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Abstract

To provide confidence in the safety of a carboptwae and storage (CCS) project, researchers
have focused on developing monitoring techniquedrace the unlikely, but potentially possible,
migration of CQ from a deep reservoir. Among the various techrégueble gas tracing is a beneficial
approach, owing to the unique noble gas fingerprmesent in injection fluids, the deep reservag
the shallow aquifer above the storage area. Howeher value of this approach has been limited to
demonstrations in a natural analogue,@ich reservoir and an artificial injection testesi Therefore,
further efforts are required to link those valuableservations to an actual CCS site. In this study,
outline how to use these tracers for actual monigowork in a shallow aquifer system. First, two
artificial injection tests were performed using He, Kr, and Sk to understand the behavior of the
leaked plume in the shallow aquifer system. In lests, the noble gas ratio remarkably changed tivith
solubility-controlled process and the mixing pracebo extend and link the valuable findings frora th
artificial injection tests to an actual G@akage event, we performed a leakage simulatsimgudata
from a real CQinjection site, i.e., the Weyburn—Midale site. §kimulation suggested that combinations
of “He with other heavier noble gases can be used totonaCO, leakage, as they allow us to separate
and explain the major interactions governing thgration of the leaked plume in the shallow aquifer
system. Additionally, although the high €@ensity of a dissolved plume is known to add uiadety in
guantitative approaches, the influence of thosecedfwas negligible when compared to the errossnayi
from the wide variation in the noble gas fingertsiim the leaked C©O This study, therefore, provides
insight into the evolutionary path of the migrae@., plume in the shallow aquifer system and to the
results can be used to inform the tracing of adgaksource within a shallow aquifer despite various

mechanisms complicating the plume distribution.

Keywords: Carbon capture and storage; Cl@akage; noble gas tracing; degassing; inheremety

monitoring
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1 Introduction

A carbon capture and storage (CCS) project usémpermeable or low-permeability cap rock to
trap sequestered G@ a formation without leakage. The g@jected into the storage formation is
sequestrated by subsurface trapping mechanismseglyastructural/stratigraphic trapping, residual
trapping, solubility trapping, and mineral trappimgchanisms. Evidence shows that these are effectiv
on a geologic time scale (Alcalde and Flude et2411,8; Altman et al., 2014; IPCC, 2005). However, a
recent event where artificial injection activitywater in an enhanced geothermal system (EG Sknegg
a 5.5 magnitude earthquake of in Pohang, South &K¢kee et al., 2019) led to increased public
awareness of the potential issues of injectinglfiunto the subsurface in Korea. This situationttethe
temporary closure of a GQ@apture and storage demonstration project intemoldge performed in the
Pohang Basin, South Korea (Chen et al., 2018)hEuriore, it was alleged that gat had leaked from
the storage formation at the Weyburn-Midale sitel palluted a nearby shallow groundwater zone
(Beaubien et al., 2013). These examples highlightrteed for a robust monitoring regime of any fitur
geological storage site to provide reassuranceGfatis being safely stored and that any migration from

the site can be detected.

The monitoring of leaked CQs often complicated by naturally occurring £i@ the subsurface
system.The distribution of C@is very heterogeneous in a natural groundwatelesysas a result of
chemical, biological, and physical interactionssfRét al., 2015). The use of stable C isotopetefitage
monitoring can also be challenging because theginads in leaked fluids can overlap with those of
common surface sources (e.g., landfills) (Gyotral.e2017), following bacterial activity that eris the
3C by an oxidation process (Whiticar et al., 199®wever, noble gases are chemically and biologicall
inert, and are only affected by quantifiable phgkiprocesses in a shallow aquifer system. Thergfore
noble gases can provide a means to separate afainefpe physical processes in a biochemically

complicated system (Kilgallon et al., 2018). Thendfis of this tracer were first recognized in an
3
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enhanced oil and recovery (EOR) site, where engingsed this particular characteristic of noblesgas
explain the physical process of a solubility-cold mechanism in a multi-phase system composed of
gas, water, and oil phases (Bosch and Mazor, 1B8Bentine et al., 2002; Prinzhofer, 2013). In this
complex system, the noble gases were phase-pagtitiat the materials’ interfaces, and the noble gas
compositions were mass-dependently fractionatedrdiog to their solubilities (Ballentine et al., 99
1994; Lollar et al., 1997; Pinti and Marty, 199%hese valuable technigues have now been extended to

the study of CCS projects to monitor the migratiba multiphase CoOplume in the subsurface system.

Although noble gases have been actively appliegdG@$ research for various purposes (Myers et
al., 2013), they have been largely used to ider@i€ migration from a deep reservoir into a shallow
aquifer to define a preferential pathway of migdateO, and to resolve the physical interactions

governing the fate of the G@ich plume.

Noble gases have been used to trace IE&kage in natural analogue sites and artificigdtion
experiments. Lafortune et al. (2009) suggestedptitential applicability of noble gas for tracingsga
leakage from a reservoir into a shallow groundwaystem, as the reservoir has a signature ofrduiet
that is distinguished from that of shallow-deptlogrdwater. This was clearly proven at a natural
analogue site of post-emplacement seepage. Forpéxa@ilfillan et al. (2011) concluded that an
elevation of HC@ in shallow-subsurface and surface waters origthdtem deep reservoir leakage,
based on a fingerprint of high-crustile. Gyore et al. (2018) also pointed out that High in a deep
reservoir can be used as a potential fingerprirtitaice the fugitive release of reservoir gas. Tdwcept
of a noble gas fingerprint was extended to tracéaacement work for artificially injected G@t the
Cooperative Research Centre for Greenhouse Gasidlegies (CO2CRC) Otway Project to produce a
strong signal for C@plume leakage by distinguishing artificial €@om natural CQ (Stalker et al.,

2015).
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In order to better understand the pathway of miggaCQO, within a deep reservoir, several
artificial injection experiments have been undestakFor example, COgas was injected into a
heterogeneous hydrocarbon reservoir (~3,080 m dedhin the Tuscaloosa Formation reservoir,
Mississippi, United States, and was followed bytzwous monitoring (Lu et al., 2012). This resulted
a unigue bumpy breakthrough of noble gas havingifpabks suggesting the existence of preferential
paths between a leakage point and monitoring wekliset al., 2012). In a shallow depth vadose zone
injection test, preferential paths were found betwthe injection point and monitoring probes, akioed
by the natural heterogeneity of the limestone atBEMO-CQ project, France (Rillard et al., 2015).
Lighter noble gases (He and Ne) were more helpfddfining the preferential path in the vadose zone
than CQ and other tracers as they have faster arrivalstiatdhe monitoring probes owing to their higher
diffusion coefficients and lower solubility withihe soil water in the C&vVadose project, France (Cohen

et al., 2013).

Detailed and extensive research on the fate of @43 been undertaken in natural £{©h
reservoirs, which serve as analogues for artifici®, storage. For example, Zhou et al. (2005)
constrained the evolution of natural £end CQ based on the mass-dependent fractionation of noble
gases in a coalbed methane system. Studies oruelnahalogue site of a deep £8orage reservoir
suggested that a multi-step solubility-controlledgess was significantly involved in the fate of afas
under the impermeable cap-rock, as explained byl¢leply fractionated noble gas ratio (Gilfillanagt
2008; Zhou et al., 2012). Then, Gilfillan et al0(®) concluded that naturally injected £fas been
primarily sequestrated within deep reservoirs tgtoa solubility-controlled mechanism. In an engiede
CO; injection site, Gyore et al. (2015) and Gyodrelef2017) observed that the noble gas compositfon o
produced gas can be successfully used to congtraiate of the sequestrated £& the Cranfield
enhanced oil recovery (EOR) field and identifiedl@ar sink of free-phase G@ areas making contact

with the reservoir groundwater. A numerical modas lalso been applied to define the fate of a reserv
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of CO, by identifying the budget of residual trapped amdhobilized gas in a deep storage site at the
CO2CRC Otway test injection site (LaForce et &@014). Moreover, Zhang et al. (2011) delineated that
immobilized gaseous GQetards the arrival of noble gas tracers, owinthtr preferential partitioning
into CO, bubbles at interfaces. In a recent artificial ¢hijgn experiment, an attempt was made to
understand the fate of artificial G@eleased into a shallow groundwater system (&l..e2019), where
the fate of the leaked GQOwas constrained using noble gases. This highlighke importance of

solubility control and mixing mechanisms in shalidepth groundwater.

