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Carbon capture and storage (CCS) is an industrial scale mitigation strategy for reducing anthropogenic CO2 from entering the atmosphere. However, for CCS to be routinely deployed, it is critical that the security of the stored CO2 can be verified and that unplanned migration from a storage site can be identified. A number of geochemical monitoring tools have been developed for this purpose, however, their effectiveness critically depends on robust geochemical baselines being established prior to CO2 injection. Here we present the first multi-well gas and groundwater characterisation of the geochemical baseline at the Carbon Management Canada Research Institutes Field Research Station. We find that all gases exhibit CO2 concentrations that are below 1%, implying that bulk gas monitoring may be an effective first step to identify CO2 migration. However, we also find that predominantly biogenic CH4 (∼90%–99%) is pervasive in both groundwater and gases within the shallow succession, which contain numerous coal seams. Hence, it is probable that any upwardly migrating CO2 could be absorbed onto the coal seams, displacing CH4. Importantly, 4He concentrations in all gas samples lie on a mixing line between the atmosphere and the elevated 4He concentration present in a hydrocarbon well sampled from a reservoir located below the Field Research Station (FRS) implying a diffusive or advective crustal flux of 4He at the site. In contrast, the measured 4He concentrations in shallow groundwaters at the site are much lower and may be explained by gas loss from the system or in situ production generated by radioactive decay of U and Th within the host rocks. Additionally, the injected CO2 is low in He, Ne and Ar concentrations, yet enriched in 84Kr and 132Xe relative to 36Ar, highlighting that inherent noble gas isotopic fingerprints could be effective as a distinct geochemical tracer of injected CO2 at the FRS.
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INTRODUCTION
Preventing the global average temperature of the Earth’s atmosphere from rising more than 2°C above pre-industrial levels is a global goal adopted by 187 nations through the 2015 Paris Agreement (UNFCCC 2015). Meeting this target requires that CO2 emissions from fossil fuel use and industrial processes must be curtailed (UNFCCC 2015). This can only be achieved through the combination of switching to zero-carbon energy sources and the use of large-scale CO2 mitigation strategies (Rogelj et al., 2018). Carbon capture and storage (CCS) is an industrial scale, cost-effective mitigation strategy for reducing anthropogenic CO2 from entering the atmosphere (IPCC 2005; Scott et al., 2012). The technology consists of CO2 capture at the point source of emission, transport of this captured CO2 to an engineered storage site and the secure storage of the injected CO2 within the subsurface (IPCC 2005).
For CCS to be routinely deployed, an understanding of the potential migration pathways that could lead to the contamination of the overlying shallow groundwaters and how CO2 migration can be monitored is needed (Alcalde et al., 2018; Ju et al., 2019). This understanding can be provided through the study of CO2 storage and migration in pre-existing engineered storage sites, such as CO2 enhanced oil recovery fields (Györe et al., 2015; 2017; Stalker et al., 2015) and in purpose-built test sites (Kikuta et al., 2005; Spangler et al., 2010; Martens et al., 2013; Smith et al., 2013; Jones et al., 2014; Serno et al., 2016; Feitz et al., 2018; Ju et al., 2020; Michael et al., 2020). Pilot CO2 injection sites provide a unique opportunity to establish a geochemical baseline and refine post-injection monitoring methods to verify the secure injection and storage of injected CO2.
Carbon Management Canada Research Institutes Inc., in collaboration with The University of Calgary, have constructed a Field Research Station (FRS) for the development and demonstration of monitoring technologies for the containment and conformance of subsurface fluids, in particular CO2 (Mayer et al., 2015; 2018; Lawton et al., 2017; 2019; Macquet et al., 2019). The FRS is located ∼22 km southwest of Brooks, Newell County, Alberta, on a 200-hectare site leased from Eastern Irrigation District and Torxen Energy (Lawton et al., 2019) (Figure 1). The site overlies the Countess hydrocarbon field, situated within the Western Canada Sedimentary Basin (WCSB), one of the world’s most prolific petroleum and natural gas plays. Consisting of multiple boreholes, the FRS provides opportunities to perform large-scale injected gas phase CO2 studies in the overlying shallow Upper Cretaceous Interior Seaway stratigraphic succession. Overlying shales, and interbedded sandy shales of the Belly River Group have been identified as potentially suitable cap rocks to prevent the upwards migration of the CO2 and related fluids (Lawton et al., 2019).
[image: Figure 1]FIGURE 1 | Map view of the Field Research Station, situated in Brooks, Alberta (inset). Base-map modified from ESRI ArcOnline (Getech Sedimentary Basins). All major infrastructure, including all wells studied are highlighted within the sitemap.
Several geochemical methods can be used to identify CO2 migration and storage in the subsurface (Johnson et al., 2009; Humez et al., 2014). The injection and subsurface migration of CO2 has previously been traced through the use of the isotopic composition of CO2 (both δ13C and δ18O) (Serno et al., 2016; Johnson et al., 2011; Myrttinen et al., 2010). However, this technique becomes challenging when the isotopic signature of the injection fluid overlaps the natural CO2 sources in the subsurface (e.g., Wycherley et al., 1999). The noble gases provide a means of tracing physical processes due to their inert nature and their isotopic composition allows the identification of processes that can be used to trace the source and interaction history of fluids (Ballentine and Burnard, 2002; Sherwood Lollar and Ballentine, 2009). Combined with the stable isotopic values of CO2, noble gases have also been used to successfully understand microbial processes post CO2-injection at the Olla Field, Enhanced Oil Recovery (EOR) project in Louisiana, USA (Tyne et al., 2021).
Basin-wide noble gas studies of the WCSB have been previously undertaken (e.g., Hiyagon and Kennedy, 1992; Pujol et al., 2018). Most significantly, within the basin, two distinct natural gas reservoirs in Cretaceous and Devonian aged rocks have been identified (Hiyagon and Kennedy, 1992); one with variable noble gas compositions indigenous to the host sediments (within 500 km of the FRS) and another with higher amounts of radiogenic-nucleogenic noble gases consistent with their proximity to basement rocks. However, previous work into the noble gas composition of natural gases closer to the FRS region are somewhat limited. Here we determine the stable isotope, 14C and noble gas fingerprint of gases and groundwaters at the FRS prior to CO2 injection. We compare these to natural gas from the underlying Countess field units to establish the connectivity with the deeper hydrocarbon bearing formation below and the shallow CH4-rich coal-bearing strata present at the FRS site. Additionally, the geochemical fingerprint of the injected CO2 is reported, and used to assess the extent to which the natural tracers in the CO2 can be used as a tool for monitoring gas movement in the FRS.
