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Abstract 23 

Geological storage of carbon dioxide (CO2) is an integral component of cost-effective 24 

greenhouse gas emissions reduction scenarios. However, a robust monitoring regime is 25 

necessary for public and regulatory assurance that any leakage from a storage site can be 26 

detected. Here, we present the results from a controlled CO2 release experiment undertaken at 27 

the K-COSEM test site (South Korea) with the aim of demonstrating the effectiveness of the 28 

inherent tracer fingerprints (noble gases, δ13C) in monitoring CO2 leakage. Following injection 29 

of 396 kg CO2(g) into a shallow aquifer, gas release was monitored for 2 months in gas/water 30 

phases in and above the injection zone. The injection event resulted in negative concentration 31 

changes of the dissolved gases, attributed to the stripping action of the depleted CO2. Measured 32 

fingerprints from inherent noble gases successfully identified solubility-trapping of the injected 33 

CO2 within the shallow aquifer. The δ13C within the shallow aquifer could not resolve the level 34 

of gas trapping, due to the interaction with heterogeneous carbonate sources in the shallow 35 

aquifer. The time-series monitoring of δ13CDIC and dissolved gases detected the stripping action 36 

of injected CO2(g), which can provide an early warning of CO2 arrival. This study highlights 37 

that inherent noble gases can effectively trace the upwardly migrating and fate of CO2 within 38 

a shallow aquifer. 39 

 40 

Keywords: Carbon capture and storage, monitoring, CO2 leakage, inherent tracers, noble gas, 41 

solubility-trapping 42 
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1. Introduction 48 

To limit global warming to 1.5–2oC relative to preindustrial levels (Azar et al., 2013; 49 

Haszeldine et al., 2005), mitigation technologies along with new emission related regulations, 50 

policies and standards have been developed (Bernstein et al., 2007; IPCC 2005). Carbon 51 

Capture and Storage (CCS) has the potential to substantially reduce anthropogenic CO2 52 

emissions over the coming decades (IEA, 2016; Wilberforce et al., 2019, 2021). However, the 53 

potential for upward migration of CO2 from deep storage to surface is of public and regulatory 54 

concern (Bacon et al., 2016;; Kharaka et al., 2006, 2010; Little and Jackson, 2010; Zhang et 55 

al., 2017, 2019; Zheng et al., 2009). Public acceptance of geologic carbon sequestration will 56 

be gradually improved by demonstrating reliable monitoring techniques that provide assurance 57 

of long-term safety of reservoirs (Gholami et al., 2021; Van Alphen et al., 2007) and means of 58 

quantifying leakage in the event of unplanned gas escape (Holland and Gilfillan, 2013; Ju et 59 

al., 2019, 2020a, b). 60 

Inert gases do not take part in chemical reactions and as they travel faster than CO2 61 

through pore space, they have been shown to be effective at providing an early-warning of the 62 

migration of CO2 (Lu et al., 2012; Myers et al., 2013). Noble gases and halogenated compounds 63 

(e.g., SF6, perfluorocarbons) have been widely tested as a means to ‘fingerprint’ injected CO2, 64 

allowing it to be distinguished from CO2 naturally present in the subsurface (Lu et al., 2012; 65 

Nimz and Hudson, 2005; Stalker et al., 2015; Trautz et al., 2013), and to verify whether the 66 

subsurface system is behaving as a conservative system for the volatiles (Ju et al., 2019, 2020a; 67 

Kim et al., 2018). However, halogenated compounds are potent greenhouse gases (Myers et 68 

al., 2013; Wells et al., 2007), and their usage is becoming increasingly restricted, which limits 69 

their large-scale use (Roberts et al., 2017). Noble gases are naturally present in subsurface 70 

fluids and their isotopic compositions are distinct between deep reservoirs and shallow 71 
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aquifers, meaning they are excellent candidates to trace the migration of deep-sourced CO2 in 72 

the crust (Gilfillan and Haszeldine, 2011, Gilfillan et al., 2017, 2019; Györe et al., 2015, 2017, 73 

2021; Karolytė et al., 2019; Mackintosh and Ballentine, 2012). The addition of dedicated noble 74 

gas tracers to the injected CO2 has also been tested in different settings, highlighting their 75 

powerful ability to fingerprint injected CO2 (Roberts et al., 2017; Stalker et al., 2015), and 76 

allowing mass balance constraints on leaked CO2 to be obtained (; Holland and Gilfillan, 2013; 77 

Ju et al., 2019, 2020a, b). 78 

The inherent noble gas composition of the injected CO2 may also be used for 79 

monitoring purposes (Flude et al., 2016). This composition is the function of the source and 80 

the capture and purification process of the CO2, but regardless, it is considerably different from 81 

most naturally sourced CO2
 (Flude et al., 2017). As the use of inherent tracers for CCS 82 

monitoring does not incorporate the process of adding artificial tracers into the injected CO2, 83 

it offers a potentially cost effective monitoring of the injected CO2. However, the effectiveness 84 

of the inherent tracing method must be comparable to that of artificial tracers (Ju et al., 2019, 85 

