risk et al. (2015) evaluated the detectability of multiple tra-
cers using a signal to noise ratio (SNR) approach, showing that inert
tracers like noble gases were superior to CO2 concentration measure-
ments due to their limited natural variability in groundwater systems.
In shallow settings this baseline is primarily controlled by exchange
with atmospheric gases in the vadose zone (Xe, Kr, Ar, Ne), whereas in
deeper reservoirs, radiogenic 4He and 40Ar, fissionogenic Xe,
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nucleogenic He and Ne, mantle 129Xe, and primordial 3He are all pos-
sible noble gas sources (Holland and Gilfillan, 2013). While noble gases
are chemically and biologically inert, each species has its own physical
characteristics (solubility, molecular size, diffusion coefficient) which
influence its subsurface behavior (e.g., Kilgallon et al., 2018). Under-
standing and exploiting these differences means that noble gases can be
powerful tracers to better understand physical processes related to CO2

source identification, fluid flow and phase partitioning.
For example, noble gas distributions have been used to determine

the origin of CO2 in deep reservoirs (Gilfillan et al., 2008), to finger-
print gases from different lithological units (Györe et al., 2018), and to
identify the leakage of deep-origin CO2 into shallow aquifers (Gilfillan
et al., 2011; Lafortune et al., 2009; Wilkinson et al., 2010). Recently,
Gilfillan et al. (2017) illustrated the potential of this approach in a real-
world setting by using noble gases to show that near-surface CO2

anomalies observed above the Weyburn-Midale CO2-EOR site in wes-
tern Canada were due to shallow biological processes and not caused by
leakage from the underlying CO2 injection reservoir.

Injection of noble gas tracers together with CO2 has also been per-
formed in several injection experiments in deep reservoirs to under-
stand flow dynamics, to distinguish between artificially injected and
naturally occurring CO2, and to develop possible early warning tools
(Lu et al., 2012; Nimz and Hudson, 2005; Stalker et al., 2009, 2015). A
conceptual model explaining some of the trends observed in such field
tests is provided by Kilgallon et al. (2018), based on laboratory-scale,
gas-phase column experiments. This work illustrates how the noble
gases migrate with the bulk CO2, but at different velocities as a function
of the physical properties of the individual gases. For example, these
authors show that He had the slowest noble gas arrival time (perhaps
counterintuitively) due to diversion of this smaller molecule into dis-
connected and dead-end pores, and that all noble gases migrated much
faster than the co-injected CO2 but that Kr and Xe provided the most
robust early warning signal.

These different physical characteristics have also been exploited to
better understand phase partitioning and the physical interaction of
CO2 or CH4 with deep groundwater (Darrah et al., 2014; Gilfillan et al.,
2008; Sathaye et al., 2014). For example, LaForce et al. (2014) con-
ducted field tests at the CO2CRC Otway site and performed associated
1D simulations to quantify residually trapped CO2, finding that esti-
mates based on both Kr and Xe data were the same within the accuracy
of the method. Temporal sampling of the Cranfield enhanced oil re-
covery (EOR) field has shown how non-radiogenic noble gas isotopes in
the formation water were stripped by the injected CO2 and that only
about 0.2% of the injected CO2 occurs in the dissolved phase (Györe
et al., 2015, 2017). This was done by focusing on gas ratio changes of
noble gases, as the species are preferentially partitioned into the free
CO2 bubbles and the speed of phase-transition is proportional to the
elemental mass (Ballentine et al., 2002). This phase partitioning process
retards the arrival time of noble gases at monitoring wells, with the
extent of retardation appearing to be related to the solubility of each
noble gas component (Zhang et al., 2011).

Although noble gases have been applied extensively in the deep CCS
injection experiments described above, to our knowledge they have not
been used much in the various shallow aquifer CO2 injection tests that
have been conducted to study the possible impact of leakage on potable
water supplies or to test near-surface monitoring techniques. These
experiments, often performed at less than 20m depth, have mainly
consisted of the injection of gaseous CO2 into unconsolidated sediments
(e.g., Cahill et al., 2014; Humez et al., 2014; Schulz et al., 2012; Peter
et al., 2012) or, in one case, fractured igneous rock (Susanto et al.,
2016). In contrast, Trautz et al. (2012) injected dissolved CO2 in
shallow sediments after conducting a separate, short-term tracer test
using dissolved Ar.

The present work describes a shallow groundwater injection ex-
periment conducted at the Korea CO2 Storage Environmental
Management Research Center (K-COSEM) test site near Eumseong,

South Korea, a unique facility defined by its weathered soils and as-
sociated heterogeneous flow field that presents challenges for CO2

plume monitoring (Lee et al., 2017a, 2017b). This experiment involved
injecting groundwater infused with CO2 and noble gases (He, Kr and
Ar) to mimic a minor CO2 leakage event (16.9 kg) in a shallow aquifer
system, followed by geochemical monitoring using a number of closely
spaced observation wells. The complex hydrogeology of the site and the
innovative application of noble gas tracers in this shallow injection
experiment allowed us to focus on two main objectives. First, to eval-
uate the monitoring ability of noble gas tracers associated with CO2

leakage and to compare their behavior with various other parameters
(e.g., carbonate system species, temperature, electrical conductivity,
etc.), focusing on local flow-related issues like migration pathways,
mixing between injected and in-situ groundwaters, and the potential use
of noble gases as an early warning monitoring tool. Second, to use the
noble gas data to estimate the amount of CO2 that degassed during the
experiment and to constrain the CO2 mass balance based on gas-water
phase partitioning.

2. Site description

The K-COSEM test site was constructed in 2014 to study shallow-
depth subsurface and surface environmental impacts caused by the
controlled injection of CO2 (Lee et al., 2017b). It is located on private
land in the Upper Miho River watershed in Eumseong county, South
Korea (Fig. 1a), and is surrounded by slightly hilly agricultural lands.
The geology of the area mainly consists of Precambrian gneiss, Jurassic
Daebo granite, and Cretaceous intrusive igneous rocks that are covered
by Quaternary alluvium in unconformity. Based on borehole data, the
site includes weathered soils consisting of medium to coarse grained
silty sand (0–30m), weathered biotite granite (30–70m), and un-
weathered biotite granite bedrock (> 70m) (Ju et al., 2018).