CARBON MANAGEMENT CANADA FIELD RESEARCH STATION SITE AND GEOLOGICAL BACKGROUND
FRS Site
The Carbon Management Canada FRS site was developed to test various techniques for monitoring the safe injection and containment of CO2. As part of the first phase of site development, an initial injection well (CMCRI Countess – 100/10-22-17-16W4) was drilled to 550 m, “plugged back” to 305.5 m and perforated between 295 and 302 m to facilitate injection into the shallow 295 m injection zone (Figures 1, 2). Completed with chrome steel casing and CO2 resistant cement, this shallow zone is located below the base of the groundwater protection zone (200 m), presenting the opportunity to monitor the interaction of the CO2 with the local groundwater zone (150–300 m) (Lawton et al., 2019). An additional layer of protection within the groundwater zone is provided through the surface casing on the outside of the injection well (Lackey and Rajaram 2019) which provides a means to vent gases migrating along the outside of the deeper casing of the well. This surface casing extends to a depth of 226 m.
[image: Figure 2]FIGURE 2 | Generalised cross-section sketch of the FRS to an approximate depth of 550m, showing sampled wells, surface casing vent locations and sample locations (red boxes). Dashed arrows in the Geophysical Monitoring well, Geochemical Observation well and the Injection well represent the depth interval that SCV data may originate from (i.e., between the casing landing depth and the total depth of the well). Also included is the geological stratigraphy at the FRS. CO2 will initially be injected into the Basal Belly River Sandstone horizons (highlighted as ‘injection zone’ at 295 m), for which the cap rock is the MacKay Coal Zone. Redrawn after Osadetz et al. (2017).
Two 350 m deep monitoring wells (Geochemistry – CMCRI 103 MW1 Countess 10-22-17-16W4M and Geophysics- CMCRI 102 MW2 Countess 10-22-17-16W4) with surface casing extending to 120 m and 50 m, were also drilled at the site. The geochemistry observation well, 30 m northeast of the injection well, is instrumented and completed primarily to perform geochemical sampling and monitoring experiments, including screened intervals across the Upper Cretaceous Belly River Group basal sandstone injection zone at ∼295 m. The geophysical observation well, 20 m down-dip of the injection well, is instrumented and completed to perform geophysical monitoring experiments (Lawton et al., 2019) (Figures 1, 2).
To date, six water wells have been constructed to the east, southeast and southwest of the monitoring and injection wells. Three of these wells were drilled in December 2018, post-dating the field sampling campaign for this study, and hence are not discussed further. The domestic water well was constructed to simulate a typical landowner well as found across the region (Tilley and Muehlenbachs 2012). The well is drilled to 85.3 m bgs (m below ground surface) and completed with a combination of steel surface casing (0–26.2 m bgs) and an acrylonitrile butadiene styrene (ABS) thermoplastic casing within unconsolidated Pleistocene tills and glacial-fluvial sediments (Figures 1, 2). This well is fitted with an electric submersible pump and is perforated between 23.5–47.5 m bgs, such that water production is commingled from the Lethbridge coal zone and several sandstone beds across the perforated interval near, and possibly in hydrological communication with the bedrock till contact.
The Westbay multilevel well was drilled to 108.2 m bgs (Figures 1, 2), and is completed with a Westbay groundwater monitoring system with 27 ports. Multilevel systems permit repetitive sampling and observation over specific depth intervals (Findlay et al., 2013). A paired borehole (Multilevel well-2) was also drilled next to the domestic water well to compare results with the Westbay multilevel well but was not sampled for this study.
Since the 9th of August 2017, CO2 gas injection at the site has occurred episodically, at rates typically less than .5 tonne of CO2 per day, into the water-bearing basal shoreface sandstone of the Foremost Formation within the Upper Cretaceous Belly River Group (Figure 2). The injection experiment is designed to generate a slowly accumulating CO2 gas plume, which will be utilised to test monitoring technology detection thresholds and to understand CO2 movement through the site. It is planned that CO2 will continue to be injected over a five-year period. It is expected that the plume will eventually reach ∼100 m radius, to be followed by 5 years of post-closure monitoring (Macquet et al., 2019).
Geological Background
The FRS is located in the Countess Oil Field within the Western Canada Sedimentary Basin (WCSB) between the Bow and Red Deer Rivers (Lawton et al., 2019). The Cretaceous strata (∼500 m) (Figure 2) at the FRS unconformably overlie a ∼1,200 m eroded carbonate and evaporite-dominated Palaeozoic succession, which in turn lies unconformably on Precambrian basement (Wright et al., 1994; Lawton et al., 2019) made up of plutonic and metasedimentary successions of the Pre-Cambrian Canadian Shield (Mossop and Shetsen 1994).
The Phanerozoic sedimentary succession is composed of several westward thickening “sloss sequences” (lithostratigraphic sequences that characterise complete marine transgression—regression sequences, located on a continental crust, and can therefore also be termed cratonic sequences) (Osadetz et al., 2018) within the predominately clastic Lower Cretaceous-Palaeocene succession, in which the FRS wells are completed (Dawson et al., 1994; Osadetz et al., 2018). The stratigraphy encountered at the FRS is comprised of ∼1,000 m of interbedded Cretaceous-age sandstone and shale-dominated strata deposited during successive regressive and transgressive sequences, associated with Laramide orogenic foreland progradation into the Cretaceous Interior seaway (Lawton et al., 2019). The 550 m of strata at the FRS consists of the Late Cretaceous Belly River Group, the Lea Park Formation, and the Colorado Group, deposited over 14.2 million years from the Santonian to the Campanian (Figure 2). Regional seismic data indicates minor local tectonic movement due to Palaeozoic salt dissolution in the easternmost part of the leased land, but local Phanerozoic sedimentary successions at the CO2 injection site are locally undeformed (Lawton et al., 2019).
The region has long been a producer of natural gas and oil. Hydrocarbons are locally produced from the Lower Cretaceous sandstones that occur below the horizons of interest for the FRS CO2 injection and monitoring program (Albian Viking formation at a depth of 938 m). Economic gas reserves are contained within the Upper Cretaceous Milk River and Medicine Hat formations (Figure 2) along with a deeper formation, the Second White Specks Formation in southern Alberta and Saskatchewan. They are the largest gas fields discovered in Canada and produce immature, biogenic gas (CAPP 2018). Locally, beneath the FRS, natural gas is produced from the Viking Formation of the Lower Cretaceous Colorado Group, which was also sampled for this study (sample C1).