2020a, 2020b), specifically: 1) whether it is robust enough to trace the spreading boundary of 86 

the CO2 leak; 2) if it is useful for the provision of an early-warning of the spreading of leaking 87 

CO2; 3) if it can successfully identify the fate of the CO2 after leakage from the reservoir into 88 

shallower aquifers (solubility-trapping or loss into vadose/atmosphere). 89 

In this study, a controlled CO2 release experiment was performed at a shallow aquifer 90 

of Korea CO2 Storage Environmental Management (K-COSEM) site. The design of the 91 

artificial injection test was intended to demonstrate the early-time vertical migration of 92 

sequestrated CO2 before it achieved the equilibration with crustal fluids from deep geological 93 

reservoir. Following the artificial leakage, the CO2 plume was subsequently formed in a 94 

shallow aquifer, which was used to investigate the feasibility of inherent tracers in detecting 95 
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leakage of injected CO2. We measured the evolution of inherent tracers over time in response 96 

to CO2 injection and the appearance of the CO2 from multiple boreholes within vadose and 97 

aquifer zones. This allowed the effectiveness of inherent tracers as both early warning 98 

indicators of migrated CO2, and whether these tools can provide mass balance estimates of the 99 

fate of the released CO2 to be assessed. 100 

 101 

2. Materials and Methods 102 

2.1 Site description 103 

 104 

The K-COSEM Research Center has developed a facility for controlled CO2 release 105 

experiments at Eumseong-gun, South Korea (Figure 1a). Core sampling was performed during 106 

well-installation (Figure 1b) (Glew, 2002). Borehole (BHs) determined lithology down to the 107 

experimental depth (100 m) consists of medium to coarse silty sand (0–30 m below ground 108 

surface, bgs) and weathered biotite granite (30–70 m bgs), underlain by a consolidated bedrock 109 

(Lee et al., 2017b). The experimental layer at the depth of 30 m is dominated by quartz, albite, 110 

anorthite and microcline, with a small amount of carbonate units (Supplementary Material, 111 

Section S-1). A natural hydraulic gradient of 0.018 has been measured between the northeast 112 

and southwest ends of the experimental site (i.e., from BS-04 to BS-10) (Figure 1c). The aquifer 113 

was unconfined where the water table is located around 17 m bgs. Vertical and horizontal 114 

intrinsic permeability have been estimated to be between 1.76×10–12 and 1.24×10–14 cm/s 115 

around the injection depth as determined by an electrical resistivity survey (Lee et al., 2017a). 116 

This suggested a heterogeneous and anisotropic hydrological condition at this site. The 117 

hydrological setting of the site was investigated to understand its relation to the migration of 118 

volatile tracers. For example, a series of push and-pull tests was conducted in the unconfined 119 

aquifer using non-volatile tracer (Cl−) and volatile tracer (SF6), identifying that this unconfined 120 
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aquifer is not conservative for volatiles, indicated by a low recovery rate of SF6 (Kim et al., 121 

2018). 122 
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 123 

Figure 1. Maps of the K-COSEM CO2 injection experiment site, South Korea. (a) The location of the study area. (b) Location map of BHs 124 

where core sampling was performed. (c) Design of controlled CO2 release test where the groundwater was circulated using BS-4 and BS-10 to 125 

enhance the regional groundwater flow (Figure S1). (d) Configuration of three different monitoring media in test site such as: (1) saturated zone 126 

monitoring wells (SMWs) for dissolved phase CO2, (2) borehole CO2 gas monitoring and (3) unsaturated zone monitoring wells (UMWs) for 127 

monitoring the escaping budget of CO2 from groundwater into atmosphere. Maps have been redrawn after Ju et al. (2019). 128 
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A previous artificial CO2 and tracer injection test identified that a heterogeneous flow 129 

field exists in the shallow aquifer, which would complicate the migration pathway of the CO2 130 

plume (Ju et al., 2019). To overcome this issue, another test was performed in an induced flow 131 

gradient, 10 times above the level of the natural gradient, i.e., 0.18 (Figure S1). This allowed 132 

the migration pathway of the injected CO2 to be focused into the intensive monitoring system 133 

resulting in increased monitoring efficiency (Figure 1c) (Ju et al., 2020a). In both injection 134 

tests, the behavior of the inert tracers was consistent with that of pCO2, which implied that the 135 

distribution of migrated CO2 was dominated by physical processes such as degassing, mixing 136 

and diffusive migration in the shallow aquifer (mineral adsorption/desorption were assumed to 137 

be negligible in the site based on the results of previous tests) (Ju et al., 2019, 2020a). 138 