A total of 24 monitoring wells have been drilled at the K-COSEM
site, 10 of which were used for the injection experiment in this study
(Figs. 1 and 2). The five borehole series wells (BH) were sampled for
baseline noble gas measurements while the other five wells were used
to monitor plume migration during the experiment. These monitoring
wells include the partially screened well (PS-04), the injection well
(IW), the borehole screened well (BS-09) and the two saturated zone
monitoring wells (SMW1 and SMW2) (Figs. 1,2); see Lee et al., 2017b
for more details.

The piezometric surface is located at a depth of about 17m.
Regional groundwater flow is to the SE (Fig. 1) however localized flow
is more complicated, as verified by multiple inter-well pumping tests
(Lee et al., 2017b). Hydraulic conductivity values range from 4.0E-
06m/s to 2.0E-05m/s based on push-and-pull tracer tests conducted
using Cl− and SF6 tracers, with variations due to the heterogeneous
distribution of weathered materials (Kim et al., 2018). Lee et al.
(2017a) also observed these heterogeneous permeability distributions
in electrical resistivity survey results, which were then used in nu-
merical simulations that showed fast initial movement of the plume
along a high permeability zone near the injection well.

3. Materials and methods

3.1. Injection of CO2 with artificial tracers

The experiment involved injection of 5m3 of CO2-infused ground-
water (i.e. 16.9 kg of CO2) followed by 2.5 m3 of chaser fluid (see de-
scription below) into a shallow groundwater system at a rate of
16.34 L/min over a period of 459min (from 17:00 on 29/11/2016 to
00:40 on 30/11/2016) using a submersible and controllable quantita-
tive pump (model MP1, Grundfos). A schematic drawing of the injec-
tion infrastructure is shown in Fig. 3. Injection was performed at
21–24m below ground surface (about 4.5–7.5m below the water table)
in an interval isolated with a packer. The ambient surface weather
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Fig. 1. Geographical location of K-COSEM study site. Top left - location of the K-COSEM study site. Top right – location of five BHs - boreholes (black squares) with
the regional piezometric surface (dashed blue lines) and groundwater flow direction (blue arrow) (from Ju et al., 2018). Bottom - the piezometric surface (dashed
blue lines) measured in the study site wells (PS - partially screened; IW - injection well; BS - borehole screened; and SMW - saturated zone monitoring wells). The pink
squares show the five wells that were monitored during the experiment while the dashed red line A-A’ shows the trace of the profile in Fig. 2.

Fig. 2. Schematic drawings illustrating well design, layout, and
water table response. The drawing on the left shows relative lo-
cations of the main wells discussed in the text and shown in Fig. 1;
a.s.l. = above sea level. Screened intervals are represented as
horizontal black lines in the different types of wells. Pre-injection
groundwater levels are given in blue text and subsequent
mounding during injection is given in red text (differentials re-
ported in brackets). The drawing on the right shows the design of
the mult-level Saturated zone Monitoring Wells (SMW); b.g.s. =
below ground surface.
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conditions during injection were predominantly sub-zero with the ab-
sence of precipitation.

The CO2-saturated solution was made by continuously bubbling
pure CO2 gas into groundwater pumped from the test site inside a
holding tank on the surface. The tank was not sealed and thus the
system was equilibrated with pure CO2 at approximately 1 atm. A total
of 20.2 cm3 STP of Kr and 15.6 cm3 STP of He were then added to the
CO2-charged solution prior to its injection into the groundwater system.

As in other studies (e.g. Hebig et al., 2015), a chaser fluid was then
used to push the initially injected fluid into the surrounding permeable
rock to minimize the hydraulic effect of the borehole and its sur-
rounding gravel pack on breakthrough results. Although chaser fluids
typically consist of unaltered groundwater, in this case it was saturated
with Ar to obtain concentrations higher than those created for He and
Kr in the CO2-infused fluid. This elevated Ar concentration was created
to help distinguish this artificial tracer from the natural background
levels (e.g., Trautz et al., 2012).

3.2. Sampling

Baseline water samples were collected prior to the injection test to
assess natural variability. This consisted of a single noble gas sampling
campaign (March 6, 2015 to March 7, 2015), a single TIC sampling
campaign just before injection (November 28, 2016) and eight water
quality sampling campaigns (February 24, 2016 to November 21,
2016). Water sampling for the injection experiment was performed 12
times within 4months (114 days) following the termination of injec-
tion.

Water was collected using a submersible and controllable quanti-
tative pump (model MP1, Grundfos). In the various observation wells,
the well volume was purged three times prior to sampling. In contrast,
the injection well was sampled from above the packer during the first
two days (to maintain isolation of the injected fluids) without purging;
after the second day the packer was removed and the well was purged

three times before sampling.
Water samples for noble gas analysis were collected in atmo-

spherically isolated copper tubes (28mL) and sealed with stainless steel
clamps. TIC samples were immediately treated with HgCl2 to prevent
biological activity and then stored in sealed borosilicate bottles until
analysis (Dickson et al., 2007). Samples to measure the CO2 con-
centration (C0) in the first injected fluid were collected by filtering
90mL of water through 0.02 μm syringe filters in a closed system and
storing them in serum vials containing 10mL of 1M NaOH solution. All
water samples were stored at a low temperature (under 4℃) using an
ice box or refrigerator.

3.3. On-site measurements

Real-time, in-situ monitoring of water level, temperature and elec-
trical conductivity was performed at 10min intervals using the LTC
Levelogger Junior (Solinist) for 5months before and over the course of
the experiment. These units were installed in the five BH wells, and in
PS-04, IW, BS-09, SMW-1, and SMW-2 (Fig. 1). Salinity and pH were
measured in-situ periodically using a YSI portable system (YSI Inc./
Xylem Inc., USA) and alkalinity was determined by acid titration with
0.05M HNO3 in the field.

3.4. Laboratory analyses

The noble gas samples obtained prior to CO2 injection (BH series)
were analyzed at the University of Utah (Aeschbach-Hertig and
Solomon, 2013; Solomon et al., 2015). Gases were first extracted from a
groundwater sample and stored in a stainless steel flask (Bayer et al.,
1989). Excessive water vapor and other condensable gases were then
removed using cryogenic traps (Lott, 2001) and SAES getters. All spe-
cies except He were quantified using a quadrupole mass spectrometer
(Stanford Research Systems RGA300) while He was quantified using a
sector-field mass spectrometer (Mass Analyser Products model MAP
215-50). The measured responses of He, Ne, Ar, Kr and Xe were con-
verted to air quantity by calibrating them with dry atmospheric air. The
reproducibility of this method was within 1% for He and within 5% for
the other noble gases (Manning et al., 2005; Solomon et al., 2010).