Recently, studies have begun applying a noble iggerprinting tool for an actual monitoring
purpose, i.e., to trace leaked Cftbm a reservoir into a shallow aquifer systeme Tioble gas tracing in
the shallow system is based on the inherent coriqosi difference between the reservoir fluid ahd t
groundwater above, and the composition of injec@®d, is dependent on various gQCapture
mechanisms (Flude et al., 2016). Gilfillan et 8D17) recognized the usefulness of compositionrabh
CO; injection site. For example, the storage resemais two orders of magnitude richer in radiogenic
*He compared to normal soil gases, providing an dppity to evaluate allegations that unplanned

migration of CQ into a shallow aquifer near the Weyburn Midalefiellds had taken place.

Although noble gases have proved useful for tra@ngQ plume in many sites as described
above, to the best of our knowledge, it has notbgstn extensively used for monitoring in a shallow
aquifer (Lee et al., 2016). Moreover, most worksehheen limited to artificial release experimemsd a
natural analogue sites, implying that further @ffoare still required to link the valuable previous
observations to an actual CCS site. Therefore, ghidy attempted to discuss the application ofehes
tracers to the monitoring of actual unplanned,®@gration from a CCS site. For this purpose, two
injection tests were completed in a shallow aqusfestem using noble gas tracers. This was intetmed
explain the major processes responsible for treedathe migrated C{plume in a multi-phase state and

to verify the findings from previous research. Thbased on the observations, we simulated the CO
6
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leakage by using analytical solutions and discussedto use noble gas to identify €@igration, and

to constrain the fate of the migrated £O

2 Material and methods

2.1 Artificial injection test

Sequestrated COcan be mobile when the cap-rock is broken or daehagrigure 1). Then,
portions of free-phase G@nove upward due to buoyancy forces. Accidentdddga can occur through
various vertical conduits such as an injection wabbandoned wells, or natural faults over different
periods of time (e.g., continuous low level leakagshort duration blowouts) (Alcalde and Fludel&0
While the free-phase GQnigrates through conduits, it can spread intorthatiple layers splitting the
mass (Jung et al., 2014) (Figure 1). Among theipialtayers, the ones with lower-permeabilities &t
barrier preventing the CGOfrom reaching a shallower aquifer. Following aiewrof stratigraphic
trappings, some volumes of G@nally reach the lower pressure system of shatjpaundwater, which is

the very portion discussed throughout this paper.

The two artificial injections were performed to damstrate the accidental leakage of,@o the
shallow aquifer. In particular, the injection exipegnts focused on the early-stage fate of free @3
reaching the low-pressure system (i.e. shallowfaguiThe initial state of C@Qis characterized by a high
partial pressure that can naturally nucleate thigbles (Figure 1). The degassing dominantly occurs
around a leakage point until stabilization occuarthie low-pressure system. After the degassingCthe
bubbles are redistributed between the groundwdtssdlved and remaining budget) and the atmosphere
(degassed and lost budget), reducing the total atdidr CQ budget. The initial degassing is very
important because it controls the overall budgeZ©f remaining in the subsurface after it migrates ato

shallower system (Ju et al., 2019). In this contdke two experiments, in which gas-charged



156  groundwater was injected into a shallow aquiferrenvperformed to demonstrate the early-stage

157  solubility-controlled process (i.e. degassing).

Step 1: degassing Step 2: mixing
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159  Figurel. Conceptual figure to demonstrate accidenta} (€@kage from a deep reservoir into a shallow
160  groundwater system. Early-stage fate of,@Jprimarily controlled by the solubility-contrelil process

161  (i.e., degassing) due to a high gas pressure.

162 2.2 Test siteoverview

163 The first injection test was conducted in Wonjuwré&a (Figure 1). The aquifer at the study site
164  consists of weathered and highly fractured Jurdsisitite granite overlain by soil and alluvial dejis
165 (Yu et al., 2006; Baek and Lee, 2011). The singtd-tvacer test (SWTT) was performed in the alllvia

166  deposits, which are a uniform material without fuaes and conduits. The aquifer thickness was 10a:15
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The aquifer hydrology at the site had a wide rapfggeasonal and spatial variations. The observadrwa
table was 2-13 m below the ground surface, butiredabelow 11 m during the dry season, when the
pilot test was performed. The hydraulic gradientecfrom 0.008 m to 0.023 m. A pumping and slug
test revealed that the hydraulic conductivity of gite ranged between 2.0 x™48m/s and 4.2 x 18
cm/s. In addition, the flow velocity of the regidmgoundwater was estimated, usfit-"He analysis, to
vary from 1.9 x 10 to 1.2 x 10" m/s (Kaown et al., 2014). A detailed descriptidntiee geologic
features, seasonal variations in aquifer hydrol@gg land-use history of the study site can be dann

Lee et al. (2015).
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Figure 2. (a) Site map of Wonju, Korea; (b) full-screened R4 was used for the SWTT at the site.
Injection was completed 24-27 m below the groundiase and approximately 10 m below the water
table. The injection interval was isolated usingkest during the SWTT. The water table inside the
interval changed from 14.07 m (i.e. red triangte)L6.64 m (i.e. blue triangle) below the surfaceray

the pull-phase of SWTT.

The second injection and recovery test was comghlat the Korea C{OStorage Environmental

Management (K-COSEM) experimental test site in Erong, Korea (Figure 3). A monitoring network
10
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was established at the test site for the, @@ease and monitoring experiments. Geologicalrinftion
was collected from borehole data at the study aitealluvial deposit was found occurring 0-2 m taelo
ground level (b.g.l.), weathered soils were four@®2m b.g.l., weathered rocks were found 30-70 m
b.g.l.,, and bedrock was found > 70 m b.g.l. (Jalet2018a). The host rock was dark gray or ligiatyg
biotite granite. The inter-well tracer test (IWTWas performed in the weathered soils zone regaaded
uniform material without any fractures and conduithe water table was 16-17 m b.g.l., and the
hydraulic gradient ranged from 0.01 to 0.05. Trggawal flow direction was from northwest to soutstea
The hydraulic conductivity estimated from the pungptest ranged from 4.0 x £an/s to 2.0 x 10 m/s.

A push-and-pull test was performed to identify gmeundwater linear velocity (0.06—0.44 m/d), effeet
porosity (0.02-0.23), and uppermost aquifer thiskn@7 m) of the study site. Detailed discussiams o
the sequential hydraulic tests for establishingrttomitoring network at the K-COSEM experimental tes

site are summarized in Lee et al. (2017) and Let €2018).
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Figure 3. (a) Site map of Eumseong, Korea. (b) Injectionl \{i&V/) and saturated zone monitoring well
(SMW) 2-3 were used for the IWTT. The injection veasnpleted 21-24 m below the ground surface and
4.5-7.5 m below the water table. Injection fluid ved along an induced pressure gradient of 0.93

between the two wells.

2.3 Experimental design overview

Tracer-mixed groundwater was prepared and adlficinjected into the groundwater. First, each
sample of tracer-infused groundwater was createfiiolming inert gases into local groundwater using a

12
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gas regulator, ball-flowmeter, flexible tube, sien (for gas diffusion), and carboy bottle (Figdje The
volumes of gas-charged groundwater samples werdygaixed together in the order of their solubility
in groundwater (i.e., K& Ar & He). The injection was completed using a submkersihd controllable
guantitative pump "MP1" (Grundfos, Bjerringbro, Dasrk). The sample for the injection fluid jjGvas
collected during the injection period, and thersgliwas measured at the sampling time using platab
equipment from Yellow Springs Instruments (YSI) (YBc./Xylem Inc., USA). The salinity was

reported in units of ppt, with a precision of 0.