2.2. Design of controlled release test 139 

A controlled release test was designed in order to test the effectiveness of inherent 140 

tracers within the injected CO2. A total of 396 kg of gas phase CO2, captured from a bioethanol 141 

production process line (in a liquor company), was injected into the shallow aquifer (at 27 m 142 

bgs) for 7 days, from 8–15th August 2019. Prior to the injection, the induced pressure gradient 143 

was formed as outlined above (Ju et al., 2020a) (Figure 1c). CO2 injection was completed 144 

through an inclined injection well (IW) located inside an intensive monitoring network system 145 

(black dotted line in Figure 1c), in order to minimize the ascending of CO2 through the well 146 

(Figure S1). The injection rate was controlled to be 6 L/min under a stable pressure of 0.14 atm 147 

above atmosphere and average ambient temperature of ~27oC. The injected gas was collected 148 

on site and analyzed for carbon and noble gas isotopes (Györe et al., 2015, 2017) 149 

(Supplementary Material, section S-2). The injection was performed 10 m below the water 150 

table, resulting in CO2 pressure at the injection point to be > 2 atm. 151 
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A proportion of the CO2(g) was expected to dissolve into the groundwater and be 152 

transported along the induced hydraulic gradient, while the remainder was expected to migrate 153 

and be lost into the vadose zone. The CO2 monitoring array comprised of two saturated zone 154 

monitoring wells (SMWs) and two unsaturated zone monitoring wells UMWs located within 155 

the intensive monitoring network (Figure 1c and 1d). The CO2 was monitored in three different 156 

media: the vadose gas, the borehole gas and the dissolved phase (Figure 1d) (Supplementary 157 

Material, section S-2). CO2 can reach the water table via diffusive migration or under the 158 

influence of buoyancy force (Figure 1d). The vadose zone monitoring wells were operating 159 

continuously using a real-time CO2 monitoring system installed in UMWs in order to capture 160 

the escaping budget of CO2 from groundwater to the vadose zone (Figure 1d) (Joun et al., 2019, 161 

2020). 162 

Samples for pCO2-vadose, pCO2-borehole, pCO2-aquifer, δ13CDIC and dissolved gases 163 

such as O2, 
4He, 20Ne, 40Ar and 84Kr were taken 15 times during the ~2 month long sampling 164 

campaign (Figure S2). The pCO2 of three different zones and dissolved oxygen (DO) were 165 

measured in situ while the isotopes of dissolved CO2 and noble gases were measured in 166 

laboratories (Supplementary Material, section S-2). The measurements were carried out from 167 

SMW 2-4 (1.4 meters away from IW) and SMW 3-4 (3.6 meters away from IW). The 168 

hydrostatic pressure change was monitored continuously in order to maintain the induced 169 

hydraulic gradient and to monitor any pressure change during the experiment (Supplementary 170 

Material, section S-3). 171 

 172 

3. Results and Discussion 173 

3.1. pCO2 and inherent tracers 174 

3.1.1. Characteristics of noble gas tracers in the captured CO2 175 
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The volumetric concentration of the inherent tracers of the captured CO2 was much 176 

lower than that of air (Figure 2) after the CO2 capture and purification process. Determined 177 

noble gas concentrations in the injected CO2 showed 2-4 orders of depletion relative to the 178 

composition of air. The relative ratio of each gas to Ar is enriched in comparison to that of air, 179 

except for 20Ne (Figure 2). These are in line with previous findings (Flude et al 2016, 2017) 180 

and is explained by the low solubility of noble gases, meaning that the vast majority are not 181 

captured by the capture process. However, whilst poorly soluble as a species, noble gas 182 

solubility in organic solvents or amine solutions increases with mass, yielding to a relative 183 

enrichment of heavy noble gases in CO2 gas during the capture process (Figure 2). The depleted 184 

CO2 gas was injected underground, which was expected to strip out the ambient groundwater 185 

and, lower the concentration of dissolved gases around the IW. 186 

 187 

Figure 2. Composition of noble gas isotopes in captured and injected CO2 gas used for the 188 

controlled release test. Three different compositions: 1) K-COSEM is the composition of the 189 

captured gas (blue curve); 2) ASW is the composition of air-saturated water analogous to a 190 

variety of natural groundwaters and 3) the atmospheric composition. 191 

3.1.2. pCO2 variations in three different monitoring media 192 
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 193 

Figure 3. Time-series monitoring data of CO2 partial pressure from three different media. 194 

Vertical grey lines indicate the CO2 injection period and horizontal red line shows the 195 

atmospheric carbon dioxide level of 0.0004 atm. White squares present the background (BG) 196 

level of each component while small blue squares show the observations during the experiment. 197 

CO2(g) was detected in the vadose well of UMW (a–b) and borehole gas inside the SMWs (c–198 

d). Water samples were collected from SMWs and analyzed for dissolved CO2 (e–f). The 199 

uncertainty of pCO2 measurement was ±0.5% for borehole and ±3% for vadose zone 200 

monitoring and, better than 0.8% for aquifer CO2. 201 

In UMW 2-4, the maximum vadose zone CO2 pressure was reached on the last day of 202 

injection at 0.15 atm (Figure 3a). UMW 4-4 exhibited an almost identical variation in CO2 203 

pressure as UMW 2-4, though the maximum CO2 pressure of 0.11 atm was slightly lower than 204 