Instead, the noble gas samples obtained following CO2 injection
were analyzed at the Korea Polar Research Institute (KOPRI) using an
automated system (Kim et al., 2016) similar to that of Stanley et al.
(2009). Gases were extracted from the groundwater samples under high
vacuum (˜10−7 mbar) and stored in aluminosilicate glass ampoules
(Lott and Jenkins, 1998). Before injecting samples into a quadrupole
mass spectrometer (Stanford Research Systems RGA200), excessive
water vapor and other condensable gases were removed in a purifica-
tion line equipped with cryogenic traps and getters (hot and cold St
101, SAES). He, Ar, and Kr were calibrated against air standards of 0.9
and 2.7 mL STP, covering the wide concentration range of the injected
tracers. The reproducibility for the post-injection data was within 5%
for three gases.

Total dissolved inorganic carbon (TIC=[CO2]+[HCO3
−]+[CO3

2-])
analyses were performed at the Core Laboratory of Innovative Marine
and Atmospheric Technology (CLIMATE), Pohang University of Science
and Technology (POSTECH). TIC concentration was determined via
coulometric titration, using the Versatile INstrument for the
Determination of Total Alkalinity (VINDTA) system (Marianda, Kiel,
Germany). The accuracy of the TIC measurement was vetted daily
against reference materials with known TIC values (certified by A.
Dickson, Scripps Institution of Oceanography, San Diego, USA). The
measurement precision was± 2.0 μmol/kg (Park et al., 2008).

The injected CO2 concentration (C0) was measured on water sam-
ples collected from the surface holding tank, after CO2 bubbling but just
before injection, using a TOC-IC analyzer (total organic carbon-in-
organic carbon, Teledyne Termar Inc.) at Pusan National University.
Dissolved CO2 in each sample was gasified by adding 1M H2SO4

Fig. 3. Injection system for making the two gas-infused groundwater solutions.
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solution until pH < 2 and then the gasified CO2 was carried by NO2

gas (gas flow-rate: 200mL/min) and the CO2 concentrations were de-
termined using a non-dispersive infrared detector (NDIR).

pCO2 values were not measured directly, but rather were modelled
with the program PHREEQC (Parkhurst and Appelo, 2013) using the
input parameters of alkalinity, pH, temperature, and major cation and
anion concentrations. Theoretical TIC values of CO2-saturated solutions
under different temperature and pressure conditions were also esti-
mated with this program.

3.5. Mass balance analysis of CO2 leakage

The high CO2 partial pressure of the injected fluid drives CO2 de-
gassing until equilibrium in the shallow aquifer system is achieved via
partitioning between the injected fluid and free CO2 gas. The con-
centration of CO2 in groundwater is, however, a complex function of
chemical, biological and physical processes, and thus changes in CO2

distribution will not be solely related to degassing. The degassing loss of
CO2 can be indirectly constrained using other gases, such as the bio-
chemically inert noble gases, that partition into the newly formed CO2

bubbles (Gilfillan et al., 2008; Györe et al., 2017). Since the partitioning
coefficients of elements at the gas-liquid interface are proportional to
their mass, this process can lead to mass dependent fractionation.

To quantify the amount of degassed CO2, it is necessary to focus on
the fate of CO2 bubbles after the phase-partitioning process. Depending
on the mobility of the CO2 bubbles, a system is defined as either open or
closed (Ma et al., 2009). In a closed system, the CO2 bubble is retained
in the groundwater and thus equilibrium between the CO2 bubble and
the surrounding CO2 plume is achieved. In an open system, there is a
continuous loss of CO2 bubbles until the end of the phase-partitioning
process. With continuous degassing, the noble gas composition of the
dissolved plume is gradually enriched with heavier elements (Holland
and Gilfillan, 2013; Zhou et al., 2005). The degassed mass can be
constrained iteratively and inversely using different noble gases
(Ballentine et al., 2002; Holland and Gilfillan, 2013). A detailed de-
scription of the analytical approach used in this paper is given in Ap-
pendix A and B.

4. Results

4.1. Background groundwater before injection

Pressure and temperature variations at the test site could be a
driving force for degassing of the injected partitioning tracers (Sakaki
et al., 2013). At the K-COSEM test site, changes in groundwater level
prior to CO2 injection correspond to changes in atmospheric pressure
and not to human activities such as groundwater pumping (see Figure
SM-1 in Supplementary Material). Groundwater temperatures corre-
spond to normal seasonal values (12.9–13.7°C).

Three components of the carbonate system (pCO2, HCO3
−, pH) and

dissolved oxygen (DO) were monitored for about 10 months prior to the
injection experiment (Fig. 4); note that only one TIC sample was col-
lected prior to injection due to laboratory availability. The HCO3

−

values are between 41.1–93.0mg/L, pH is between 6.2–6.7, and cal-
culated pCO2 ranges from 0.01–0.03 atm (Fig. 4); these values are likely
linked to the presumed low carbonate levels in the biotite granite
protolith. DO shows a general increasing trend from about 4 to 7mg/L
in wells IW and SMW 2-2 prior to injection while values in PS-04 and,
especially, BS-09 are more irregular.

Noble gas baseline concentrations measured in boreholes (BH) 01 to
05 (Table 1) show a narrow range (see standard deviations) and values
typical of shallow groundwater systems. The baseline results from the
borehole closest to the injection well (BH-04) are plotted as a reference
level in various figures below (Figs. 7, 9, 10 and 11).

4.2. Injection of gas-infused groundwater

The CO2–infused groundwater had a measured CO2 concentration of
76.87mM prior to injection, which is very similar to the theoretical
saturation values calculated using PHREEQC (Parkhurst and Appelo,
2013) assuming surface conditions of T=2°C and pCO2= 1–1.1 atm
(considering the water column in the tank). The He and Kr concentra-
tions measured in this same solution were 3.12E-06 cm3 STP/g and
4.04E-06 cm3 STP/g, respectively. Unfortunately, there is no data for Ar
concentration in the chaser fluid prior to injection, and thus initial Ar
was estimated to be 2.59E-02 cm3 STP/g based on the initial maximum
concentration in the injection well. These values are below the solu-
bility levels for the in-situ conditions and thus the noble gases will stay
in solution unless put in contact with a low partial pressure atmosphere
(such as the vadose zone) or bubbles.