SAMPLING AND METHODOLOGY
Sample Collection
28 samples (19 gas and 9 groundwater) were collected over a 10-month period from July 2017 to May 2018 (Tables 1–Tables 3). Of those collected; 11 gas samples were analysed for stable isotopes (Table 1) and 21 samples (12 gas and 9 groundwater samples) were analysed for noble gas compositions and isotopic ratios (Tables 2, 3). Two CO2 samples, representing the CO2 delivered to the FRS for injection, were also collected from PraxAir, Calgary in July 2017 and analysed for selected stable isotopes and noble gases. As the first injection of CO2 occurred on the 9th of August 2017, this study has samples taken from both before and after initial low test injection rates.
TABLE 1 | Details outlining sample name, depth and date of collection, collection method, δ13CCH4, δDCH4 and bulk gases for 11 gas samples and 2 CO2 samples.
[image: Table 1]TABLE 2 | Noble gas concentrations for 12 gas, 9 water and 2 CO2 samples. Concentrations expressed as cm3 (STP)/cm3. Errors quoted in brackets.
[image: Table 2]TABLE 3 | Noble gas isotopic ratios for 12 gas, 9 water and 2 CO2 samples. Concentrations expressed as cm3 (STP)/cm3, with errors quoted in brackets.
[image: Table 3]At the FRS, gas samples were collected from three locations (Geochemical observation well, Geophysical monitoring well and the Injection well) and the nearby Torxen Energy owned Countess well. Groundwater samples were obtained from two FRS wells (Westbay water well and the Domestic water well—Figures 1, 2). The depths and location of sampling points are shown in Figure 2 and in Tables 1–Tables 3. The Geochemical observation well was perforated and sampled at a depth of ∼295 m (samples labelled GCW). The other gas samples were taken from three surface casing vents within the Geochemical observation well, Geophysical monitoring well and the Injection well (samples labelled GPV, IWV and GCV, respectively). It should be noted that depths for casing vent samples are labelled as their casing landing depth, however samples may originate from any depth between this upper depth and the total depth of the well. One produced gas sample from the Countess Well which taps the Viking Formation hydrocarbon reservoir vertically at an approximate depth of 938 m was also taken. Sampling depths for water samples collected from the Westbay water well (WB samples) ranged between 29 and 90 m while all Domestic water well samples (DW1 samples) were obtained from depths between 23.5–47.5 m bgs. For this study an average depth of 35.7 m is assumed.
Twenty-six samples were collected in refrigeration-grade 70 cm long copper tubes, connected to the well heads and surface casing vents by a regulator and high-pressure hosing (Holland and Gilfillan, 2013). Gas or water was flowed through the copper tubes for 5 min prior to sample collection to prevent atmospheric contamination. The copper tubes were then sealed using specially manufactured clamps to form cold welds, providing a helium leak tight seal. Two samples (GCV2 and GCW2) were collected in gas bags attached directly to the step-down pressure regulator. Three of the collected samples (GPV1, GCW1 and IWV1) were split to undertake radiocarbon analysis. The two PraxAir CO2 samples were sourced from the flue gas stack system of a chemical plant at Fort Saskatchewan. This CO2 was captured via amine stripping and subsequently flushed with O2 to purify the gas stream. Three coal samples were also obtained from the Lethbridge Coal Seam within the Bow City abandoned open cast pits, approximately 10 km SW from the FRS for XRF analysis. Fresh samples varying in size from ∼5 to 25 cm were collected from coal seam outcrops approximately 100 m from the boundary gate.
Sample Analysis
FRS gas samples collected in July 2017 (samples GCV2, GCW1, GCW2, GPV1, GPV2, IWV1 and C1) and the two PraxAir CO2 samples were analysed at the Scottish Universities Environmental Research Centre (SUERC) for δ13CCH4, δDCH4, major gas compositions and noble gas isotopes. Radiocarbon isotope analysis was carried out at the NEIF Radiocarbon (Environment) Laboratory also at SUERC.
Bulk gases were measured using a Pfeiffer Vacuum QMS 200 quadrupole mass spectrometer (Györe et al., 2015) and Hewlett Packard 5890 Series 11 Gas Chromatograph (Chen et al., 2019) with measured errors of ±1%. δ13C and δD were determined on a VG SIRA II dual inlet isotope ratio mass spectrometer and VG Optima dual inlet isotope ratio mass spectrometer, respectively (Donnelly et al., 2001; Györe et al., 2018). δ13C values are reported relative to V-PDB international standard; δD values are quoted relative to V-SMOW (Craig 1957; Gonfiantini 1984; Coplen 1995) with known uncertainties of .3% (δ13C) and 3% (δD).
Radiocarbon samples were processed to graphite following methods previously outlined (Garnett et al., 2019). The δ13C was measured from one aliquot of the sample using a Thermo Fisher Delta V dual inlet stable isotope mass spectrometer relative to international standard protocol (Stuiver and Polach 1977). The second aliquot of CO2 was reduced to graphite using Fe-Zn reduction (Slota et al., 1987) and 14C/13C ratios were measured using a NEC 5MV Tandem accelerator mass spectrometer in the SUERC AMS Laboratory (Freeman et al., 2007). Noble gases isotope ratios and concentrations were analysed on a MAP 215–50 mass spectrometer operating in static mode using methods and procedures previously outlined (Györe et al., 2015; 2017).
All other noble gas samples were analysed at the Ohio State University WHEEL Laboratory. Major gas concentrations were measured on a SRS Quadrupole MS and SRI 8610C Multi-Gas 3+ gas chromatograph equipped with a flame ionization detector and thermal conductivity detector. Standard analytical uncertainties were less than ±3% (Darrah et al., 2013; Moore et al., 2018). All other hydrocarbon gas analysis (composition and isotopes) were analyzed at the University of Ottawa Ján Veizer Stable Isotope Laboratory using an SRI GC 8610C with helium as a carrier gas. For analysis, gas was injected into the GC Isolink and the gas of interest (C1-C3 or other) was isolated and converted to CO2 or H2.