Ball flowmeters

@ Kr, Ar, He To sampling
@ Salt port for C,

— - >

Regulators
/ To injection well

2 N |
0 . TRACER é [ F] Circulation pump
L Carboy MIXTURE : =
14 bottle (™ J-\. TANK (1m3)
= :
ﬂ. Silencer w

To injection tank

Figure 4. Schematic figure of the injection system. Volunoédracer-infused groundwater were first
prepared by blowing a pure gas (He, Ar, Kr of 99%p the local groundwater; then, the gas-charged
water samples were gently mixed together in a ddsak with a circulation pump until they were
injected into the groundwater system. The injecflaid (Cy) was sampled at the sampling port attached

to this tank during the injection period.
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The first pilot test was carried out in Wonju, Kar as a single-well tracer test (SWTT). The
SWTT is a three-step process consisting of pugft, dnd pull periods. During the push period, gas-
charged groundwater (200 L) composed of salt, Az, &hd Sk was injected, and was followed by the
release of a chaser fluid (120 L) to flush the desl volume of injection water from the injection
wellbore. The injection speed was 9.30 L/min (Seyter 22, 2016) using KDPW4 as the injection well.
This is a fully screened well with a depth of 27(ligure 1). The target injection zone was 24-27 m
below ground level, and 10 m below the water tablpacker was used to tightly seal the area 1 nv@bo
the target injection zone. After the injection pekithe tracer-infused water had a drift time &22, min
in the groundwater system. Then, in the pull peribdias recollected for 319 min at a rate of 3.8nin
through the injection well (September 23, 2016)th& same time, parts of the pulled groundwateewer
sampled at the well surface. The samples of the gaes tracers were collected at 2—10 min intertreds
were gradually increased. The salinity was measimesitu using portable equipment from YSI (YSI

Inc./Xylem Inc, USA) every 2—10 min, and this int@rwas also gradually increased.

The second pilot test was performed at the K-COSE{derimental test site as an inter-well
tracer test (IWTT). Before the tracer injection,iaduced hydraulic gradient of 0.93 was creategéen
the injection well (IW) and saturated zone monitgriwell (SMW) 2-3 (Figure 3). Gas-charged
groundwater (1,000 L) composed of salt, Kr, Ar, &f@lwas released into the IW at a rate of 4.74 h/mi
(October 13, 2016). The target injection zone wis22 m below the ground surface, and 4.5-7.5 m
below the water table at IW. The injection evensvalowed by 10 days of monitoring at the SMW 2-3
of down gradient (to October 22, 2016). Parts efgihlled groundwater were sampled at the well serfa
of SMW 2-3. The samples for the inert gas tracezseveollected in 2-5 h intervals that were graguall
increased. The salinity was measuieditu using portable equipment from YSI (YSI Inc./Xyldnt,

USA) every 2-5 h, and this interval was also gridilcreased.

2.4 Dataacquisition from water samples
14



240 The groundwater samples for sulfur hexafluorideglSvere collected in glass bottles and were
241  tightly sealed using caps with metal liners. Thegla analysis was automatically completed at theeCo
242  Laboratory of Innovative Marine and Atmospheric Arology (CLIMATE) at the Pohang University of
243  Science and Technology (POSTECH). The automatiicdéncluded a gas chromatograph equipped with
244  an electron capture detector, as8ktraction device, a global positioning systentd andata acquisition
245  system based on Visual Basic 6.0/C 6.0. Thgiskhe groundwater was quantified in comparisogas
246  standards of 6, 60, 103, 104, 200, 352, and 704 ppte precision of this method was better tha.2

247 (Koo et al., 2005).

248 For noble gas analysis, 28 tof groundwater was sampled using a copper tubeasstdinless-
249  steel clamp (to prevent air contamination). The gas were analyzed in the noble gas analysis
250 laboratory at the Korea Polar Research Institu®@RRI). First, the dissolved gas was extracted ftioen
251  groundwater under a high vacuum (<1fbar) and stored in an aluminosilicate ampouleetnove the
252  majority of the water in a manner similar to thetimogl of Lott and Jenkins (1998). The extractedvias

253  further treated using a separated and automate@d$sing line equipped with cryogenic traps andegett
254  pumps (hot and cold St 101, SAES) (Beyerle et28l00) as outlined in Stanley et al. (2009) to reenov
255  residual water vapor, active gases, and other cmadde gases. Then, each noble gas component was
256 cryogenically separated and drawn down into a nspsstrometer, i.e., a residual gas analyzer (RGA)
257 200 (Stanford Research Systems, California, USAjnflow mass to high mas#ie, “°Ar, and®Kr were

258 quantified and calibrated against air standard8.®£2.7 cmiin consideration of the wide concentration
259  range of artificially enhanced tracers. Then, tharaant isotopes were reported as the total ammfunt
260 each noble gas at standard temperature and prg§SLPg, assuming they are isotopically air-likeeTh
261  analytical error for the post-injection data wassléhan 5% based on duplicate sample analyses &lu e

262  2018b, 2019).

263 3 Reaults
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264 3.1 Tracingartificially leaked plume

265 The noble gas tracer method has shown the pdtémgxplain the fate of high-pressure £iBat

266  has migrated from a deep reservoir into a shallgwifar system (Gilfillan et al., 2017; Ju et al013). In

267  this section, the behavior of the noble gas wasrdehed following the two separate controlled retea
268  experiments in the shallow-depth aquifer systenecBigally, during the two injection tests, the rmas
269  recovery was observed after injecting the groundmeharged with the partitioning (i.e. inert gagcars)

270  and non-partitioning tracers (i.e. salt) into thalbbw aquifers. Here, the partitioning tracer &ided as a

271  substance having a patrtitioning behavior in a npliise system composed of gas and groundwater and,

272  the non-partitioning tracer only exists as a digstlphase in the multi-phase system.
273 3.1.1 Massrecovery curve of the leaked plume

274 A total of 200 L of groundwater (L containing 68.6 ppb of $F2.05x 10°° cn® STP/g of He,
275  3.06x107 cn® STP/g of Ar, and 10.7 ppt of salt was injected itite shallow aquifer. The mass recovery
276 of the inert gas tracers was calculated in an idghtmanner as Kim et al. (2018), where the total
277  recovery was a summation of the areas in a voluoneentration plot (i.e., recoveryZvolume (L*) x

278  concentration (M/E)). The results revealed that the recovery ratieaath tracer was clearly related to its
279  respective solubility. As shown in Figure 5a, teeavery ratios of S§ He, Ar, and salt were 49.3%,
280 58.1%, 78.2%, and 73.1%, respectively. The solybilbntrolled processes of phase-partitioning and
281  degassing influenced the fate of the injected gacets as expected (Ballentine et al., 2002). Tamet
282  recovery ratios from single-well push-pull tracests exhibited various ranges of distribution delpen
283  on the nature of tracers, drift time, pump bacle ratnd density effect, and several controlled tests
284  revealed that the recovery ratios do not reach 10K et al., 2018). Although salt is known to be

285  conservative in a groundwater system, the masveegof salt was slightly less than that of thetracer.
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286  As salt does not undergo phase-partitioning incauigdwater system, entrapment of salt mass into low

287  permeability zones was a possible reason for theshass in the SWTT (Kim et al., 2018, 2019).
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289  Figure 5. Mass recovery curves of the injected tracersréap fthe SWTT and (b) from the IWTT. Each
290 Y-axis displays the recovery ratio of tracers reeodr above the background level. The recovery rate o
291 inert gas tracers was relative to their solubifity groundwater in an air-water system, indicatthgt

292  solubility-controlled processes were involved ie thte of the leaked plume.
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A total of 1,000 L of groundwater containing 4920° cn? STP/g of He, 2.2% 1072 cn?
STP/g of Ar, 1.05< 10°° cn? STP/g of Kr, and 5.87 ppt of salt was injectedittite shallow aquifer. The
mass recovery rate of the IWTT was much lower ttheat of the SWTT. In particular, the difference
between the non-partitioning tracer (i.e., salt) &re partitioning tracers (i.e., noble gas tracerserms
of mass recovery was much greater than that oSWN& T, in which the mass recoveries of He, Ar, Kr,
and salt were 0.0135%, 0.0137%, 0.0602%, and 75t88pectively. The non-partitioning tracer flows
along the groundwater flow paths, and only a partib the tracer mass is not captured in the regover
well because of dispersion or density-effect (Kitmak, 2018). In contrast, the partitioning tracees
easily escape from the flow paths, owing to thajhhdiffusivity and partitioning behavior (Carrigaal.,
1996; Heilweil et al., 2004), resulting in a sigedt decrease in the mass recovery (see nexbsgcti
Specifically, the extremely low level of recovemyr fthe noble gas tracers, which was three orders of
magnitude lower than that of salt, seems to bébatable to several factors related to the desigth®
experiment: 1) the brine had been charged withlulde tracers for several hours; therefore, itasgible
that the total gas pressure of injected water aszd beyond fv + P20 at the injection point, resulting
in active bubble growth; 2) the pumping actionret extraction well (i.e., SMW 2-3) possibly induced
pressure drop, accelerating the bubble growthh&upward movement of the injected plume toward the
water table through the permeable materials ofbibvehole resulted in a re-equilibrium of the high P
plume (i.e. gas-charged water) with the atmosphkstek et al. (2006) highlighted the degassing
mechanism of a high P plume through borehole nadterh detail. The mass recovery ratios of the
partitioning tracers, however, were clearly in trder of their solubilities for groundwater (Talel in
Appendix A). Therefore, solubility-controlled preses influenced the fate of the gas-charged plumes

during the IWTT (Ballentine et al., 2002).