Water level (WL), temperature (T), and electrical conductivity (EC)
values in the injection well (IW) show a clear difference between the
two injected fluids (Fig. 5a), with intermediate values for the initial
CO2/Kr/He – charged fluid and slightly higher WL and lower T and EC
values for the subsequent Ar-charged chaser fluid. During the injection
period, WLs increased then decreased rapidly in all observation wells
(Fig. 5b-f), showing maximum rises from 0.45 to 0.2m (SMW2-
2> SMW 2–3>PS-04>BS-09> SMW 2-1) as a function of their
horizontal distance and depth relative to the IW. The form of the
pressure response is essentially the same in all wells except for the
slower rise and fall in SMW 2-1. All observation wells show some
change in T and/or EC values during the injection period that generally
re-stabilized immediately afterwards (Fig. 5b–f). Over the following
three months, the WLs in all wells slowly decreased at the same rate as a
function of seasonal effects (Fig. 5g–l). In the IW, T and EC recovered to
pre-injection levels after about 1 month and 1 week, respectively
(Fig. 5g). During this longer monitoring period, small drops in tem-
perature (0.1–0.3°C) were observed in wells BS-09 (27/12/2016),
SMW2-1 (2/12/2016), SMW 2-2 (5/12/2016), and SMW 2–3 (7/12/
2016) (Fig. 5h–l). The EC data is noisier and generally does not show
any clear trend, aside perhaps from the increase observed in BS-09 that
corresponds with a T change around 27/12/2016 (Fig. 5h).

Over the first 20 days of the experiment there was noticeable var-
iation in IW data, such as a 5-fold increase in TIC, a 1 unit drop in pH,
and a 50% drop in DO (Fig. 6a). During this same period, the response
of TIC and pH in three of the observation wells is generally similar
(Fig. 6), with a clear change in trend occurring around 4 days after
injection (3/12/2016). Over the following three months, the values for
these and other carbonate system parameters in the IW trended towards
pre-injection conditions, although both pH and pCO2 remained lower
and higher, respectively (Fig. 4a). In the observation wells, various
changes in the carbonate system indicated a variable, and sometimes
complex breakthrough of the two injected fluids: BS-09 shows the
simplest and largest change in trend for numerous parameters, with an
increase in TIC, HCO3

−, pCO2 and decrease of pH around 27/12/2016
(Fig. 4b). PS-04 shows less pronounced changes, aside from a small pH
and DO peak in the weeks after injection (Fig. 4c). Finally, SMW 2-2
shows an initial period of change to 21/12/2016 (e.g. decreasing TIC
and increasing pH) followed by stable values to 24/1/2017, while
samples taken at the end of the monitoring period (23/2/2017) appear
to show a decrease in pH and increase in TIC (Fig. 4d). The DO results in
the observation wells are less conclusive over this period, although a
significant drop from 6.7mg/L on 1/12/2016 to 2.1 mg/L on 5/1/2017
occurs in SMW 2-2.

Noble gas tracers also show clear variations from their baseline
values following the injection event when plotted together for each
individual gas (Fig. 7). This same data can, instead, also be plotted as
breakthrough curves for each individual well (Fig. 8). Here, the noble
gas data are given as C/C0, where C = (sampled concentration – ASW
concentration) and C0 = (maximum IW concentration – ASW con-
centration). Plotting values against the initial source concentration
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normalizes the data, while subtracting the ASW value means that ne-
gative values (shown by unfilled symbols) represent concentrations less
than background air saturated water levels. Note that the Fig. 8 plots
also show the breakthrough of TIC, which is often very similar to that of
the noble gases (especially TIC-Kr).

The first noble gas concentrations measured in the injection well
(IW) (Fig. 7) are lower than those measured on the surface, but to a
different extent for each gas: 3.65E-07 cm3 STP/g for He (12% of

surface value) and 1.86E-06 cm3 STP/g for Kr (46%). Both He and Kr
show wide variability in the IW during the early phases of the experi-
ment (Fig. 8a), with a high initial value followed by low values near or
below the AWS level. Concentrations then stabilize at moderately high
values for a period of about 17 days (December 10th to 27th) before
decreasing towards the end of the monitoring period. During this final
phase their trends deviate slightly, with Kr decreasing more rapidly
than He. The behavior of Ar, injected with the chaser fluid, differs from

Fig. 4. Measured TIC, HCO3
−, pH and DO, and modelled pCO2 values at four selected wells. Only 6 of the total 10 months of baseline monitoring are shown in this

figure for clarity. The vertical blue line marks the injection period. Note the different arrival times in the observation wells, in particular the later arrival in well BS-09
(b) and earlier, but less-pronounced arrival in PS-04 (c) closer to the injection period. Only one TIC sample was collected from the IW before injection because of
laboratory availability.

Table 1
Noble gas concentrations measured from the five BH-series wells before CO2 injection.

Well He (× 10−8) Ne (× 10−7) Ar (× 10−4) Kr (× 10−7) Xe (× 10−8)

ASW† 4.58 1.96 3.59 0.83 1.20
BH-01 6.49 2.86 4.23 0.94 1.31
BH-02 6.17 2.64 4.64 1.08 1.42
BH-03 7.15 3.02 5.23 1.18 1.58
BH-04 6.19 2.64 3.93 0.85 1.06
BH-05 8.91 3.95 4.87 1.02 1.40
% std dev.‡ 16.4 18.0 11.2 12.5 14.1

Concentration is given as volume of gas per gram of water (i.e. cm3 STP/g), where STP is defined as standard temperature and pressure after
Ozima and Podosek (2002) (p =0.101MPa, T =0°C).

† Air Saturated Water was calculated based on the groundwater conditions (13.2°C, 0.101MPa and salinity of 0.01 g/kg).
‡ 1 sigma value of five samples relative to the average, in percent.
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the other two gases. Ar starts with a moderate value that increases
earlier and remains high for about 10 days (December 1st to 10th),
followed by a rapid decrease and then a slower decrease that matches
that of He.