The composition of three coals from the Lethbridge coal seam were determined by XRF at the University of Liverpool in February 2019. Analysis was undertaken on an Olympus Vanta-M Handheld XRF Spectrometer with a 50 kV (max) rhodium tube. Light elements were analysed for 90 s at 10 kV, and intermediate and heavy elements for 30 s at 40 kV. All analyses were carried out within an Olympus safety enclosure, with the samples placed on top of the inverted XRF unit and run at atmospheric pressure with no vacuum or helium purge.
RESULTS
Major Gas and Stable Isotope Composition
Bulk gas composition was determined on 11 gas samples (Table 1; Figures 3, 4). Except for sample GCV2 (which recorded 57.8% N2), CH4 was found to be the primary gas, ranging from 42.0% to 96.8%. Ethane (C2) and propane (C3) are observed in trace quantities in most samples, varying from undetectable amounts to 3.6% and 1.5% for C2 and C3, respectively. N2 represents the only other major gas species (3.2%–57.8%) and O2 varies between .00% and 9.32%. Measured CO2 (.00%–.26%) comprised less than 1% in all samples.
[image: Figure 3]FIGURE 3 | Modified Bernard plot comparing the gas dryness (ratio of CH4 to higher order aliphatic hydrocarbons (C1/C2+C3) vs. δ13C-CH4 (Bernard et al., 1976) with mixing lines between thermogenic natural gas and hypothetical biogenic mixing endmembers (Whiticar 1999). Dashed lines represent fractions of biogenic gas in mixture. Thermogenic gas is represented by a range of values corresponding to increasing thermal maturity (expressed as vitrinite reflectance, Ro) of Type II organic matter, and biogenic gas is represented by a range of values related to methanogenic pathways (hydrogenotrophic CO2 reduction versus methylotrophic and acetotrophic pathways). Adapted from Strapoć et al. (2011). The majority of gas samples plot within the 85%–99% biogenic gas contribution, with the exception of GPV1, which exhibits a signature corresponding to 40% biogenic gas contribution.
[image: Figure 4]FIGURE 4 | Modified Whiticar plot comparing δ13C-CH4 vs. δ2H-CH4 following Whiticar, (1999) showing the potential genetic sources of CH4 measured in samples collected at the FRS. Samples show a mixed range between biogenic and thermogenic CH4 sources (sample C1).
With the exception of sample C1 (with δ13CCH4 values of −46.3‰ and δDCH4 values of −194‰), the measured δ13CCH4 in the FRS gas samples range from −52.4 to −68.3‰, and δDCH4 values vary between −220 and −284‰. The majority of δ13CCH4 values are comparable to those measured for shallow mud gases obtained during initial drilling at the FRS site (Mayer et al., 2015; 2018). These values are also consistent with average values recorded in Groundwater Observation Wells near to the FRS (−66.2%; Humez et al., 2016) and other nearby sedimentary basins such as the Williston basin (Hendry et al., 2016; 2017). The δ13CCO2 of the CO2 to be injected was also determined for two samples with values ranging from −34.3 to −34.8‰.
The FRS gas samples exhibit a range of C1/(C2+C3) values between 11 (C1) and 968 (GCW1) (Table 1). Generally, C1/(C2+C3) values greater than 2,000 are indicative of a biogenic source, whilst ratios of 100 or less point to a dominantly thermogenic source (Moritz et al., 2015). The most common indicator of microbial gas is the presence of CH4 with low δ13C values (<−55‰). The Countess Well (sample C1), plots clearly in the thermogenic envelope, as dominantly thermogenic natural gas and although not purely thermogenic in origin, sample GPV1 also plots close to this source in both gas wetness data and isotopic values (Figures 3, 4). The majority of remaining samples plot between microbial CH4 derived either from CO2 reduction or acetate fermentation. Six well gas samples (GCV2, GCV3, GPV3, GCW2, 3 & 4) plot in the field associated with biogenic acetate fermentation regime, while three samples (GCW1, GPV2 and IWV1) have values associated with CO2 reduction pathways. Whilst no samples exhibited a definitive biogenic source in gas wetness data, all have biogenic isotope values. This suggests that the biogenic CH4 at the FRS site has undergone an additional process, altering the gas wetness ratio and/or its isotopic composition.
Radiocarbon
The radiocarbon concentration for the three samples measured; GPV1, GCW1 and IWV1, were indistinguishable from the analytical background level according to radiocarbon reporting conventions (Stuiver and Polach 1977).
Noble Gas Compositions—Gas Samples
Noble gas concentrations and isotopic ratios of 12 gas samples are provided in Tables 2, 3.
Helium
4He concentrations range from 2.60 ± .03 × 10−5 to 6.75 ± .09 × 10−4 cm3(STP)/cm3 (where STP is standard temperature and pressure). All sample values are significantly higher than air concentration (5.23 × 10−6 cm3(STP)/cm3). 4He/20Ne are higher than the atmospheric ratio of .3, ranging from 1.59 to 17,421, showing that atmospheric He contributions to all samples is negligible (Figure 5). 3He/4He ratios vary from .092 to .225 RA, where RA is the atmospheric ratio of 1.384 × 10−6 (Clarke et al., 1976). All 3He/4He are greater than the average crustal production ratio of .02 RA (Ballentine and Burnard 2002; Figure 6A). A mixing between atmospheric and radiogenic He is apparent but there is no relationship between radiogenic He content and depth (Figure 6A).
[image: Figure 5]FIGURE 5 | 4He/20Ne vs. 3He/4He for samples collected at FRS. Data fall along a clear trend of mixing between shallow air-saturated water-like groundwater with a deep, dominantly radiogenic 4He that corresponds with CH4-rich samples. These trends indicate that CH4-rich fluids dominated by radiogenic helium are migrating into the shallow subsurface and mixing with ASW-like groundwater. The variation is defined by a mixing curve (Langmuir et al., 1977) indicating that between .1% and 80% of 4He is sourced from depth.
[image: Figure 6]FIGURE 6 | (A) 3He/4He and (B) 40Ar/36Ar vs. depth for samples collected at the FRS. There is no clear change in the helium isotopic ratio with increasing depth, but most samples indicate mixing with a radiogenic helium source and while 40Ar/36Ar ratios show differing contributions of atmospheric and radiogenic sources, there is a slight trend of increasing 40Ar with depth.