3.1.2 Fateof theleaked plume
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In the mass recovery curves, the recovery rafidtheonoble gas tracers followed the order of the
tracers’ solubilities in groundwater, suggestingttisolubility-controlled processes influenced the
migration of the leaked plume. The Rayleigh diatiin equation was used to explain the influencihef
solubility-controlled processes on the fate oflgeked plume (Ballentine et al., 2002). The equstifor
estimating the degassing process are listed in AgipeA, where the partitioning coefficients in pure
water system were adopted for the calculation @ahll). A continuous degassing of the He and Ar
tracers is apparent, as shown in Figure 6 (i.e,gifay arrow). Without the degassing loss, theetsac
were expected to follow the mixing line between ihction and background concentration (i.e., the
dashed line for Figure 6a and dash-dot line foufgdgb). However, once the degassing process, steets
noble gas composition of the dissolved plume foaettes, because less soluble and lighter elememnts a
preferentially lost into the gas phase at the gatsinterfaces than those that are heavier (Balkemet
al., 2002). As shown in Figure 6, the He/Ar changeldtive to the tracer's solubility, following the
degassing line (i.e., gray arrow). During the SW1le noble gas distribution was defined by the two
physical processes such as the degassing and npisdogsses. The two processes could not be exglaine
separately, as the concentration change aroseldoiimmechanisms occurring at the same time (Figure
6a). This seemed to be attributable to the expeariahg@rocedure of the SWTT, in which the three-step
process (push-drift-pull) caused multiple stressogls (e.g. pressure instability/vertical movemeahgt

caused the dissolved plume to irregularly degabeocal groundwater diluted the multi-phase plume
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335 Figure 6. (a) Noble gas concentration anomaly of the SWTHe hjected tracer changed with both the
336 degassing and mixing processes. The two processesred concurrently and could not be explained
337 separately. The heavily degassed sample spenbrigedt time in the groundwater system, showing the
338  bottom upward recovery toward background levels.Nbble gas concentration anomaly of the IWTT.
339  The degassing process first occurred and was fetlolpy a mixing process. The mass retention and loss
340 of the tracer gases can be evaluated in eithepan system (orange colored) or a closed systerer{gre

341  colored) at the intercept (see the text for details

342 Two distinctive models were employed to explaie thass retention and the loss of injected
343  tracers during the IWTT (Ballentine et al., 2002ffillan et al., 2008; Ma et al., 2009). The firist the

344  degassing of tracers in a closed system, in whichubbles are retained and trapped in a groundwate
345  system following the degassing process. In a clagastiem, equilibrium is achieved between the gas
346  phase and the dissolved phase in the groundwatdreagnd of the degassing process. The second is
347  phase-partitioning in an open system, in whichdbgassing process results in a mass reductiorein th
348 total mass. Consequently, air bubbles, having ritpbdre lost into the atmosphere following the gdva

349 partitioning. In an open system, the air mass & ioto the atmosphere stepwise until the end ef th
350 degassing process. Both of these extreme casesweelgled and elucidated for the fate of injectedfl

351  during the IWTT (Appendix A). In Figure 6b, phasaritioning in the closed system is denoted byay gr

352 line and that in the open system is depicted brag dotted line.

353 The two processes (i.e., degassing and mixinge weparated in the time domain during the

354  IWTT, in which the degassing process occurred firel was followed by the mixing process, unlike in

355 the SWTT. The separation of the two processes gawmn opportunity to quantify the degassed amount
356  (Zhou et al., 2005). At the intercept, the gas/weatio was 2.44 for the closed system and 0.162he

357 open system. As the shallow groundwater cannot sotth a large amount of gas (gas/water = 2.44) in

358 the system, the environment behaved like an opstemsyduring the degassing process. Then, the gas
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volume liberated from water was constrained atiltercept of the open system and reached 0.162 x 10
cm® (Figure 6b) (Appendix A). This amount correspotaishe residual Ar of 3.61 x T0cn? STP/g in
groundwater that is already close to the ASW lg@60 x 10" cn? STP/g) in an aquifer system,
suggesting the injected plume depressurized ariiliztal in the local system even before interacting

with local groundwater.
4 Discussion

Noble gas tracers were employed for two injectiests to explain the physical processes
involved in the migration of a leaked plume, igas-charged water, in a shallow aquifer systemingur
the tests, the fate of the leaked plume was figfindd by a solubility-controlled process (i.e.gdssing),
which was followed by a volumetric mixing proce3sis result is consistent with observations from
another artificial injection test (Ju et al., 201®hich revealed that the noble gas anomaly in a1@H
plume is a function of the degassing and physicaing processes in a shallow aquifer system (see
Figure 11 in Ju et al., 2019). Furthermore, thesesamilar to the conclusions reached at a natD@
production site (Zhou et al., 2005) that stripplogs of insoluble gases was followed by dilution by
diffusive mixing with the un-degassed local grouatly. These observations suggest that the sojubilit
controlled process and the mixing process are pilynasponsible for the fate of the leaked pluméhe

shallow aquifer system.

4.1 Application of a nable gas tracer to the detection of CO, leakage: Case study at the

Weyburn and Midale ail fields

Noble gas tracers have been applied to studyatieeof leaked C@in a shallow aquifer system
(Gilfillan et al., 2011; Ju et al., 2019; Zhou &t 2005). However, previous studies have beenirsglgr
applied to artificial injection tests and naturabbgue sites. Although these works provide arghisbn
the behavior of a leaked plume, further effortsrarpiired to link those valuable observations tactaal
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CCS site. Specifically, we need to know what we Mabserve if the free-phase g@ccidently reached
the shallow aquifer. This can be demonstrated tmlsiting the hypothetical leakage on an actual CCS
site based on our observations from the two distintificial injection tests and other valuable \iogis
studies. To understand the fate of Q@der hypothetical leakage conditions, the moimitpdata from

the Weyburn storage site was incorporated in thkelge simulation.

The Weyburn Midale oil field is a GEEOR and C@ storage site, where a large amount o, CO
has been introduced into a deep reservoir (Giffil al., 2017). Recently, this site received publi
attention as C@leakage allegations implying that anthropogenic &@ked from the deep reservoir into
a nearby shallow aquifer on private land were madehis site, Gilfillan et al. (2017) used the @rent
noble gas tracers in the different fluids assodiatéh the site to judge whether upward migrati@u h
occurred from the deep reservoir into the shallquifar. Based on the results, the leakage allegdtie.,
upward migration of C¢) were proved false, as the observed concentrafiaoble gas tracers simply
did not follow the composition of the reservoir £€arrying the high amount of radiogeriide (see

Table 1 for the composition of two reservoirs).

Though this case study proved the usefulness ob&rgas tracer, we have expanded this study
in a more quantitative way to discuss what we wadtlally observe if free-phase ¢€{@aked into a
shallow aquifer. Repeated simulations were madedasa various analytical models to understand how
we can use a hoble gas tracer as a proxy to uaddrghe fate of free-phase ¢tat has leaked from a

deep reservoir into a shallow aquifer system.
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401 Table 1 Noble gas composition in shallow groundwater and CQ plume. The noble gas distribution of
402  dissolved CQ was calculated based on the composition of gaduged from the Weyburn storage

403  reservoir. Note that the composition of the shallaguifer is close to that of the air saturated wate

404  (ASW).
4 -8 -7 20 -7 40 -4 36 -6 84 -8
He (x10 ) Ne (x10 ) Ne(x10 ) Ar(x10) Ar(x10) Kr(x10)
Dissolved 763 0.084 0.076 0.724 0.138 1.440
>
CO,, Co , 1831 0.135 0.123 0.986 0.186 0.344
(std dev.) 58.2 32.9 33.1 21.7 21.0 86.9
Shallow
s 5.84 1.90 1.73 3.04 1.03 4.92
Aquifer
(stddev)  29.1 18.5 18.3 9.24 8.96 11.2
ASW 4.25 1.81 1.64 3.25 1.10 4.29

405  All the measured data were from Gilfillan et al012) in cni/g.

406  'noble gas contents in dissolved Ofior to stripping loss calculated assuming 100$salution of the
407 free-phase C@at the P and T conditions of shallow groundwatmperature of 14.3°C, salinity of 0.02
408  g/kg, and pressure of 0.101 MPa. The high levéHefin the dissolved CQs attributed to an interaction
409  between the reservoir gas and crustal sources.dépéetion of the other noble gases is due to an

410 interaction between the reservoir gas and artificinjected CQ.
411  *1 sigma value relative to the average (%).
412  ‘Saverage concentration of noble gases in the sh@fowndwater samples.