Noble gas concentrations measured in the observation wells are
lowest in PS-04, and generally intermediate for SMW 2-2 and highest
for BS-09 (Fig. 7). The maximum concentrations observed in BS-09 are
about 31% of the maximum IW value for He, 24% for Kr, but only about
14% for Ar. In PS-04 (Fig. 8b), the first sample on 30/11/2016 shows
higher Kr and Ar concentrations followed by low values near the ASW
line for the duration of the experiment. In SMW 2-2 (Fig. 8c), the values
prior to 27/12/2016 are near, or in the case of He much below, the
ASW line, other than a very small peak for all three gases in the second
sample on 2/12/2016. After 27/12/2016, the values rise, although Kr
and Ar follow a similar, step-wise increasing trend compared to the
more regular increase observed for He. The results from BS-09 (Fig. 8d)

are the only ones that show a clear difference in breakthrough times
between the co-injected He and Kr (between 10/12/2016 and 27/12/
2016) compared to the later injected Ar (sometime after 5/1/2017).

5. Discussion

5.1. Fluid mixing and migration

The two injected fluids had distinct chemical characteristics after
preparation. The first (i.e. CO2 fluid) had high pCO2/TIC/He/Kr and
low Ar/pH, while the second (i.e. chaser fluid) had high Ar/pH and low
pCO2/TIC/He/Kr; both solutions had low O2, EC and T. The low con-
centrations of Ar/O2 in the first solution and He/Kr/O2 in the second
were likely the result of stripping caused by bubbling the pure gases
during solution preparation, while the same mechanism likely caused
the slight TIC and EC decrease and pH increase in the second solution

Fig. 5. Water level (WL), temperature (T) and electrical conductivity (EC) changes measured in-situ in the monitoring wells. The plots on the left show the 24 -h
period straddling the injection, highlighting the distinct signatures of the two injected fluids (a) and the rapid response of the measured parameters in the observation
wells (b–f). The plots on the right present all collected data, showing the time required to return to pre-injection values in the IW (g) and a second, later arrival of
injected fluids in some wells (h, k, l). The injection period is highlighted by a vertical grey box or line in all figures.
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due to stripping of background CO2. The low EC values in the first
solution were likely due to the fact that most inorganic carbon would be
in the neutral H2CO3° form under the associated low pH conditions. The
low water temperatures in both solutions were due to environmental
conditions during preparation.

During injection, it is assumed that some mixing would have oc-
curred between the first solution and the background groundwater and
then between the second and first solutions, thus creating a range of
fluids that are intermediate between the three end-members. A roughly
concentric distribution of these end-member and mixed fluids likely
formed in the vicinity of the IW due to a radial gradient induced by
piezometric mounding. Once injection stopped, this distribution would
be transported laterally (with continued dispersion and mixing) via the
local, pre-injection groundwater flow direction(s). As discussed below,
these conditions resulted in different breakthrough behaviors at the
various, closely spaced observation wells as a function of their relative
locations.

This spatial zonation can be seen in the early IW data. During

injection itself, EC and T clearly define the two injected fluids (Fig. 5a)
with relatively rapid displacement of fluids (about 1.5 h) and limited
borehole mixing. Data collected over the following week show the early
presence of the chaser fluid (low pCO2/TIC/He/Kr and high Ar/pH)
followed by re-entry of the CO2 fluid (high pCO2/TIC/He/Kr and low
pH, high TIC) into the IW (Figs. 6a and 8a). Over the longer term,
values trended towards background levels in the carbonate parameters
(Fig. 4a) and noble gases (Fig. 8a). The overall behavior of the different
solutions in the IW are best illustrated using a ternary plot of the con-
servative noble gas tracers (Fig. 9). This figure shows a signficant dif-
ference between the composition of the first injected fluid and the first
collected sample, which may be due to initial CO2 degassing related to
the higher subsurface temperatures (see Section 5.2 below). The com-
position of the second sample is very similar to that of the subsequently
injected chaser fluid, followed by seven samples that plot on a mixing
line between the first and second samples. The trend then changes
abruptly and shifts towards background concentrations for the last two
samples, implying that the concentric distribution described above has

Fig. 6. TIC, pH, and DO values observed in the
IW (a) and three observation wells (b–d) during
the first 20 days of the injection experiment.
Note the significant differences between the
TIC and pH scales for the different wells and
that TIC sampling was sometimes conducted on
different days. The vertical blue line defines the
injection period.

Fig. 7. Measured noble gas concentrations in
the IW and three selected observation wells.
Baseline values were measured in the nearby
borehole BH-04 in March 2015 and are plotted
just prior to the injection experiment for re-
ference. Air Saturated Water (ASW) values
were defined (Kipfer et al., 2002) based on an
average groundwater temperature of 13.2°C,
0.101MPa and salinity of 0.01 g/kg. The ver-
tical grey line in each plot represents the in-
jection period. Note the similar He and Kr
trends, but different Ar trend, in the IW as a
function of the two different injection fluids,
which also influences the breakthrough times
and behaviors observed in the other wells.
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been swept past the IW along the natural groundwater gradient.
The fact that almost all observation wells show a similar and very

rapid pressure response in correspondence with the start and end of
injection (Fig. 5b–f), with relatively little delay/tailing, highlights the
good hydraulic connectivity between the wells. In addition, EC changes
in all observation wells and very small temperature changes in two
wells (Fig. 5b–f) during injection, measured every 10min with the LTC
probes, imply that forced, higher-gradient radial flow during injection
may have resulted in the very early arrival of a small amount of injected
fluid. Considering the highly anisotropic conditions around the injec-
tion zone (Lee et al., 2017a,b; Kim, 2017; Kim et al., 2018), there is the
potential that heterogeneous permeability distributions provided a fast,
preferential-flow pathway for a small portion of the CO2-rich plume
(Kilgallon et al., 2018; Lu et al., 2012).

Less frequent manual sampling of other parameters also shows
changes in the observation wells during the first couple of days of
monitoring that appear to be linked with injection. For example, BS-09,
PS-04, and SMW 2-2 all show a pH peak and decreasing TIC values
during the first 4 days after injection followed by a more gentle in-
creasing trend for the subsequent 4 days, similar in form to that ob-
served in the IW (Fig. 6). Some of the observation wells also show noble
gas variations during this early period, although slightly different
sampling times mean that a direct comparison is difficult. For example,
PS-04 and SMW 2-2 both show small peaks soon after the injection
period (Fig. 8b, c), with the latter corresponding with a clear 0.3°C drop

in temperature (Fig. 5k). This rapid response is likely due to the fact
that both wells lie within the radius of influence around the IW (Fig. 1),
calculated to be 2.9m assuming an effective porosity of 0.02 (based on
previous push-drift-pull tests; Kim, 2017 and Kim et al., 2018), con-
centric flow and distribution, and an aquifer thickness of 14m. Over the
longer term, the three observation wells behave differently based pri-
marily on their position relative to the IW and the natural background
flow direction, as described below.