Neon
20Ne concentrations vary from 3.24 ± .01 × 10−8 to 1.69 ± .05 × 10−5 cm3(STP)/cm3, with the maximum concentration approaching that of air (1.64 × 10−5 cm3(STP)/cm3). 20Ne/22Ne ratios vary from 9.72 to 9.95, again close to the air value of 9.81. Whilst 20Ne is commonly introduced to the subsurface via groundwater, it can occasionally reflect air contamination introduced during sampling. 21Ne/22Ne ratios vary between .0282 and .0351. Most values are close to the atmospheric ratio of .0290 (Eberhardt et al., 1965; Györe et al., 2019) reflecting a trend consistent with mass fractionation. In contrast, samples GCW1, GPV2 and C1 have significantly higher 21Ne/22Ne ratios indicating that these samples contain a greater contribution from crustal radiogenic Ne.
Argon
40Ar concentrations range from 7.2 ± .3 × 10−5 to 1.2 ± .2 × 10−2 cm3(STP)/cm3. 40Ar/36Ar ratios range from 298 to 771. They reflect a mixture between air (298.6; Mark et al., 2011) and excess 40Ar (Ar*). 40Ar* varies from 1.69 × 10-6 to 5.4 × 10−5 cm3(STP)/cm3. There is a clearer trend of increasing 40Ar with depth (Figure 6B). 4He*/40Ar* ratios range from 6.3 to 33.9. Using the resolved 4He/40Arcrust = 11.7 (Figure 7) this implies there has been differential release of the lightest and heaviest noble gases from host minerals, thereby defining the amount crustal-radiogenic gas released into the proximal fluid systems (Ballentine and Burnard, 2002).
[image: Figure 7]FIGURE 7 | 40Ar*/36Ar vs. 4He/36Ar for all FRS samples. All samples show a trend towards radiogenic contributions, which increases with depth in the subsurface. Gas and groundwater samples display radiogenic contributions with a trend mixing towards air values (low 4He/36Ar and 40Ar*/36Ar) indicating a crustal flux exists throughout the site and a fluid connection from depth.
Krypton and Xenon
84Kr concentrations range from 4.32 ± .02 × 10−9 to 1.13 ± .30 × 10−6 cm3(STP)/cm3 while 132Xe concentrations vary between 1.9 ± .5 × 10−10 and 3.65 ± .05 × 10-8 cm3(STP)/cm3 (Table 2). 84Kr/36Ar and 132Xe/36Ar ratios range between .015 and .056 and .00051 and .0048, respectively. These values are both above and below the air values of .02 and .00074 for 84Kr/36Ar and 132Xe/36Ar, respectively.
Noble Gas Compositions—Groundwater Samples
Noble gas concentrations and isotopic ratios of 9 groundwater samples are provided in Tables 2, 3. To directly compare between gas and groundwater samples, the concentrations of noble gases dissolved in groundwaters are reported. The expected theoretical concentrations and isotope ratios of atmospheric derived noble gases dissolved in groundwater are referred to as air-saturated water (ASW). These were calculated through established solubility equilibration methods (Kipfer et al., 2002) and using the regional recharge conditions of 10°C, the average altitude of the FRS at 760 m, and an assumed excess air Ne component of 10% (Kipfer et al., 2002).
Helium
4He concentration values exhibit a range from 1.54 ± .05 × 10−7 to 2.32 ± .07 × 10−6 cm3(STP)/cm3 with 3He/4He ratios ranging from .102 to .469 RA (Figure 6A). 4He/20Ne ratios range from .96 to 8.98, higher than the atmospheric value of .288 and the ASW value of .259 indicating that atmospheric He contributions are also low in the groundwaters. The increase in 4He/20Ne values with a lowering of 3He/4He ratios in the groundwater samples may indicate the presence of a radiogenic noble gas source (Figure 5). This is especially evident in the DW1 groundwater samples, where 4He concentrations are slightly higher compared to those measured in the WB samples.
Neon
20Ne concentrations range from 9.10 ± .03 × 10−8 to 3.70 ± .11 × 10−7 cm3(STP)/cm3 with the highest value representing the deepest groundwater sample (WB6) taken at a depth of 90 m. 20Ne/22Ne ratios range from 9.76 to 9.91, both varying above and below the atmospheric air value of 9.8. 21Ne/22Ne ratios vary between .0286 and .0299, almost indistinguishable from the known air ratio of .0290 but consistent with variable mass fractionation as per the gas sample analyses.
Argon
40Ar concentrations range from 1.31 ± .04 × 10−4 to 3.42 ± .1 × 10−4 cm3(STP)/cm3. 40Ar/36Ar ratios range from 298 to 304. Calculated 40Ar* relative to the atmosphere 40Ar/36Ar varies from 5.72 × 10−8 to 4.72 × 10−6 cm3(STP)/cm3 suggesting the source of Ar in the groundwaters is predominantly atmospheric.
Krypton and Xenon
84Kr concentrations in water samples range from 5.97 ± .18 × 109 to 3.86 ± 1.20 × 10−8 cm3(STP)/cm3, while 132Xe concentrations vary between 1.94 ± .06 × 10−10 and 2.46 ± .7 × 10−9 cm3(STP)/cm3 (Table 2). 84Kr/36Ar and 132Xe/36Ar ratios range between .012 and .039 and .00052 and .0025, respectively. These values are both above and below the air values of .02 and .00074 for 84Kr/36Ar and 132Xe/36Ar, respectively, but samples from the WB well display higher values of each ratio compared to the DW1 samples. Most water samples measured are lower than the predicted ASW values (84Kr/36Ar = .039; 132Xe/36Ar = .0025) except for WB11 which has ASW values.
Injected CO2 Samples
The noble gas concentrations and isotopic ratios of the injected CO2 are provided in Tables 2, 3. 4He concentrations range from 3.66 ± .14 × 10−9 to 4.91 ± .20 × 10−9 cm3(STP)/cm3. 3He/4He could not be measured accurately as 3He was extremely low. 20Ne ranges from 9.7 ± .4 × 10−10 and 1.79 ± .06 × 10−9 cm3(STP)/cm3, 20Ne/22Ne from 9.66 to 9.92, whilst 21Ne/22Ne measure .0288 to .0291. 40Ar varies between 8.48 ± .03 × 10−7 to 1.04 ± .04 × 10−6 cm3(STP)/cm3, with 40Ar/36Ar ranging from 284 to 296 and 38Ar/36Ar recording values between .188 and .266. 84Kr and 132Xe concentrations vary from 1.62 ± .06 to 2.74 ± .11 × 10−9 cm3(STP)/cm3 and 7.87 ± .23 to 8.06 ± .23 × 10−9 cm3(STP)/cm3, respectively, both lower than air values. Ratios of 84Kr/36Ar and 132Xe/36Ar vary between .54 and .78 and 2.25 and 2.70, respectively, which are considerably higher than values recorded for both gas and groundwater samples.