0.14 atm at UMW 2-4. The vadose zone monitoring through a semi-open borehole illustrated 205 

a unique daily cycle of CO2 concentration. This often showed a correlation with atmospheric 206 

pressure, demonstrating the action of barometric pumping on the CO2 concentration within the 207 

vadose zone wells (Joun et al., 2019, 2020). This observation supported an earlier conclusion 208 
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that high frequency monitoring data is necessary for understanding the temporal variations of 209 

ground gas emissions and monitoring (Teasdale et al., 2014). 210 

The CO2 pressures within the borehole showed a gradual change during the injection 211 

period and reached up to 0.158 atm on 17th August 2019 (Figure 3c) at SMW 2-4. The CO2 212 

pressures at SMW 3-4 showed a relatively modest change up to 0.044 atm during the 213 

monitoring period (Figure 3d). It is interesting to note that the CO2 pressure at SMW 3-4 214 

showed a unique double peak, where the first peak (17th August 2019) was detected 23 days 215 

ahead of the second peak (9th September 2019) (Figure 3d). 216 

The concentration of dissolved CO2 immediately changed when CO2 injection 217 

commenced (15th August 2019) (Figure 3e), which can be attributed to the location of SMW 218 

2-4 within the CO2 stripping zone (1.4 meters apart from the injection point; see Figure 1c). In 219 

SMW 3-4, the dissolved CO2 showed a delayed response compared to that observed in SMW 220 

2-4 (19th–22nd August 2019) (Figure 3f), attributed to its location further away from the 221 

injection point (3.6 meters apart; see Figure 1c). The maximum amount of dissolved CO2 also 222 

varied between the locations (0.2 atm on 15th August 2019 for SMW 2-4; 0.16 atm on 25th 223 

August 2019 for SMW 3-4), where the CO2 initially trapped near the injection point was diluted 224 

by mixing with local groundwater as it migrated. 225 

In Figure 3, the vadose CO2 showed smaller changes than the borehole/aquifer CO2 in 226 

the stripping zone (i.e., SMW 2-4, Figure 3c and 3e), implying a vertical migration of CO2 227 

from aquifer to vadose zone. The arrival time of vadose CO2 was almost identical to the 228 

borehole CO2 in the stripping zone (Figure 3c), suggesting rapid vertical leakage. The initial 229 

increase in vadose CO2 was 5 days behind the dissolved (aquifer) CO2 (Figure 3e), implying 230 

that time is needed for the ascending CO2 to spread and accumulate above the background CO2 231 

level in the vadose zone (red arrows in Figure 1d). The vadose CO2 exhibited an identical 232 
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arrival time in the two UMWs (Figure 3a and 3b), which implies a rapid spreading of gas phase 233 

CO2 through the vadose zone from above the injection point. These observations allow the 234 

behavior of the CO2(g) detected in UMWs to be conceptualized as follows: vadose CO2 235 

originated from 1) vertical leakage from the aquifer below (red arrows in Figure 1d) and/or 2) 236 

horizontal migration of CO2 from vadose zone above the active leakage zone (pink arrows in 237 

Figure 1d). 238 

In SMW 2-4, the borehole CO2 had a delayed response of 2–7 days compared to the 239 

aquifer CO2 (Figure 3c and 3e). Since SMW 2-4 is located near the injection point where active 240 

vertical leakage occurred (Figure 1c), this observation implied time was needed for CO2 to 241 

vertically migrate and reach the water table within the monitoring well (blue arrows in Figure 242 

1d). In SMW 3-4, the first peak was 5 days ahead of the arrival of the dissolved phase CO2 243 

(Figure 3d and 3f). At the time of initial injection period, a small amount of CO2(g) degassed 244 

from the groundwater and swiftly accumulated above the water table, while a minor amount of 245 

CO2 dissolved in the groundwater. Following the initial injection period, the main peak (i.e., 246 

the second one) of borehole CO2 (Figure 3d) was 15 days behind that of the dissolved CO2 247 

(Figure f), suggesting a slow diffusive emission of CO2 gas from water table into the 248 

atmosphere, inside the monitoring well at this time (blue arrows in Figure 1d). 249 

 250 

3.1.3. Early warning of inherent tracers for CO2 arrival 251 

The δ13CDIC decreased during the initial CO2 injection period, which was attributed to 252 

the interaction between the local groundwater (-15.4 to -13.9‰) and the injected CO2 of lighter 253 

δ13CCO2 (-38.7‰) (Figure 4a and 4g). The results comply with previous studies (Raistrick et 254 

al., 2006; Schulz et al., 2012). Since the injected CO2 was almost absent of other gases 255 