In general, PS-04 showed the lowest levels for most measured
parameters, with small, early-time anomalies decreasing rapidly to-
wards baseline concentrations for carbonate system variables (Fig. 4c)
and noble gases (Fig. 8b). This implies that PS-04 experienced break-
through during injection-induced radial flow, but that these injected
fluids were then immediately swept away due to a return to baseline
flow directions (possibly NW to SE, Fig. 1) that re-introduced back-
ground groundwater. This interpretation is supported by the PS-04
trend in Fig. 9, where values start in the vicinity of the initial IW sample
and then trend towards background levels during the rest of the ex-
periment.

The most complex behavior is observed in SMW 2-2. The gentle but
significant drop in DO values over the entire monitoring period
(Fig. 4d) implies that this well always contained some portion of the
injected fluids. The initial rise in pH and drop in TIC up until 27/12/
2016 indicates the presence of the chaser fluid (Fig. 6d), which is
supported by He values below the ASW level (i.e., degassed during

Fig. 8. Observed temporal evolution of the three noble gas tracers at each well, presented as C/C0 for each individual gas, together with total inorganic carbon (TIC)
for reference. The dashed horizontal line at “0″ separates values greater than or less than ASW levels, while the vertical grey line represents the injection period. Note
the different behaviors of the two injection fluids in the IW (a), the early time peak coincident with injection at the up-gradient well PS-04 (b), the initial negative He
values and subsequent moderate peak in SMW 2-2 (c), and the later but well-defined breakthrough at BS-09 (d).
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chaser fluid preparation) (Fig. 8c) and occurrence of these samples on
the mixing line with the Ar chaser fluid (i.e. pink squares in Fig. 10).
Subsequently, a small drop in pH during January 2017 followed by a
large drop before 23/2/2017 indicates the arrival of the CO2-infused
fluid (Fig. 4d); this is supported by a very similar inverse trend for Kr

and a final noble gas composition that is very similar to the first IW
sample (Fig. 9). These complex trends are likely due to both the close
proximity and down-gradient location of this well relative to the IW,
which resulted in passage over time of different sections of the zoned
plume described above.

In contrast, the long-term monitoring results from BS-09 are more
straightforward, as this well has the largest measured anomalies as well
as the separate breakthrough of two distinct fluids that maintained
some characteristics of the two original injection solutions. The arrival
of the initially injected CO2-infused fluid occurs between 21/12/2016
and 27/12/2016 with a sharp rise in TIC, HCO3

−, pCO2 and drop in pH
(Fig. 4b) and a small drop in T and increase in EC (Fig. 5h). Kr and He
also rise at this time and there appears to be a good correlation with TIC
(Fig. 8d), although the lower sampling frequency for the noble gases
results in a wider potential arrival window (10/12/2016 to 27/12/
2016). The breakthrough of the chaser fluid is shown primarily by the
significant increase in Ar, which, due to the low sampling frequency
during this period, can only be roughly defined as between 5/1/2017
and 23/2/2017. This behavior is also illustrated in the noble gas
ternary plot (Fig. 9), with the final values trending towards the main
mixing line observed in the IW. In terms of flow, the two arrivals in-
dicate the lateral movement of the concentrically distributed fluids
along the natural groundwater gradient (made simpler by the greater
distance of this well) while the fact that the highest anomalies were
observed here indicate preferential movement between the IW and BS-
09. Both processes are conditioned by local permeability anisotropy
(Lee et al., 2017a), similar to that observed by Lu et al. (2012).

It is interesting to note that the noble gas behavior observed in this
experiment relative to the migrating CO2, as illustrated in Fig. 8, is
different from some experiments reported in the literature. Here, the Kr
and TIC breakthrough times were very similar and He showed the
fastest movement amongst the indicators, particularly clearly in BS-09
(Fig. 8d) and moderately in the second peak of SMW 2-2 (Fig. 8c). This
is in contrast to the observation by Kilgallon et al. (2018) that all noble
gases migrated faster than CO2, and that Kr preceded He, in laboratory
experiments, and the observation by Carrigan et al. (1996) and Sanford
et al. (1996) that the retardation of He was noticeable compared to
other tracers in a field experiment. The lack of retardation of He in

Fig. 9. Ternary plot showing the temporal variation of fractional abundance of
Ar, Kr, and He species in the four wells. Arrows indicate the temporal order of
the various samples. Background values are those collected in BHs 01-05. The
noble gas concentrations in the “CO2-infused fluid” were measured on samples
collected from the holding tank before injection, while those in the “chaser
fluid” were measured on the first sample collected from the IW immediately
after injection had ceased. The straight line trends between different end-
member compositions imply mixing as the plume migrates via both the initial
forced gradient and the subsequent recovery of the natural gradient.

Fig. 10. He-Kr plot showing mass balance of
the plume. The un-degassed groundwater fol-
lows the mixing line between injected (yellow
diamond) and background concentration (pink
cross). The new dilution line follows the mixing
line of partially degassed groundwater (at the
intercept between ① and ② -b) with background
concentration (pink/black cross) or Ar chaser
(light blue cross). The pink squares represent
significantly degassed samples below Air
Saturated Water (ASW) concentration (Fig. 8).
The local groundwater represents the back-
ground concentration before CO2 injection
event.
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these results, attributed in other experiments to rapid movement of this
gas into immobile zones, may give information on the permeability
distribution in this aquifer, however more study would be required to
address this issue. Another factor which could also contribute to the
different observed behaviors could be the different experimental scales
(lab versus field) and the permeability and porosity characteristics and
heterogeneity of the studied porous media. Consequently, in terms of
fast and efficient leakage detection, the best monitoring parameter may
be site-specific, apparently even amongst the noble gas tracers.

Finally, the dissolved CO2 plume does not appear to have migrated
upward towards the water table until four months after the injection
stopped, as prior to this no significant change in pCO2 (< 1 atm) was
detected in the shallowest monitoring wells (e.g. SMW 2-1, data not
shown). In addition, the lack of CO2 anomalies in the unsaturated zone
monitoring wells (Fig. 4.8.4.29 in KMOE, 2017) imply that the injected
plume was retained in the groundwater without diffusive loss towards
the atmosphere. It is likely that the current experimental conditions
(e.g. injection amount, monitoring period) were insufficient for aqu-
eous-phase CO2 to migrate diffusively through the 4m of overlying
saturated soils (i.e., between the minimum injection depth and the
piezometric surface).