413 "Air saturated water (ASW) concentration was cal@gdaassuming a temperature of 14.3°C, salinity of

414  0.02 g/kg, and altitude of 580 m.

415 4.1.1 Fateof free-phase CO, in the shallow aquifer
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Previous studies have revealed that diverse factorgol the noble gas composition of captured
CO, once it is injected into the subsurface, suchhasinitial capture process, degassing, dissolution,
diffusion, adsorption, Cdensity, and reservoir interactions (e.g., withn@pheric, crustal, and mantle
sources) (Flude et al., 2016; Gilfillan et al., 20Holland and Gilfillan, 2013; Kilgallon et al.028;
Warr et al., 2015; Wilkinson et al., 2010; Zhouakt 2005). Furthermore, a recent artificial retegest
demonstrated the behavior of leaked GO a shallow aquifer, which was defined by degagsand
mixing processes based on noble gas tracers (@, @019). From the insights of previous works, we
will discuss how these processes are involved énfate of free-phase G@n a shallow aquifer system

based on the behavior of noble gas tracer.

The free-phase CQhat leaks from a deep reservoir into a shallowifeq is rich in“He from
previous interactions with a deep crustal sourdeivlow in other elements from the initial industr
capture process (Table 1). Following leakage, filegse C@ forms a dissolved plume in a shallow
aquifer, and the contents of the plume naturallip¥othose of the free-phase @GO’ he concentration of
the CQ plume (i.e., the blue cross symbol) will change¢hie groundwater system depending on various
physical interactions, which are depicted using'He and'Ar tracers in Figure 7. A detailed description
of the theoretical calculations can be found in &mgix A. One of most noticeable processes comiplli
the fate of this plume is a volumetric mixing presgGilfillan et al., 2011; Ju et al., 2019) (sds0a
Figure 6) occurring as the G@lume moves through porous media with the locaugdwater. While
being gradually mixed with the local groundwatdre tinitial plume becomes depleted fHe and
enriched in*°Ar (i.e., the black line). The noble gas anomalytliis process is dependent on the
compositional difference between the initial pluared local groundwater, and their mixing fractions,

whereby’He could vary by up to -99.6% affthr could vary by up to 256% (i.e., the light grayne).
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Figure 7. Percent change in the noble gas concentratien [NG — NG / NG; x 100) from the initial
composition (N@ under various physical processes. The compositidhe initial plume was calculated
assuming 100% dissolution of free-phase, @the shallow aquifer (see Table 1). BGs (i.ekross
symbols) present the concentrations of shallow faguiamples, and ASW is the air saturated water
concentration under local groundwater conditions.,(igreen diamond; see Table 1). In the light gray
zone, the mass distribution is controlled predomtiiysby mixing processes. Volumetric mixing occass
the CQ plume moves through a porous medium with the |gralundwater (i.e., the black line)
(Appendix A). The diffusion process occurs alongamcentration gradient, for example, at a plume
boundary or water table (i.e. the red line) andeégpicted with diffusion coefficients from Jahneagt
(1987) and Wise and Houghton (1966) (Eq. A.4 in équlix A). It only occurs at t >mD, theoretically
(i.e., the dotted line before threshold) (Fett&99). The dark gray zone indicates a large corttahwof a

solubility-controlled process to the fate of the giume. The degassing process occurs during thalini
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period of a leakage and continues until the plusngtabilized in the relatively low pressure comuitof

the shallow aquifer (i.e., the blue and light blures) modeled using partitioning coefficients frahe
NIST chemistry webbook of Sander (2017) (Appendjx Bxplanations for each degassing system (i.e.,
closed and open) can be found in the text. Thentxirsion line depicts the data contamination authe
addition of atmospheric air into groundwater durthg sampling procedure (i.e., the black dotted)lin

All the measured data were from Gilfillan et al0{Z).

Diffusive movement occurs along the concentraticadgnt under Fick's second law and would
be observable at the plume boundary where theplifne meets the local groundwater. This also @&ccur
at the water table, when the plume makes contétt the atmosphere. Therefore, in these places (i.e.
plume boundary and water table), the compositiothefnoble gas will be differentiated from thattloé
plume center (i.e., the red line in Figure 7). Thaximum change (%) is, however, consistent with the
volumetric mixing process, as this process is bEsed on the concentration difference between e C
plume and local groundwater. The diffusion procaféscts the fate of dissolved gas plume at a nktura
gas production site (Zhou et al., 2005). With ths groduction, there was an intensive stripping tafs
insoluble noble gases, which resulted in a steepamration gradient at a contact boundary whebdeno
gas tracers diffusively spread along a concentrggradient. In a fractured aquifer, this processresult
in significant loss of insoluble noble gases imtamobile zones because of a concentration gradient
between the mobile (i.e. fractures) and immobil@em and therefore, a delay of lighter elements
observable at monitoring points (Carrigan et @96, Sanford et al., 1996). Moreover, this behavias
minutely demonstrated in a numerical simulatiotofeing a detailed laboratory experiment (Kilgallen
al.,, 2018), in which the arrival time of the nolgas was determined predominantly by the diffusion

process while migrating in a gas phase,CO

In contrast, a solubility-controlled process lednlsa depletion of all tracers (i.e., the dark gray

zone in Figure 7). This process is possibly obd#evat the initial stage of leakage when the, @lDme
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is unstable owing to the high partial pressurenbkrent gases (Figure 1). The initial plume wowddab

the CQ rapidly until it stabilized in the lower presswithe shallow groundwater, as shown in the IWTT
(Figure 6b). During this process, the free ,Gfarries the insoluble gases from the dissolvedelznd
stays in the surrounding environment, resultingiigas—water equilibrium (closed) or £Bubbles of
infinitesimally small size escaping from the growadler continuously until the end of degassing pmece
(open) (Ballentine et al., 2002; Gilfillan et &008; Ma et al., 2009). This process results inrtbile
gases fractionate continuously until the plumedaditzed at local conditions of P, T, and £d&nsity in
shallow groundwater. It is evident that the lightde tends to be more depleted compared to the hreavie
“°Ar, and this trend appears more significant in dpen system than in the closed system (dark gray
zone). The solubility-controlled process is a maj@chanism controlling the fate of a &fh plume,

and has been observed in a natural analogue si®oleakage (Zhou et al., 2005) and an artificial,CO

injection experiment (Ju et al., 2019), in additiorthe current experiments.

The adsorption process is known to result in aiveaenrichment of heavy noble gases (i.e. Kr
and Xe) in terrigenous sediments (Fanale and Canh®nl), and this phenomenon is particularly
noticeable in a system that includes organic richisusuch as shale formation (Podosek et al., 1981)
Should groundwater or free-phase Gfakes contact with such an organic rich formatiowjll become
enriched in heavier species (i.e., Kr and Xe) frtta ASW composition, reflecting the release of
sedimentary noble gases (i.e., heavier species) the organic source kerogens (Torgersen et @4)20
The action of this process has been demonstratedyanic rich sediments, where the distributiorhef
heavier species can be distinguished from those radrmal oil-water system (Torgersen and Kennedly,
1999) and gas-water system (Ma et al., 2009). Wmfately, proper coefficients had not been provided
for this mechanism (Holland and Gilfillan, 2013; &ty et al., 2013; Flude et al., 2016), and inelgtab
an analytical calculation was not made for thiscpes. However, groundwater that makes contact with

organic matter evidently becomes enriched in heavible gases (i.e. Kr and Xe); therefore, samples
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affected by this process should be carefully tikased lighter species (i.e. He, Ne and Ar) shdadd

adopted for the other quantitative evaluations.

The air intrusion line depicts data contaminatiare do the addition of atmospheric air into
groundwater during the sampling process. The effettair contamination are very different from the
other processes, as air contamination results sitipy® changes for both elements (i.e., the rigii¢-of
the white zone in Figure 7). This suggests thatcewe possibly distinguish and separate this erraneou

behavior for quantitative evaluations.