(Supplementary Material, section S-3), DO and noble gas tracers generally also decreased with 256 
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the injection event (Figure 4b–f and 4h–l), which shows the stripping action of injected CO2. 257 

In SMW 2-4, the δ13CDIC and DO, 4He, 20Ne, 40Ar and 84Kr showed a consistent and rapid 258 

response linked with dissolved CO2 during the injection period (Figure 4a–f). Over the 259 

monitoring period, the variations of the species showed much wider concaves in SMW 3-4 than 260 

in SMW 2-4 (Figure 4j–l). In SMW 3-4, the variation of the inherent gas tracers was different 261 

from that of the pCO2 in the groundwater. The inherent gas tracers exhibited negative peaks 262 

over the course of sampling (Figure 4j–l) after CO2 injection, while dissolved CO2 showed a 263 

single spike (Figure 3f). For example, the inherent tracer fingerprints displayed the negative 264 

changes at 1–2 days after the injection commencement whilst the CO2 arrivals were observed 265 

at 13–14 days after the injection. This can be attributed to the initial stripping of CO2 gas 266 

causing the release of the dissolved gases into the vadose zone, which resulted in the early 267 

depletion for the inherent tracers ahead of CO2 plume arrival in the groundwater monitoring 268 

well. This was also evidenced from the borehole CO2, which showed an initial accumulation 269 

of pCO2 in pressure-time curves prior to the CO2 plume arrival (Figure 3d and 3f). The sensitive 270 

response of these inherent tracers indicates that such monitoring can provide an early warning 271 

of CO2 arrival in the aquifer via groundwater monitoring wells. 272 
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 273 

Figure 4. Time-series monitoring data of inherent tracers obtained from SMW series wells. Vertical grey lines indicate the CO2 injection period. 274 

Red shadows display the pCO2 peak periods monitored in the SMWs. White squares present the background level (BG) of each component while 275 

small blue squares show the observations during experiment. Relative change of concentration of each entity (Ci) was normalized to pre-injection 276 

concentration (C0) such as (Ci- C0)/ C0 x 100. The inherent tracers were depleted following the injection event. Refer to Figure 1 for well locations. 277 

The precision of analytical measurement was better than 5% for noble gas tracers and the accuracy of δ13C was ±0.3‰. 278 



17 

 

Interestingly, a small double peak is observed in 4He within both wells within the 279 

sampling intervals, though SMW 3-4 also shows a marked change in 4He concentration ahead 280 

of CO2 plume arrival. 20Ne values drop markedly in both wells on CO2 injection, before rising 281 

and then falling again below their background levels. Notably both 40Ar and 84Kr values fall 282 

sharply on CO2 injection in both wells, before returning to almost to the background levels in 283 

SMW 2-4, but not completely in SMW 3-4. The multiple bumps found in the time-series 284 

monitoring looked attributed to the heterogeneous permeability of the fields that provides 285 

diverse paths for CO2 plume migrating in groundwater (Kilgallon et al., 2018; Lu et al., 2012). 286 

Furthermore, the diffusion process controls the migration of the inert species in groundwater, 287 

providing the most likely explanation for the different patterns of the different noble gas species 288 

(Ju et al., 2020a, 2020b). Therefore, the temporal variations of individual inherent tracers are 289 

affected by the number of paths they took in groundwater and, which are further differentiated 290 

by diffusion process. 291 

 292 

3.2. Evolutionary path of CO2 plume 293 

Physical processes such as degassing, mixing and diffusive migration control the 294 

distribution of the CO2 plume during its migration through the aquifer (Ju et al., 2020b). Noble 295 

gases have significantly different masses and hence are subject to mass dependent physical 296 

processes (Ballentine et al., 2002). The SMW 2-4 samples showed a sharp evolution in the 297 

pCO2/Ar/He space (red line on Figure 5) after CO2 injection. From 5th to 13th August, the pCO2 298 

rapidly increased with the CO2 plume arrival while the He/Ar showed a relatively small change 299 

from 2.4 to 2.8 (Figure 5), which recovered back to the background level on 9th September 300 

2019. 301 

In SMW 3-4, further downstream from the injection well, the He/Ar ratio changed 302 

from 2.6 to 1.8 during the initial period of injection (blue line in Figure 5). The early 303 
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measurements of SMW 3-4 (i.e., 1.8–2.6 at 9th to 15th August) were located between the change 304 

observed in SMW 2-4 (i.e., 2.7 at 9th August) and the stabilized monitoring period of SMW 3-305 

4 (i.e., 1.8 at 15th August), suggesting the mixing of the two water volumes in SMW 3-4 in the 306 

monitoring period. In the initial period, stripping action of CO2 distinctly changed the 307 

composition of the noble gases near the injection point, generating a concentration gradient 308 

between the IW and the down-gradient monitoring wells. Then, along the concentration 309 

gradient between the locations, diffusive migration of the noble gases occurred. The speed of 310 

diffusive migration of each noble gas corresponds to their mass and diffusivity over a given 311 

concentration gradient, and therefore, resulted in the initial variation of He/Ar ratio at the CO2 312 

plume front. This observation corroborates the conclusion from a previous controlled release 313 

test using artificially enhanced tracers where the early-time variation (i.e., early arrival) of 314 

noble gas tracers could be partly attributed to the diffusive migration of these tracers (Ju et al., 315 