Coal Samples
All three Lethbridge coal samples analysed were ∼90% composed of elements too light to detect (i.e., low atomic weight elements such as carbon and oxygen) through this type of analyses. This was expected as only the concentrations of U and Th were required for this work. Uranium concentrations recorded a value of 5 ppmm (parts per million mass), whilst thorium concentrations ranged from 10–14 ppmm. To estimate the maximum rate of 4He production only the highest values are reported (Table 4).
TABLE 4 | Data used in Eqs 1, 2. Uranium and thorium data for all formations except Lethbridge Coal Seam obtained from (Matveeva and Kafle, 2009). Lethbridge Coal Seam concentrations obtained from XRF analysis of coal collected during sampling and analysed at The University of Liverpool.
[image: Table 4]DISCUSSION
Source of CH4 at FRS
Differentiating subsurface gas origins can be complicated as different primary generation mechanisms and secondary processes can produce similar isotopic and compositional values (Martini et al., 2003). Three secondary processes can alter isotopic and compositional values of CH4; (i) migration and diffusion, (ii) oxidation and (iii) mixing (Whiticar et al., 1986; Whiticar 1999). Hence, in an environment where one or more of these processes has occurred, δ13C values of CH4 alone are of limited use, as the values typically fall between commonly accepted fields for thermogenic and biogenic gas (Martini et al., 2003). Typically, migration causes little variation in δ13C values, but results in an increase of the C1/(C2+C3) ratio (Schoell 1983; Whiticar and Faber 1986; Whiticar 1999; Moritz et al., 2015), whilst mixing alters both primary signatures.
The contribution of biogenic and thermogenic gases to samples can be constrained at the FRS through mixing curves plotted using end members for the wetness of the gas and δ13CCH4 (Figure 4). Additionally, the contribution of each methanogenic end member can be calculated using established mixing models (Strapoć et al., 2011; Stolper et al., 2015). All samples collected from the FRS plot within the envelope defined by mixing between thermogenic and biogenic CH4. Most FRS samples illustrate input of between ∼90% and 99% biogenic CH4, indicative of a predominantly biogenic source of CH4 mixing with thermogenic CH4 in the subsurface. The deepest sample (C1) is purely thermogenic while there is also isotopic and compositional evidence of thermogenic gas in sample GPV1 (Figures 3, 4). However, the variation in biogenic production pathways cannot be explained simply by mixing between the two sources (e.g., Figure 3).
Microbes are known to affect the distributions of hydrocarbons, primarily through their capacity to consume hydrocarbons in the presence of a suitable oxidant (Hanson and Hanson 1996; Widdel and Rabus 2001). Microbial consumption of hydrocarbon gases leading to oxidation modifies both the isotopic composition of gas fractions and the gas composition, and can occur both anaerobically and aerobically (Martini et al., 2003; Lopes and Viollier, 2011). In anaerobic environments, oxidation occurs at the base of the sulphate reduction zone (Iversen and Jorgensen 1985; Blair and Aller 1995), whilst in aerobic environments, due to aerobic methanotrophs dependency upon both oxygen and CH4, their activity is often highest in a narrow zone between anoxic and oxic conditions (Rudd and Hamilton 1975; Lidstrom and Somers 1984; King 1990). Within shallow hydrological systems, microbial oxidation occurs where dissolved oxygen comes into contact with hydrocarbons, and whilst bacteria consume all gaseous hydrocarbons, CH4 oxidation can occur most rapidly (King 1990; Whiticar 1999; Martini et al., 2003). If higher chain hydrocarbons (C2 and C3) are more readily oxidised, the general trend will be to more biogenic C1/(C2+C3) signatures (James 1983), leading to a 13C enrichment in residual gases (Martini et al., 2003). Previous studies have highlighted the importance of surface water influx in preferentially oxidising heavier chained hydrocarbons (James 1983; Vugrinovich 1988). If the supply of oxygen is exhausted, anaerobic microbial communities can colonise the reservoir. Once SO4− has also been removed by sulphate reducing bacteria, methanogens can metabolize organic matter or CO2 to produce CH4.
A combination of mixing and microbial oxidation has previously been suggested to explain C1/C2–4 ratios vs. 13C isotopic values in the Antrim Shale (Martini et al., 2003). Therefore, it is probable that a two-process mechanism is occurring at the FRS. The contribution of heavier chained hydrocarbons to some gases could only have been sourced from a thermogenic source, therefore indicating that mixing/migration occurred within the shallow subsurface. However, the change in wetness ratios and isotopic signatures is likely due to CH4 loss through oxidation within the subsurface, in which heavier chained hydrocarbons (C2, C3) are preferentially consumed.
Radiocarbon
14C within the three samples (GPV1, GCW1 and IWV1) analysed from the FRS are indistinguishable from analytical background levels, i.e. are “14C-free,” confirming that there is no resolvable modern carbon input to FRS gases from a minimum depth of 50 m. Combined with the stable isotope values these results show that the biogenic production of CH4 is from a fossil carbon source, with no measurable input of recently derived CH4 from surface activity (such as aquifer recharge), as such this cannot be distinguished from the thermogenic component which is also “14C-free.”
Origin of Noble Gases at the FRS
Noble gases occur naturally in low, measurable abundances in the crust (Ballentine and Burnard 2002; Ballentine et al., 2002). Unlike CH4, noble gas compositions are not altered by chemical reactions, oxidation or microbial respiration due to their inert nature (Ballentine and Burnard 2002; Ballentine et al., 2002; Sherwood Lollar and Ballentine 2009; Moore et al., 2018). Compared to CH4 and C2+ hydrocarbons, the original composition of noble gases is preserved in shallow groundwaters, independent of microbial activity or changes in oxygen fugacity (Darrah et al., 2014).