4.1.2 Monitoring efficiency of noble gastracers

As noble gas analysis is time-intensive, people whaot to use these tracers for monitoring,CO
leakage will naturally wonder which tracer is mefficient. It seems evident that the tracer shovthmey
largest compositional difference between the fieasp CQ and shallow system would be the most
efficient for tracing CQ@leakage in a shallow aquifer (Flude et al., 2016 that regard, the tracer with
the largest difference in concentration betweenGhéi.e., dissolved COfrom Table 1) and BG (i.e.,
shallow aquifer from Table 1) can easily detect,G@® the monitoring system. In addition to the
compositional difference, the natural variatioraither factor controlling the monitoring efficigndn
terms of leakage monitoring, the natural variatddmonitoring parameters can dilute the leakageadig
and deteriorate the monitoring efficiency. For tleemplicated issue, Risk et al. (2015) defined a
minimum threshold value for each monitoring paranéd confirm CQ leakage safely. According to
previous research, a “leakage” could be detectilysahen signals of a monitoring parameter inceeas
over the three sigma value of the natural variatibthe parameter. In Table 2, the threshold va{Ge¥

are listed for each tracer.

Table 2 Conditions for detecting the G@eakage in a monitoring system. A large differeimcaoble gas
composition between theyi.e., dissolved COfrom Table 1) and the BG (i.e., shallow aquifesnfr
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Table 1) indicates a high monitoring efficiency.eTBQ leakage will be recorded in a monitoring system
for the first time when the concentration startsiriorease/decrease over the @alue, which was
calculated for each element (upper section). Eatthrcbottom section indicates the minimum projmort

of CO, plume arriving at a monitoring system needed terceme the detection threshold (i.e., the value
corresponding to thed3value in Figure 8) calculated for various caseslefassing loss. Note that the
large difference ifHe content between they@nd BG will generate a huge signal that will bgyéa than
the ¥ value with a small portion of CQarriving at a monitoring point. Therefore, a higionitoring

efficiency will be achieved.

4 20 40 36 84

4 40 84 20
He Ne Ar Ar Kr Hel/ Ar Kr/ Ne

-8 3 —7 3 —4 3 —6 3 -8 3 -3
(x10 cm/g)(x10 cm/g)(x10 cm/g)(x10 cm/g)(x10 cm/g) (x10 ) -

cBG[" 1292 1.63 2.19 0.865 4.03 152 0.601
30 0fBG  5.09 0.95 0.84 0.276 1.65 0123  0.210
Degassin . . §
Amount mixing % with CGq, plume
0 0.394 58.4 38.6 31.9 410 000288 564
1.8 1.14 56.4 35.6 30.7 400 000823 5.8
4.5 5.78 55.4 32.8 29.4 38.7 0.04 5.57
7.2 37.4 55.1 311 28.6 37.7 0.198 6.44

All the measured data were from Gilfillan et al0{Z).

'difference in noble gas concentration between tit&lii CO, plume (G) and the shallow groundwater

(BG). Note that a large difference indicates a higinitoring efficiency.
*3 standard deviation of shallow groundwater samplesenting the natural variability.

Tdegassed amount from a €@ume in an open system in units>xaf0™’ cnt® STP/g.
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SAt least n% of the COplume should arrive at the monitoring system terdde the detection threshold
(i.e., the & value) and so that Geakage can be reported. This concept was intemlby Risk et al.

(2015).
4.1.2.1 Physical processes affecting the monitoring efficiency

As noble gas distribution is related to physicdkiactions in the CDleakage condition (see
section 4.1.1. Fate of free-phase G®shallow aquifer), the monitoring efficiency wéble gas tracers is
also dependent on physical processes. Whep |€&4kage occurs in a shallow aquifer, one can first
observe the front of the G@lume at a monitoring well as it gradually appfuex the monitoring areas.
In this case, the “first signal” of the noble gasameters will be variable, depending on the nadima
magnitude of the physical processes controllingaheution of the C@rich plume. The evolutionary
path of the C@plume was depicted using noble gas tracers urtuesiqal processes (Figure 8), and was
based on observations made from two iterationstiicéal injection tests and previous studies (B#n
et al., 2011; Ju et al., 2019; Sanford et al., 1Z¥®u et al., 2005). In this scenario, the ini@D, plume
is unstable, owing to the high partial pressureC@% in the shallow aquifer (Figure 1). Therefore, it
undergoes a degassing process rapidly until itilitad at the shallow aquifer conditions of P, fida
CO.-density. Then, the remaining mass (i.e. dissoplegalses) undergoes a mixing process as the plume
moves through the porous medium with the local gdwater toward the observation wells (Figure 1) (Ju

et al., 2019).

From a monitoring point of view, the concentratiasfsthe noble gases will start to deviate
gradually from the composition of the air saturatester (ASW) (i.e. green diamond) as the plume
approaches an observation point and, at some pbay,will vary over the threshold (i.e., thex [he),
confirming CQ leakage occurrence (Figure 8). Information abtwt first detection points (i.e., the

minimum mixing proportion of the C{plume needed to override the detection limit dr@domposition
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568
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570

of the noble gas tracer at this point) is listedable 2. For example, we can see the first ara¥dHe
when the C@plume (1.14%) approaches a monitoring well, whittially loses a C@mass of 1.810°

CO, cnt STP/g HO during the degassing event.

30 of “He

1072 j, T @)

10°

30 of “Ar

Samples from Weyburn-Midale
O A

O ASW

Y Leaked fluid

+  Shallow groundwater

10

40Ar (cm?® STPI/g)

Mixing with local groundwater
(after degassing loss of # g CO2 / g H20)

‘ — 7.2X107 g CO,/g H,0
9.9 T | — 45X107 g CO,/ g H,0
|

CO,-H,0 system — — 1.8X107 g CO,/gH.0
5 e l — Without degassing loss
10 T T T T T T 11717

10°® 107 10° 10° 10

‘He (cm3 STPI/g)

Figure 8. Evolution of a C@plume under physical processes in terms of naddecgncentration. All the
measured data and hypothetical values (i.e. lefiliel) were from Gilfillan et al. (2017). In thisenario,

the initial plume is unstable and, therefore, ugdes the degassing process rapidly until stahitinés
achieved in the shallow groundwater system (i.my dines). Then, the degassed plume undergoes a
dilution process by mixing with local groundwatee(, blue or pink lines). Due to the diffusion pess,

the points can deviate from the degassing-mixiegdrand converge toward a natural background level
as diluted (i.e., brown arrow), and action of {liiscess can be prominent at the plume boundaryaterw
table as facing a concentration gradient. From aitmang point of view, the observed concentratiat
gradually evolve from the Air Saturated Water lef&EW,; i.e. green diamond; see Table 1) as thg CO
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571  plume approaches a monitoring point, and one cantaslly notice the COleakage occurrence when
572  signals override the detection threshold,\&lue. Note that the degassing process was ddgitteoth

573  the air-HO system and CEH,O system (see the text for the definition of botstems). The theoretical

574  air—HO system is gradually getting apart from the re@}-&1,0 system, as degassed mass increases (see

575  the gray lines).

576 In most cases, th#He species and their various combinations with o#pecies showed high
577  monitoring efficiencies than the other heavier s&movhich was attributed to the large amourftHs in

578 the CQ plume. However, it should be noted that the edficy of one tracer is fairly dependent on the
579  action of the physical processes in plume migratimr example, if the C{plume lost more than 7:2

580 10° CO, cn? STP/g HO during the degassing process, tir and “’Ar will be ahead ofHe in the

581  monitoring well (Figure 8). Furthermore, if thefd§ion process is dominant at the plume frédg can

582  be delayed behind other heavier species in the tororg system because of its fast dilution along th
583  concentration gradient, which has been demonstiatedher artificial injection tests (Carrigan dt, a
584  1996; Sanford et al., 1996). Therefore, the deiaatificiency in terms of its role as an early wagnfor

585 CO, leakage is dependent only on the leakage condijtiand it cannot be said that any single tracer is

586  superior to others.
587 4.1.2.2 Influence of density of CO, on the monitoring efficiency

588 Free-phase COforms a CQrich plume in a shallow aquifer after a leakageerdy The
589  partitioning behavior of noble gas is differenpimre water and in C&rich plume owing to an increase in
590 the molecular interactions inside a plume withghhCG density (Warr et al., 2015). Until now, the air—
591  H,0 partitioning coefficient has been adopted forcdbing the distribution of noble gas tracers iG@-
592 rich system instead of the G&,0O partitioning coefficient, owing to an absencepoévious studies

593  (Gilfillan et al., 2008; LaForce et al. 2014; Zhasteal. 2011). This situation caused uncertainty emors
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594  in quantitative calculations. For example, Zhouakt(2012) could not determine a clear reason for
595 mismatches of heavier noble gases to the analytiodkl, i.e., whether it was caused by the absehae
596  proper coefficient (i.e., the GEH,O partitioning coefficient) or by the influence ahother physical
597  process (i.e., sedimentary excess Kr; see Figuie ttiat paper). Then, Warr et al. (2015) pointatitbe
598 problem; specifically, the partitioning behavior af noble gas tracer in a G@ich system differs

599 remarkably from that in an air,® water system.