2020a). In the stabilized period of SMW 3-4, the He/Ar ratio recorded the lowest value between 316 

1.7 and 2.0 with the increased pCO2 (Figure 5). Then, the composition of the CO2 plume 317 

gradually recovered back to the initial baseline level of low pCO2 (9
th September 2019). 318 
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 319 

Figure 5. Evolution of the CO2 plume depicted with 4He, 40Ar and pCO2. While SMW 2-4 320 

showed a sharp and linear increase in pCO2 with CO2 plume arrival, the SMW 3-4 showed the 321 

initial turbulence before the plume arrival. Dates shown as day/month. 322 

 323 

3.3. CO2 retention in shallow aquifers 324 

Free-phase CO2 released into a shallow groundwater aquifer is initially retained in the 325 

reservoir or released into the vadose zone, controlled by the solubility-trapping process (Ju et 326 

al., 2020b). The initial retention mechanisms are defined by physical processes, which can be 327 

identified using inert gas tracers (Ju et al., 2020a). In this experiment, He and Ar can be used 328 

to constrain the physical retention of the leaked CO2. The two grey continuous lines depicted 329 

on Figure 6 show the predicted evolution of the He and Ar concentrations during degassing of 330 
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each species from the groundwater as the free phase CO2 strips the groundwater aquifer at the 331 

site. This degassing of a groundwater body can occur via two means: 1) loss of free-phase CO2 332 

from groundwater in an open system; and 2) entrapment of the CO2 gas, and resultant 333 

equilibrium in a closed groundwater system. In the study site, escaping CO2 gas was clearly 334 

detected in the vadose zone monitoring system (Figure 3a and 3b), and hence the groundwater 335 

was not a closed system with respect to the injected CO2. After the solubility-controlled 336 

process, the CO2 plume was formed in the groundwater, which was markedly reduced in the 337 

other dissolved gases. The dotted lines on Figure 6 extending from the solubility-controlled 338 

evolution line-(1) (open system) highlight the fractionation trend that would be expected by 339 

dilution of the dissolved CO2 by mixing with local groundwater after degassing of the 340 

groundwater had occurred (Supplementary Material, Section S-4). 341 
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 342 

Figure 6. Modelled degassing loss of (4He and 40Ar) from the groundwater by injected free 343 

phase CO2. The plume decreases the noble gas budget along the solid black line-(1), followed 344 

by mixing with local groundwater-(2). This degassing loss can be modelled via the two 345 

different scenarios of open and closed system gas loss from the groundwater. SMW 2-4 (b) and 346 

SMW 3-4 (c) experienced open system loss, as escaping CO2 gas was clearly detected in the 347 

vadose zone. Dates shown as d/m. Measurement uncertainties are smaller than symbols. The 348 

repeatability of measurements was better than 5% for noble gas tracers. 349 

 350 

The dissolved noble gases from SMW 2-4 and SMW 3-4 plot close to the background 351 

level (i.e., the green square on Figure 6b and 6c), suggesting that the sampled water was mostly 352 
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composed of local groundwater that was only partially impacted by the injected CO2 (6–38% 353 

for SMW 2-4 and 17–44% for SMW 3-4). This can be attributed to the small size of the CO2 354 

plume formed in the groundwater (Figure S5). The samples from SMW 3-4 had a more dilute 355 

composition in comparison with the SMW 2-4 due to its location further away from the 356 

injection point (Figure 6b and 6c). 357 

As all samples from both monitoring wells plot along the expected fractionation line, 358 

this shows that a two-step fractionation process occurred (Figure 6a): 1) the plume first 359 

underwent the stripping loss of He and Ar caused by free phase CO2 and then; 2) dilution of 360 

the CO2 plume by mixing with local groundwater. This corresponds to observations made from 361 

previous tests in the study site, using the addition of artificial noble gas tracers (Ju et al., 2019, 362 

2020a). 363 

The SMW 2-4 samples exhibit a relatively narrow range of CO2 degassing loss into 364 

vadose zone, of 2.0 × 10–6 g CO2/ g H2O (Figure 6b). The SMW 3-4 samples showed a wider 365 

range of CO2 loss than that of SMW 2-4, ranging from 5.2 × 10–7 to 2.0 × 10–6 g CO2/ g H2O 366 

(Figure 6c). The majority of SMW 3-4 samples locate in the volumetric mixing line indicating 367 

CO2 loss of 5.2 x 10–7 g CO2/ g H2O into vadose zone that is lower than or overlap with the 368 

range of SMW 2-4. This can be attributed to the monitoring point of SMW 3-4 located further 369 

away from the CO2 stripping zone caused by the injection well than that of SWM 2-4 (Figure 370 