5.2. Assessment of degassing

The carbonate system and noble gas results in the observation wells
suggest that injected mass was conserved during transport after the
plume left the injection point, as CO2 was diluted below the saturation
point (pCO2<1 atm). However, the noble gas ratio of sampled
groundwater did not belong to the mixing range between injected fluid
(He/Kr=0.77) and local groundwater (He/Kr= 0.69), but rather it
had a newly fractionated ratio of 0.18 (Fig. 10). Since mixing cannot
account for such a strong fractionation, another physical process, de-
gassing, was considered to explain the enrichment of injected tracers.
Gilfillan et al. (2017) incorporated three distinct components to eval-
uate the fate of the CO2-infused fluid: (i) injected fluids; (ii) fluids
produced from shallow groundwater after the injection event; and (iii)
undisturbed groundwater that has a background concentration before
CO2 injection. These end-members were used here to constrain the
various physical processes causing noble gas anomalies, such as dilution
with local groundwater and degassing.

Although the first injected solution was saturated with CO2 under
the conditions on surface, its injection into the subsurface exposed it to

temporally and spatially variable temperatures and pressures that could
have a strong impact on CO2 solubility. For example, pressures over the
3m injection interval were 1.4–1.75 atm under normal hydrostatic
conditions and 1.7–2.05 atm during the injection phase due to piezo-
metric mounding (Fig. 5a), while temperatures increased over time as
the 2°C injected water was warmed to the in-situ temperature of 13.2°C.
CO2 solubility was modelled for these conditions using PHREEQC
(Parkhurst and Appelo, 2013) (see Supplementary Material). During the
injection period the first solution was always found to be under-
saturated with CO2 due to the higher pressures, regardless of the tem-
perature, and thus in-well degassing was not possible. In contrast, after
the injection period, when water levels returned to natural values, the
solution becomes oversaturated over a range of conditions between
9.5–13.2°C and pressures less than 1.58 atm (i.e.,< 22.8m depth). As
such, degassing was thermodynamically possible under these condi-
tions. The maximum level of oversaturation, at 13.2°C and a depth of
21m (assuming the plume did not rise above the upper injection in-
terval) was about 111%.

As degassing is rapid, we assume that it occurred close to the IW
before significant mixing with the chaser fluid and the local ground-
water (Fig. 10). This CO2 degassing would drive changes in the initial
noble gas ratios, as the lighter noble gases preferentially partition into
the CO2 bubbles. Based on the change of noble gas composition, the
degassed CO2 volume was quantified using the following assumptions:
(i) degassing loss was terminated at the start of groundwater transport;
(ii) the ideal gas law was satisfied (hence, Dalton’s law); and iii) the
produced CO2 bubbles were at 1 atm.

The calculation was made iteratively and inversely, starting from an
initial guess on a degassed volume (Vg), to obtain themNG l1 ( ) andmNG l2 ( )

ratio of monitored data in the field: =( ) 0.18m
m

He
Kr

NG l
NG l

1 ( )
2 ( )

(see 3.5 Mass
balance analysis of CO2 leakage). Following CO2 degassing, He was
reduced from 3.12E-06 cm3 STP/g to 4.67E-07 cm3 STP/g (-85.0% in
total) and Kr was reduced from 4.04E-06 cm3 STP/g to 2.66E-06 cm3

STP/g (-34.2% in total) considering a closed system, and He was re-
duced to 6.12E-07 cm3 STP/g (-80.4% in total) and Kr was reduced to
3.48E-06 cm3 STP/g (-13.9% in total) considering an open system. The
notable difference of Kr concentrations in the two systems is due to
stepwise degassing in an open system, where the heavier Kr is gradually
enriched during the multi-step process. The total amount of degassed
CO2 was estimated to be 0.529 kg (3.1%) considering a closed system
and 0.156 kg (0.9%) considering an open system, from a total injected
mass of 16.9 kg. Following the degassing, the newly formed end-

Fig. 11. Plot showing the He/Kr ratio versus
TIC for five wells. Following the degassing
event the noble gas ratios are enriched in
heavier species relative to the Air Saturated
Water (ASW) line. The pink diamond corre-
sponds to the intercept between the degassing
and dilution lines in Fig. 10. Most samples
follow the mixing line between the three com-
ponents of CO2 plume (after degassing), chaser
fluid (Ar chaser) and local background
groundwater (BG), indicating that degassing
and dilution process are responsible for the
sample distribution.
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member was continuously mixed with the chaser fluid and local
groundwater, driving dilution towards a He/Kr ratio of 0.69 during
transport (Fig. 10).

In contrast to the chemically inert noble gases, CO2 is known to have
higher and more variable background concentrations because of the
diverse chemical and biological processes that generate and consume
CO2 in groundwater systems (e.g., Macpherson et al., 2008; Vesper and
Edenborn, 2012). The relationship between CO2 (in the form of TIC)
and the inert tracers of He and Kr is presented in Fig. 11. The initial
plume first degasses the CO2 bubbles, leaving the water enriched in the
heavier Kr species such that they plot below the ASW ratio line while
the TIC values barely change (brown vertical line). Subsequently, most
samples lie on the physical mixing lines between the degassed plume,
Ar-chaser and local groundwater (BG). These trends indicate that de-
gassing and physical mixing are the major process responsible for the
CO2 plume evolution. On the other hand, a few samples do not exhibit
any correlation with TIC, which could be attributed to: (i) biochemical
sources and sinks controlling the CO2 distribution; (ii) significant de-
gassing of noble gases at the plume head and tail; and (iii) the higher
diffusivity of noble gases relative to CO2 and thus longer transport
distances of the noble gases (Kilgallon et al., 2018; Stanley and Jenkins,
2013).

6. Summary and conclusions

A relatively small amount of CO2 saturated groundwater spiked
with He and Kr tracers was injected into a shallow aquifer to simulate
minor CO2 leakage into a highly anisotropic hydrogeological setting,
followed by injection of a chaser solution charged with Ar. Noble gas
tracers and a wide range of other physical-chemical parameters were
used to interpret flow between the closely spaced observation wells
over the 4month long experiment, and then the noble gas data were
used to constrain a mass balance model of CO2 degassing.