Using a simple mixing model (Figure 5) allows the prediction of the relationship that would result from mixing between the Countess sample (C1, with 4He/20Ne ratio of 17,419 and a 3He/4He ratio of .124 RA) and shallow groundwater in equilibrium with the atmosphere (with a 3He/4He ratio of 1 Ra and 4He concentration of ASW) (Gilfillan et al., 2011; 2017; Mackintosh and Ballentine 2012). The samples that lie on this mixing trajectory show differing percentages of radiogenic sourced 4He, assuming that the C1 gas sample is an accurate representation of the deepest end member at the FRS site. Samples GCW1 and GPV6 record the highest percentages of radiogenic 4He, implying that these samples contain between ∼50% and 80% of the level of 4He present in the deeper C1 sample. The majority of shallower gas and groundwater wells show mixing percentages of ∼15% to less than .1%. In addition to this, the gas samples exhibit trends towards high 40Ar* (Figure 6B) allowing this (as well as 4He) to be a useful discriminant of deep gas in the shallow subsurface and implying a crustal flux throughout the site.
It is important to note that providing reliable samples from the FRS is critical for accurate data analysis. Our results show that there is considerable variation between samples that were collected from the surface casing vents and the interior casing installed in the geochemistry well. It would be expected that similar sample types would yield similar values, but we observe an array of 4He/20Ne values indicating a variable atmospheric component. Data consistency is lowest in samples obtained from surface casing vents (e.g., GPV samples—Figures 5, 6) where the introduction of atmospheric components can be explained by the standard practice of leaving surface casing vent values open to the atmosphere, preventing casing gas build up. These vents were shut-in before sampling for this study, allowing gas to build-up, however a variable amount of atmospheric component can be expected due to differing shut-in periods and atmospheric pressure variations prior to sampling. The least contaminated GPV sample, GPV2, highlights that high quality samples can be obtained via this sampling medium, provided that there is sufficient gas build up prior to sampling.
Samples GCW1 and C1 are considered the most reliable gas samples, as these were collected from deep downhole locations shut off from any potential atmospheric influx. Sample GCW1 was sampled directly from the well annulus and is the most representative sample of the gas in place within the CO2 injection reservoir. All other GCW samples were taken from the u-tube sampling device installed within the interior casing of this well. This was in the process of being commissioned at the time of sampling and was not performing reliably, hence leading to variable amounts of atmospheric input into the GCW samples.
Whilst a variation in the signature from certain wells over time should not be discounted (e.g., Utting et al., 2022), Figure 5 demonstrates that the GPV samples plot in a random order along the 4He/20Ne mixing line, with no clear correlation with the date of sampling. It is more likely the reason for the variation in atmospheric input is due to differing sampling protocols over time, specifically differing casing vent shut-in times and variations in atmospheric pressure prior to shut-in ahead of sampling. This data indicates that a consistent protocol comprising of a fixed duration of casing vent valve shut-in prior to sampling should be developed and deployed in future monitoring efforts, to limit the effect of this source of sample variability. It would also be desirable to record the atmospheric pressure in the days leading up to sampling to ascertain if this influences the quality of the sample obtained.
4He Accumulation in Groundwaters
4He is predominantly generated from the radioactive decay of 235,238U and 232Th (Ballentine and Burnard, 2002). Hence, the elevated 4He values recorded in some of the FRS samples could be explained by the in situ generation and diffusive loss of 4He from U-Th rich rocks or alternatively, it may be derived from an external flux.
Once radiogenic and diffusive equilibrium is reached within the corresponding rocks, 4He is released at an almost constant rate, which is dependent upon the porosity and U and Th concentrations present within the rock (Torgersen and Ivey 1985). For this reason, 4He concentrations present within groundwater should increase with increasing residence time (Torgersen and Ivey 1985; Stute et al., 1992) and can theoretically continue to accumulate over millions of years. The decay of U and Th generates 4He at a rate, G, that can be calculated through the following equation (Andrews et al., 1991).
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in which [image: image], [U] is the uranium, and [Th] is the thorium content of the specific rock. For any given sedimentary succession which has a uniform content of radioelements, the He concentration [image: image] at depth [image: image] and sediment age [image: image] and the density and diffusion coefficient, [image: image], as per Andrews et al. (1991), can be expressed as:
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These equations can be used to calculate the 4He concentration profile with depth for four formations at the FRS: Lethbridge Coal Seam, MacKay Coal Zone, Basal Belly River Sandstone and the Pakowki Shale (Figures 2, 8). These formations were chosen due to the availability of U and Th data, and due to their roles as a cap rock (MacKay Coal Zone) and shallow injection zone (Basal Belly River Sandstone). The Basal Belly River Sandstone, host to the shallow CO2 injection zone at a depth of 300 m, is water saturated. Samples obtained from the Lethbridge coal seam were also analysed for their U and Th content to quantify whether the free gas present at a depth of ∼30 m could have theoretically been generated in situ, or from a deeper, exogenous source.
[image: Figure 8]FIGURE 8 | Concentration of 4He vs. depth (m). Theoretical stored 4He contents as a function of depth for the Lethbridge Coal Seam (LCZ, circles), MacKay Coal Zone (MCZ, squares), Basal Belly River sandstone (BBRS, triangles) and Pakowki Shales (PS, diamonds), modelled after Andrew et al. (1991). Profiles for all horizons are shown for the diffusion coefficient of water (D1 = .0315 m2/a; grey lines) and rock with 10% interstitial water (D2 = .0032 m2/a; black lines). 4Hesamples for groundwater are plotted for Domestic and West Bay Water Well samples. Samples obtained from the Domestic well lie between the D1 and D2 diffusion profiles for the FRS host stratigraphy, whilst Westbay Water well samples do not fit any of the modelled scenarios, indicating a potential 4He loss.
Profiles for diffusion coefficients of .0315 m2/a (D1; water) and .0032 m2/a (D2; 10% water interstitially dispersed) (Andrews et al., 1991) are calculated with data shown in Table 4. U concentrations range from .3 to 5 ppmm, and Th concentrations from 4 to 14 ppmm, representing the maximum values for each formation (Matveeva and Kafle 2009). Average rock densities of between 2.4 and 2.6 g/cm3 (Andrews et al., 1991), with average ages for the FRS stratigraphy ranging from 74-81 million years were used. For the sub-bituminous Lethbridge coal seam, an average density of 1.3 g/cm3 was chosen (Flores 2014), with an average age of 72 million years.