1c). 371 

Unlike SWM 2-4, degassing due to CO2 was not uniform around SMW 3-4. It was 372 

notable that the two observations made on the 13th August and 9th September 2019 did not lie 373 

on the theoretical line consistent with the other samples (Figure 6c). In SMW 3-4, the 374 

distribution of the CO2 plume was not solely defined by the theoretical evolutionary path (i.e., 375 

from solubility-controlled process to volumetric mixing). This can be attributed to a diffusive 376 

migration of CO2 plume, which has been often observed in boundaries of active degassing loss 377 
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zones in shallow aquifers (Ju et al., 2020a; Zhou et al., 2005). The diffusive mixing resulted in 378 

the signature of higher-degree CO2 induced degassing (up to 2.0 x 10–6 g CO2/ g H2O) at the 379 

early stage (13th August 2019), suggesting that the plume front composition was impacted by 380 

diffusive migration from an active degassing zone. Combined with the results shown in the 381 

ternary diagram (the initial fluctuation of SMW 3-4 in Figure 5), this implies diffusive 382 

migration of the CO2 plume from the SMW 2-4 (i.e., active loss zone) to SMW 3-4. The sample 383 

collected on 9th August 2019 appears to have captured more excess air than the previous 384 

background sample, however, this is still within the range expected for local background 385 

groundwaters (Ju et al., 2020c). 386 

The total escaping budget of the free phase CO2 from shallow aquifer groundwater can 387 

be estimated to be 0.29–0.41 kg based on the solubility-mixing evolution line (Supplementary 388 

Material, Section S-4). This amount is the portion of the injected CO2 that contacted and 389 

interacted with the groundwater while escaping into the vadose zone. 390 

Carbon isotopes can also be utilized to monitor the fate of CO2 injected into 391 

groundwater reservoirs (Gilfillan et al., 2009; Humez et al., 2016). In this study, the δ13CDIC of 392 

produced groundwater gradually decreased from the background level (-15.4‰ to -13.9‰) in 393 

each monitoring well (Figure 4a and 4g) while interacting with injected CO2(g) with a low 394 

δ13CCO2 (-38.7‰) value (Figure 7). In SMW 2-4, the largest change of δ13CDIC was expected to 395 

occur on the 13th of August 2019 based on the depletion of the inert gas tracers (Figure 4c–f). 396 

The estimated δ13CDIC was -24.5‰, which was lower than the observed value (i.e., -19.2‰) 397 

from SMW 2-4 (Supplementary Material, Section S-5). This deviation of δ13CDIC, toward the 398 

carbonate dissolution line in Figure 7a, can be attributed to water-rock interaction, induced by 399 

CO2 injection and subsequent pH decrease (4.0 without buffer). The largest change of δ13CDIC 400 

(i.e., -23.9‰) occurred on the 30th of August 2019 in SMW 3-4, which was more consistent 401 

with the estimation from the inert gas tracers (-23.5‰). This implied that less water-rock 402 
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interaction occurred in SMW 3-4 than in SMW 2-4, where carbonate dissolution enriched 403 

δ13CDIC in solution, controlled in part by the isotopic composition of local carbonate minerals 404 

(Canal et al., 2013; Dogramaci and Herczeg, 2002; Ha et al., 2020; Kirsch et al., 2014; 405 

Rightmire and Hanshaw, 1973). 406 

 407 
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Figure 7 Evolution of δ13C and DIC in a three-component mixing between (1) carbonate 408 

mineral dissolution, (2) injected CO2 dissolution, and (3) capturing of injected CO2. (a): SMW 409 

2-4, (b): SMW 3-4. Note that there was no single process dominating the others, showing mixed 410 

compositions among the end-members. Samples below the dashed line-(3) (capturing of 411 

injected CO2) went through a CO2 degassing loss after dissolution. The accuracy of δ13C 412 

measurement was ±0.3‰. 413 

 414 

3.4. Implications for leakage monitoring 415 

CCS pilot experiments have investigated the addition of artificial gas tracers into the 416 

CO2 injection stream to increase the detection threshold for CO2 leakage (Lu et al., 2012; 417 

Stalker et al., 2015). Recent studies and commercial CCS operations have used inherent tracers 418 

for the same purpose, which are economically more efficient than adding artificial tracers to 419 

the CO2 (Flude et al., 2016). 420 

From this controlled release study, we find that the inherent tracers exhibit a more 421 

prominent and rapid response to CO2 migration than the monitored concentration of CO2 in the 422 

vadose zone, borehole gas and groundwater (Figure 3 and 4). In particular, δ13CDIC, dissolved 423 

oxygen and dissolved noble gases demonstrated an early-stage depletion before CO2 plume 424 

arrival in groundwater wells, exhibiting the initial loss of free phase CO2 into the vadose zone. 425 