The two injected fluids were distinct, the first defined by high pCO2/
Kr/He and low O2/Ar/T/EC and the second by high Ar and low pCO2/
O2/Kr/He/T/EC. Initial radial flow during injection, due to water table
mounding, was recognized in observation well data from in-situ loggers,
with rapid pressure changes showing good hydraulic connectivity and
small T and EC anomalies implying the occurrence of fast, preferential-
flow pathways for a small portion of the injected plume during induced,
high-gradient, injection-phase conditions. Changing hydraulic condi-
tions were shown by the early arrival of noble gases and carbonate
system parameters in an up-gradient well immediately after injection
that was followed by a rapid return to background values as the pre-
injection gradient was quickly re-established. This flow regime even-
tually led to the clear and distinct breakthrough of the two injected
fluids at a more distant, down-gradient well. The initial arrival of the
CO2-infused solution in this well was marked by the arrival of elevated

TIC/Kr/He values, with the particularly good association between the
first two species implying limited chromatographic separation (at least
at the temporal resolution of the sampling). Arrival of the chaser fluid
was observed shortly after with increasing Ar concentrations.

In terms of the physical processes acting on the injected fluids, the
monitoring data show a strong enrichment of heavier noble gases (i.e.
decrease in the He/Kr ratio) that cannot be explained by dilution of the
injection fluid with local groundwater. Rather, the enrichment origi-
nates from CO2 degassing driven fractionation of the noble gas ele-
mental ratios, with degassing being induced by local temperature and
pressure conditions in the subsurface. In fact, in contrast to deeper
experiments, injecting relatively close to the water table was found to
result in significant changes in CO2 saturation levels over short vertical
distances. The change in the noble gas ratios suggests that between
0.156 kg and 0.529 kg (0.9% to 3.1%) of the injected CO2 was degassed
immediately after the injection period, prior to transport by the natural
hydraulic gradient. Even with such a minor amount of degassing, the
noble gas tracers were strongly depleted, especially He due to its low
solubility (-85.0% to -80.4% for He and -34.2% to -13.9% for Kr under
closed or open system conditions, respectively).

This study confirms the ability of these inert tracers to track even
small amounts of CO2 leakage as well as associated physiochemical
processes during CO2 migration, relying on the clear signals achieved
by artificial enhancement. For an optimal monitoring efficiency, the
combination of less soluble tracers such as SF6 or He with relatively
soluble tracers is recommended. Instead of artificial tracers, naturally
occurring tracers could also be applied to achieve similar goals, how-
ever concentration changes during solubility-controlled processes must
be consistent with analytical detection limits and experimental errors.
Finally, the presented results show how, even amongst noble gas tra-
cers, site specific conditions may influence the best choice of mon-
itoring parameters for fast and efficient leakage detection.
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Appendix A. Analytical solutions for leaking CO2 mass balance

To quantify the mass of degassed CO2 it is necessary to focus on the fate of CO2 bubbles produced during the phase-partitioning process.
Depending on the mobility of the CO2 bubbles, a system is defined as either open or closed. In a closed system, the CO2 bubble is retained in the
groundwater and thus equilibrium between the CO2 bubble and the surrounding CO2 plume is maintained. The analytical solution for closed system
degassing is a one-step phase-partitioning process following Henry’s law (Sander, 2017):
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where:

( )A
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= A and B ratio in CO2 bubbles, where A and B are different noble gases

( )A
B l( ) = the composition of A and B remaining in the dissolved phase
= partitioning coefficient for gas/liquid system
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KA, KB = Henry’s constant for A and B
rA, rB = groundwater phase activity coefficients for A and B

A, B = gas phase fugacity coefficients for A and B.
In an open system, there is a continuous loss of CO2 bubbles until the end of the phase-partitioning process. The noble gas composition of the

dissolved plume is gradually enriched with heavier elements with continuous degassing (Holland and Gilfillan, 2013; Zhou et al., 2005). The noble
gas composition of the CO2 plume, in this case, is a function of the remaining mass of elements. The Rayleigh equation can be used to describe such a
system:

=A
B

A
B

f
l( ) 0

1

( )A
B 0

= The composition of A and B in the initial injected plume
f = Fraction of elements remaining in the dissolved plumeα = partitioning

coefficient for gas/liquid system

Appendix B. Iterative calculation of CO2 budget

The degassed mass can be constrained iteratively and inversely using different noble gases (Ballentine et al., 2002; Holland and Gilfillan, 2013).
This model assumes the progressive loss of small volumes of gas bubbles (Vg/V˜0l ) from the remaining CO2 rich plume. The iteration steps in the
model involve repeatedly reducing the remaining mass until the result fits with the observed noble gas data. The total degassed volume can be
obtained by summing gas volumes in the final stage (Zhou et al., 2005). Two noble gases were used to determine the degassed mass such that:
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where,
i = Iteration step
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l
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( ) = mass in dissolved phase before i 1th degassing loss (g)
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l( ) = mass in dissolved phase after i 1th degassing loss (g)
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( ) = degassed mass during i 1th degassing process (g)
and degassed mass was determined from the degassed volume, such that:
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where,
V g( ) = degassed volume during i 1th degassing process (cm3)
C = conversion factor from volume to mass
M = molar mass (g/mol)
Vm = molar volume at ambient temperature and pressure (cm /mol3 )
pi 1 = partial pressure of removed noble gas during i 1th degassing process
K = Henry’s constant in units of pressure (atm)
= liquid phase activity coefficient
= gas phase fugacity coefficient

xi 1 = molar fraction of noble gas in dissolved phase at i 1th degassing moment (mol /molNG (l))
NG[ ]i 1 = number of moles in dissolved phase at i 1th degassing moment (mol)

l( ) = density of dissolved phase ( cmg/ 3)
V l( ) = volume of dissolved phase (cm3)
For a closed system, a one-step degassing process was assumed whereV g( ) was repeatedly adjusted to obtain the noble gas ratio of the monitoring

data, m
m

NG l
NG l

1 ( )
2 ( )

. For an open system, an iterative model was used with a fixed V g( ) value which should be small enough to finally achieve convergence
with the measured noble gas composition. The noble gas concentration in the groundwater was gradually decreased in iterative steps. In the final
stage ( =i n),

m

m
NG l
n

NG l
n

1 ( )

2 ( )
was matched against the monitored composition, and then the total degassed volume was calculated by multiplication ofV g( ) and

the number of iteration steps in the open system model.

Appendix C. Supplementary data

Supplementary material related to this article can be found, in the online version, at doi:https://doi.org/10.1016/j.ijggc.2019.05.002.
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