600 Under CQ saturation conditions, i.e., 3.97 kd/tsee Table A.1), the partitioning ratio tie
601  species to CQwater increased by 2.26%, but those of othersedsed, e.g., by up to -7.32% f8&r and
602 -23.05% for®Kr (Table 3). Figure 9 shows the percent changaadble gas concentration with a
603  solubility-controlled process both in an aigtH system (pink-colored) and in a €8,0 system (blue-
604  colored). The C@rich plume will have a lower amount of heaviertigmes compared with that in the air-
605  H,O system, owing to the difference in water/gasifaning coefficients between an air® system and
606 CO,- H,O system (see the definition &fpartitioning in Table 3). This trend may affece thuantitative
607 evaluation of the fate of GQTable 3). However, this effect looks relativelynor in this specific case,

608  owing to the wide distribution of initial valuesdi, blue stars), which cancels out this trendufeg).

609 Table 3 Percent differences between water/gas partitionogfficients of noble gases (top) and percent
610 differences between noble gas concentrations i@a8,0 system and an air-B system (below). The

611 latter was calculated for various degassing events.

4 40 84
He Ar Kr
t
Lt - A —
artitionin
op 9 22 732 2305
Degassin 1
: %
amount
0 0 0 0
18 283  -200  -3.94
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4.5 7.21 -5.15 -9.57
7.2 11.79 -8.12 -14.86
612  'percent difference of water/gas partitioning caédfint of noble gases (unit: mM/atm) between the two

613 systems,l(l-,w2 —H, 0~ ki_air_HZO)/ki_air_Hzo x 100. Partitioning coefficients can be found in Table
614  A.1 of Appendix A.

615 ‘total degassed mass in an open system (ab@:’ cnt STP/g).

1 . . .
616 percent difference of concentration (unit:*c&TP/g) between the two systen§, o ,—H,0 ~
617 Ci,air—HZO)/Ci,air—HZO % 100.

618

Initial plume

-50 -40 -30 -20 -10 0

619 O*°Ar (%)

620 Figure 9. Percent change in noble gas concentration fr@minitial composition in a COplume
621 undergoing a degassing process for both ab-ldnd CQ-H,O systems. The air-B system was
622  depicted using partitioning coefficients from théSN chemistry webbook of Sander (2017) (pink-
623  colored), and the COH,O system was based on coefficients from Warr ef28l15) (blue) assuming a
624  CO,-saturated state (i.e., 3.97 €&g/m3) at a temperature of 14.3°C, altitude of 380and water
625 column of 10 m (Table A.1). The theoretical ais€Hsystem will deviate from the real G&#1,0 system
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because molecular interactions increase with Gfcentration. Note that the difference betweernaih-
H,O (pink) and C®-H,O (blue-colored) systems is smaller than the difiee between the closed
(dotted) and open (line) systems (see the texddfinition of each system). The noble gas compwsitf

the initial plume was from Gilfillan et al. (2017).
4.1.2.3 Optimal tracersfor detecting CO, leakage

Although the “He tracer appears efficient in tracing the JCl®akage owing to its large
compositional difference between the two reservirable 2), the wide variation in ascending £O
possibly hinders the accurate quantitative estonatiAt the Weyburn site, the variation fie
distribution was 58.2% ) for CO, (Table 1), and this was attributed to the intéoacbetween C®and
crustal fluids that reside in the deep reservoitfi{lan et al., 2017). The scattered distributiofinitial
values can add errors and uncertainty to the etfafuand tracing of the fate of G@QWilkinson et al.,
2010). This issue can be resolved by using atmogpheble gases such &Ne, *Ar, and®Kr, which
have been adopted as they ignore wide variatiomstdunteractions with reservoir fluids (Ma et al.,

2009).

In Figure 10, an anomaly of atmospheric noble gaepicted with the various physical processes,

where clear separation between the mixing (i.e,light gray zone) and degassing processes (ie., t
dark gray zone) implies the applicability of thaders to constraining the physical processes. Henvev
when they are plotted together in Figure 11 to &rpthe evolution of the COplume, the anomalies
driven by the two processes (i.e., mixing and dgigg$ overlap each other within analytical errarges
and therefore one cannot differentiate one fronother. Moreover, the wide scatters of the inii@lues

(i.e. blue stars) significantly overrode the pastiaaly of the tracers, which was contrary to treults
obtained in the case whelide is combined with other components (see Figurel8tive to Figure 11).

Other combinations of atmospheric elements alsoibégll similar problems, as illustrated in
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Supplementary Figure 1. Though atmospheric compgsnbave been demonstrated to distinguish
physical processes in many studies and have prosefill (Ballentine et al., 1991; Battani et al.0@Q0

Ma et al., 2009; Zhou et al., 2012), in this pattc case, they cannot be used to determine theiqaty
anomalies (Figure 11 and Supplementary Figure hjis Bimulation indicated thatHe and its
combinations with heavier species are the most dalvproxies for understanding the fate of a £LO
plume, as they have more distinguishable compaositichanges under physical interactions than other
combinations. The overall result suggests thas mandatory to check whether the post-anomaly of a

selected tracer (i.e. degassing-mixing trend) darmé the heterogeneous distribution of resergages.

|

_ ! - ASW
500 —| ! g

_ | S +
400 — : X f
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Initial plume
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-100

I
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884Kr (%)

Figure 10. Percent change in noble gas composition in th&lirCO, plume under various physical
processes. BGs (i.e., pink cross symbols) prekerntdncentrations of shallow aquifer samples, aBWA

is the air saturated water in a local groundwatediion (i.e., green diamond; see Table 1). Nb&t the
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distinction between mixing processes (i.e. thetlmgfay zone) and solubility-controlled processes the

dark gray zone) is apparent. All the measured wata from Gilfillan et al. (2017).

30 of %Ar

10°

107

Samples from Weyburn-Midale
O Ar

O ASW

Y Leaked fluid

+

Shallow groundwater

10°®

8Kr (cm3 STPI/qg)

Mixing with local groundwater
(after degassing loss of # g CO2/ g H20)

7.2X107g CO, /g H,0
= 4.5X107 g CO,/g H,0
—— 1.8X107 g CO,/gH,0
—— Without degassing loss

10° T T T T TTT] IRRALLL
10°® 107 10° 10*

3Ar (cm® STP/g)

Figure 11. Evolution of a CQ@ plume under physical processes in terms of atme&pmoble gas
concentration. All the measured data were fromil@iif et al. (2017). In this scenario, the initdlime is
unstable and, therefore, undergoes a degassingesworapidly until stabilization in a shallow
groundwater system is achieved (i.e., the gray lisee Figure 1). Then, the degassed plume undeegoe
dilution process when it mixes with local groundevafi.e., the blue lines). Note that the degassing)
mixing process overlap each other and cannot berateal from the other. Furthermore, see that the wi

distribution of the initial values (i.e., blue stacancels out the post anomaly.

4.2 ldentifying leakage hot spots using noble gasfingerprint in an actual CO, leakage site
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Accidental leakage from a deep reservoir into dl@lasystem can happen through various
pathways, such as an injection well, an abandoredt] @r natural conduits (e.g., faults or poor cagbr
integrity), possibly exposing GGt various points in shallower groundwater. Thiggests that the actual
CO, leakage we would observe in a shallow aquifeoimglicated and cannot be easily discussed with a

noble gas fingerprint.

100.0 —
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CID ] Mass reduction of CO, plume by degassing
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. CO, fluid
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—
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© ’ y
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Figure 12. He—Kr plot after C@leakage into a shallow groundwater is allowed ¢ouo; the plot was
modified form Ju et al. (2019). The samples weneglyon the new dilution line of the mixing trajento
between a partially degassed Q@lume and a background concentration (i.e. th&/purple diamond).