Whilst the stripping action of the injected CO2 strongly depleted the inherent tracers, CO2 did 426 

not accumulate in the groundwater (Figure 3 and 4). This observation was consistent with the 427 

previous artificial tracer-enhanced CO2 injection tests (Ju et al., 2020a, 2020b), and suggests 428 

the potential effectiveness of inherent tracers to provide an early warning ahead of CO2 arrival 429 

in groundwater aquifers. Additionally, we showed that the migration of inherent noble gases 430 

was dependent on diffusion at the plume front, along a concentration and hydraulic gradient 431 

between the active striping zone and local groundwater. According to the Fick’s law, the slowly 432 
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spreading solute in groundwater relies on its molecular diffusion along the concentration 433 

gradient. This implied that the migrating speed of individual inherent tracers will be dependent 434 

on their concentration gradient formed from the stripping action of the depleted CO2. If the 435 

gradient between CO2 plume and ambient groundwater is steep enough, a low-density spatial 436 

monitoring around leak point will be enough to understand the trajectory of the depleted plume. 437 

Monitoring wells can be located according to site-specific risks, for example by selectively 438 

targeting areas of high permeability that potentially provide pathways for CO2 transport. The 439 

mass-dependent movement arising from diffusion process, however, has also been observed 440 

even with small amount of CO2 leakage (16.9 kg of CO2) designed in natural flow conditions 441 

(Ju et al., 2019), implying the early warning of lighter noble gases for CO2 arrival is promising. 442 

While the CO2 induced degassing loss in the groundwaters was verified from pCO2-443 

vadose, pCO2-borehole and DO, quantitative evaluation of this was only possible through use 444 

of the noble gases. Monitoring of inert gas tracers allowed the evolutionary path of CO2 plume 445 

in the solubility trapping-volumetric mixing curve to be determined (Figure 5). The size of CO2 446 

plume formed in the shallow aquifer was 143–205 m3 of dissolved CO2 and the dilution by 447 

local groundwater mixing was noticeable (> 56%) at only 3.4 m apart from the injection point. 448 

Despite the high dilution rate with the small scale of the leak, the inherent tracers produced 449 

measurable signals in groundwater monitoring wells more than 2 months, proving themselves 450 

useful in monitoring CO2 leakage. Nevertheless, caution needs to be taken to delineate when 451 

observed change indicates leakage, as opposed to natural variation, which must be established 452 

prior to CO2 injection through sufficiently long-term baseline monitoring. 453 

The design of the artificial injection test was intended to demonstrate the early-time 454 

vertical migration of sequestrated CO2 before it equilibrated with crustal fluids from deep 455 

geological reservoir. If CO2 fluid achieved the equilibrium with the formation water at > 700 456 

m depths, the noble gas signature gets rather enriched in crustal 4He. In this case, the 4He can 457 
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substitute the inherent tracers for monitoring the upward migration and the early warning the 458 

CO2 arrival. This has been demonstrated in previous natural analogue studies using the noble 459 

gas tracers. For example, Gilfillan et al. (2011) used the crustal 4He to demonstrate the 460 

upwelling of the deep crustal fluids into shallow natural reservoirs and, Gilfillan et al. (2017) 461 

applied the 4He fingerprints to demonstrate the leak-tight reservoir near the Kerr-farm field. 462 

In contrast to larger and deeper CO2 tracing studies (Gilfillan et al., 2009; Györe et al., 463 

2015, 2017; Mayer et al., 2013; Myrttinen et al., 2012; Zhang et al., 1995; Zhou et al., 2012), 464 

in our shallow aquifer experiment, solubility-controlled processes did not outweigh the water-465 

rock interaction in controlling the δ13CDIC variation (Figure 7). This observation suggests 466 

δ13CDIC is not appropriate to evaluate the initial loss of CO2(g) into the vadose zone, which 467 

controls the overall size of CO2 plume formed in shallow reservoirs. However, the early change 468 

of δ13CDIC prior to CO2 plume arrival (Figure 3f and 4g) confirms the potential that this tracer 469 

provides a measure of the migration of the dissolved CO2 front and could provide an early 470 

warning of CO2 arrival in a groundwater aquifer. In contrast to δ13CDIC, the noble gas ratios 471 

changed significantly with physical processes (i.e., degassing, volumetric mixing, diffusion), 472 

successfully demonstrating significant initial solubility-trapping of the injected CO2 in the 473 

shallow aquifer. 474 

After injecting 396 kg of CO2(g) into a shallow aquifer, the inherent tracer fingerprints 475 

remained detectable for more than 2 months in the groundwater, and which provided the long-476 

term monitoring for understanding the CO2 migration in subsurface system. Conclusively, the 477 

inherent tracer fingerprints showed a potential to replace the artificial tracer addition technique 478 

in terms of providing the early-warning of the CO2 spreading and understanding the fate of the 479 

migrated CO2 in shallow aquifer. 480 

 481 

  482 
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