In other words, the samples were a mixture of #gadsed COplume and the local groundwater. Note
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that the leakage spot (0 m; i.e., red circles) ldiidl the largest variation in the mixing trajegtas the
CO, plume interacted with the degassed.,gflume. The other samples were collected at ainerta

distance from the leakage point, and they exhikdtechaller variation.

The actual CQleakage can complicate the noble gas distribuig®ascending CQakes various
paths into a shallow aquifer. However, we can #tite the C@leakage by systematic and scientific
investigation. In the environmental forensic worldhen attempting to trace a source spot in close
proximity, one can make use of an evolutionary grattof a source compound (Morrison, 1999).
Similarly, from the artificial injection tests, walso observed an evolutionary path of a leaked @lum
where the noble gas composition undergoes a s#ri@sdification steps owing to physical processes (
degassing-mixing trend in Figure 8). This spectfiend also has been shown in the artificial .CO

injection test in a shallow aquifer (Ju et al., 20and natural CQproduction site (Zhou et al., 2005).

In terms of the evolutionary path, another repregere result was demonstrated in Figure 12
following an artificial injection of C@into shallow aquifer (Ju et al., 2019) In Figuz fhe monitoring
data is plotted on the gradual trend between tigasténg-end (i.e. the intercept between black dime
dotted line) and the local groundwater (i.e. diathggmbols) (Ju et al., 2019). The trend indicated t
the degassed plume was gradually mixed with localimdwater after the solubility-controlled process
was swiftly finished. Here, the samples from a &gk spot (i.e., the red circles) exhibit the widest
variation on the mixing line, which stretches frdime degassing-end. This was attributed to the
monitoring well, which was located at the closesinpto a leakage spot and therefore efficiently
captured the COplume shortly after the degassing-end. Theredkar distinction between the source
spot (i.e. wide variation) and the other monitoringlls besides the leakage spot (i.e. narrow variat
around the local BG), suggesting that, with théntt, a leaking point with an actual ¢feakage event
can potentially be identified. Therefore, the etiolvary path of the leaked plume elucidated in higly

can be an important fingerprint when monitoring.@&akage using a noble gas tracer.
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5 Conclusions

Although noble gas tracers have been proven usefdharacterizing the fate of GGn many
aspects of C@storage research, they have not been extensigely for monitoring C¢) i.e., to trace
leaked CQ in shallow groundwater. Furthermore, noble gasliegion has been limited to the
monitoring of natural analogue sites and CCS pést sites, suggesting we still need to link prasio
findings to an actual CQOeakage event. Therefore, this study evaluatedapmicability of noble gas

tracers to monitoring actual G@akage from a deep reservoir into a shallow giaater system.

First, an artificial injection test was performeda shallow-depth aquifer system to observe and
verify observations from previous researches. Hgesysed inert gas tracers (i.e.s 8Rd noble gases) to
separate and explain the physical interactionsdétrmine the fate of the leaked plume. Duringtésés,
the fate of the leaked plume was a function of lakslity-controlled process (i.e., degassing) and a
mixing process. This result was consistent withséh@f Ju et al. (2019) and Zhou et al. (2005),
suggesting that the two processes are primarilyoresible for the fate of the leaked plume in alshal

system.

While the artificial injection tests identifiedeimajor interactions responsible for the fate ef th
leaked plume, the applicability of tracers to attaakage monitoring work at a CCS site has nonhbee
explored. Therefore, repeated simulations were wcied based on data from a real ;GQjection site
(the Weyburn and Midale oil fields) to predict tfage and evolutionary path of a leaked plume that w
would observe with actual GQeakage. This simulation indicated tiate and its combinations with
heavier species are useful monitoring parameterevaluating the fate of a leaked plume. In comtiias
terms of early warning of a leakage, none of tlaedrs were superior to the others, as their detecti
efficiencies appear to be dependent on the leakagditions and therefore under the control of ptalsi

processes. Furthermore, the high density of thg @Ca leaked plume possibly adds uncertainty and
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errors to the quantitative evaluations. Howeveg wide scatter of the initial values (i.e., nobkesg
variation in produced Cg significantly overrides the effect of the othercartainties in monitoring CO
leakage at this specific site. This suggests tmadgeneity of the initial plume is significantly iropant

in terms of the monitoring efficiency using noblasgracers. Overall, the results of this study aaa
that a noble gas can be applied not only for catal# purposes (i.e., leaking detection), but dtso
identifying mass allocations and the evolutionaaghpof a leaked plume in a shallow aquifer system.
Most importantly, the leaked plume has a uniqudwiamary path in terms of noble gas tracers, which
are expected to act as important fingerprintsfacinhg a leakage spot as complex mechanisms éfffect

CO, plume distribution.

42



740

741

742

743

744

745

746

747

Acknowledgements

This research was supported by a Korea Environthémdastry & Technology Institute (KEITI) grant
entitled “R&D Project on Environmental Managemeifit@eologic CO2 Storage” (Project Number:
2018001810002), by a Korea Polar Research Instiguwat (PE19060) and by a National Research
Foundation of Korea (NRF) grant funded by the Kargavernment (MSIT) (No. 0409-20190119). We
thank all the members of the K-COSEM team and, epate Intae Kim and Minjung Kim for their

efforts and support on noble gas analysis.

43



748 Appendix A. Analytical solutionsfor the fate of CO, plume

749 When degassing happens in a closed system, tlodveasgas will still remain in the aquifer
750  system, and an equilibrium will be achieved atitlierfaces between the bubbles and remaining plume.
751  In this situation, one-step partitioning determittes noble gas distribution, which is defined bynkés

752  constant, such as in Eq.(A.1) and Eq. (A.2) (Bdilenet al., 2002):

A A
_ gk
754 o =75 Eq.(A.2)
05" B
755 Here:

756 (g)(g) = A and B ratio in exsolved bubbles, where A anar8& different noble gases;

757 (g)(z) = the composition of A and B remaining in the diged phase;

758  a = partitioning coefficient for gas/liquid system;
759 K4, Kz = Henry's constant for A and B (Table A.1);

760 TableA.1 Partitioning coefficients of noble gas tracerpime water and COsaturated water.

He Ne Ar Kr
mM/atm
Pure water 0.389 0.482 1.711 3.211
CO, saturated watér  0.398 - 1.586 2.471

761 'NIST chemistry webbook of Sander (2017) at tempeeadf 14.8C.

762  *calculated according to Warr et al. (2015) where €8urated water (3.97 kgiwas assumed in

763  temperature of 14°8, altitude of 580 m and water column of 10 m.
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14, 1 = dissolved phase activity coefficients for A @icand
D4, D5 = gas phase fugacity coefficients for A and B.

A Rayleigh equation was used to explain the deggssocedure in the open system, where gas
bubbles continuously strip off the dissolved najpes from the aquifer system at the gas/liquid fates
of the exsolved bubbles until the end of the pred8allentine et al., 2002; Zhou et al., 2005; Hiodl

and Gilfillan, 2013).

A A —

Bw = Gox f*7? Eq.(A.3)
(%)(z) = The composition of A and B remaining in the dgui

(%)(0) = The composition of A and B in initial G@lume

f = Fraction of element B remaining in dissolvednpéu

The plume is diluted by the diffusion process lie faquifer system, along the concentration
gradient between the plume and local groundwatedominance of this process, the distribution dflao
gas element is defined by the diffusion coefficiantl the elapsed time since the leakage event hagpe

such as irEq. (A. 4) (Fetter, 1999):

(Co—-C)V

C= N s Eq.(A.4)
Here:
C = maximum concentration of element in leaked @lana specific time, t (ch8TP/g):

C, = initial concentration of element in the leakddnpe (cni STP/g);

C; = concentration of element in aquifer before legkécni STP/Q);
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V = volume of the initial leaked plume (én
t = elapsed time since leakage (s); and
D,, D, D, = diffusion coefficients of element for x, y, z€ition, respectively (cffs) (Table A.2).

Table A.2 Diffusion coefficients of noble gas tracers in grat

He Ne Af Kr

cnfls
Pure

6.12x10° 3.23x10° 1.94x10° 1.36x10°
Water

TJahne et al. (1987) at temperature of 42.3

*Wise and Houghton (1966) at temperature of °[2.3
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Highlights
B Gas-charged water was injected into an aquifer to demonstrate CO, leakage
B Noble gasesidentified physical processesinvolved in the fate of gas-charged water
B Based on the injection tests, the fate of leaked CO, was studied using noble gases
B The evolutionary path of leaked CO, was depicted using noble gases for Weyburn site

B Theevolutionary path can act as a fingerprint for identifying a leakage hot spot
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