The theoretical generated and stored 4He contents of the four formations as a function of depth are shown in Figure 8. In general, radiogenic helium is easily released from subsurface formations, with less than 10% of He produced since the rock was formed being retained (Mamyrin and Tolstikhin 1984; Lehmann et al., 2003). The atoms that are released from these U and Th-rich formations reside in related groundwater (or pore fluids) from which they are then transported through i) diffusion or ii) groundwater flow, eventually being discharged to the atmosphere (Mamyrin and Tolstikhin 1984; Lehmann et al., 2003). To best represent the 4He diffusivity from the subsurface units, the 4He concentrations for groundwater samples from the Domestic and West Bay water wells are also plotted on Figure 8.
From the measured levels of 4He in the FRS groundwaters, ranging in depth from 29 to 90 m, it can be clearly observed that the West Bay Well data does not fit with either the modelled D1 or D2 diffusion profiles. 4He concentrations are much lower than the modelled profiles and may indicate He loss or stripping from the system. In contrast, samples obtained from the Domestic Well plot on, or between D1 and D2 diffusion profiles for the Basal Belly River Sandstone, the Pakowki Shale unit, the McKay Coal Zone and the Lethbridge Coals and therefore can be explained by in situ 4He production in the shallow stratigraphy of the region. However, we are unable to determine if the higher concentrations identified in the DW samples when compared to the WB samples is the result of additional 4He accumulation over time within the Lethbridge Coal Seam, which the well is completed within. Previous work has shown that coal seams can retain significant excesses of 4He over geological time (Kotarba, 2001; Kotarba and Rice, 2001; Györe et al., 2017).
RECOMMENDATIONS FOR GEOCHEMICAL MONITORING OF CO2 MIGRATION AT THE FRS
Bulk Gas Concentrations
Notably, the CO2 concentrations residing within the shallow subsurface at the FRS are low (≤.26%—Table 1) at all stratigraphic depths sampled. Hence, upward migration of the injected CO2 could primarily be tracked using bulk gas concentrations alone. However, as there is evidence of natural gas oxidation in the subsurface at the site, which generates CO2, this could complicate the identification of the origin of any increase in subsurface CO2 concentrations. Hence, monitoring the subsurface fluids for an increase in CO2 alone may not be sufficient to robustly identify the upward migration of injected CO2. Furthermore, as the stratigraphy of the site contains both abundant CH4 and coal seams, and the shallow groundwaters are variably CH4 saturated (Mayer et al., 2015; Cheung, 2019) it is possible that any upwardly migrating CO2 could be absorbed onto the coal seams, if permeable (Ceglarska-Stefańska and Zarbska 2002) resulting in both desorption of CH4 from the coals (Zhang and Liu 2017) and potential exsolution of CH4 from groundwaters (Soltanian et al., 2018). A potentially useful consequence of the desorption process could be that monitoring for any increases in CH4 in the ground gases may provide and alternative monitoring tool for the migration of CO2 from the injection formation.
δ13C of CO2 in Gases
Whilst measurements of δ13CCO2 in gases have been successfully used to track the fate and migration of CO2 injected into the Weyburn CO2 enhanced oil recovery field and other CO2 storage test sites (Raistrick et al., 2006; Johnson et al., 2009) the effectiveness of δ13C alone as a means to identify CO2 migration from depths in excess of 100 m to the shallow subsurface has yet to be fully quantified (Mayer et al., 2015). This is because CO2 is both highly soluble and reactive in shallow systems limiting the sensitivity of early seepage detection (Gilfillan et al., 2017). There are many sources of both gas phase CO2 and DIC in subsurface waters, however processes including the breakdown of organic matter and plant respiration can lead to wide and overlapping δ13C fingerprints, typically ranging from −5 to −25‰ in natural subsurface waters (Kendall et al., 1995). These values are within the range detected when CO2 derived from fossil fuels equilibrates with water (Petroleum Technology Research Centre 2011; Flude et al., 2016; 2017), therefore it is unlikely that δ13CDIC can be successfully utilised alone to monitor CO2 migration at the FRS site.
CO2 obtained from PraxAir show δ13CCO2 values of between −34.3 and −34.8‰, which are on average between −25.2 and −34.0‰ lower than the carbon isotope ratio of casing vent δ13CCH4. δ13CCO2 of the injected gas. However, these cannot be compared to the CO2 within the shallow subsurface at the FRS as the CO2 concentrations were too low to permit isotopic analysis. Despite the large differences between the δ13CCO2 of the injected gas and the δ13CCH4 measured at the FRS, the presence of significant methanogenic activity may hinder the use of δ13CCO2 solely to track the migration and fate of CO2 at the FRS. At temperatures <200°C, both proportions and isotope ratios of CO2 and CH4 are largely controlled by kinetic processes (i.e., microbial activity) (Tassi et al., 2010), with methanogenesis through CO2 reduction being a major CO2 sink in the shallow subsurface. Considerable carbon isotope fractionation is associated with methanogenesis through CO2 reduction, commonly up to 95‰ (Hallmann and Summons 2013). Additionally, CH4 oxidation can fractionate the carbon isotope value by a further 10‰-20‰, depending upon the oxidation pathway and environmental variables (Whiticar 1999). A shift in the δ13CCH4 of surface casing vent gas away from values of −59.5 to −68.3‰ may therefore offer an insight into subsurface processes at the FRS. Evidence of thermogenic migration, mixing and oxidation at the FRS may however limit the effectiveness of this, with injected δ13CCO2 being within the isotopic range of thermogenic gas production. Any shift in the δ13CCH4 value, unless distinctly related to δ13CCO2 could therefore be linked to these processes. Whilst the concentrations of CO2 within the shallow subsurface at the FRS at the time of sampling were low and there is a distinction in δ13CCO2 values between the injected CO2 and the expected range of values within the CO2 in the subsurface, the use of δ13CCO2 as a sole tracer of CO2 migration at this site cannot be fully evaluated until CO2 breakthrough occurs at the geochemical monitoring well. Provided that the injected δ13CCO2 signature is not significantly altered by fractionation or absorption during migration in the reservoir, then δ13CCO2 could be solely used to identify CO2 migration outside of the injection horizon. However, given the potential that mixing with CO2 produced by methanogenic processes could significantly alter the δ13CCO2 signature in the shallow subsurface it is recommended that the most effective monitoring strategy would be to combine δ13CCO2 measurements with the noble gas tracing tools.
Noble Gases
Noble gases are intimately associated with all natural and engineered CO2 occurrences, being trace components in the gas mixture in parts per billion quantities (Gilfillan et al., 2017). Recent work has outlined the potential effectiveness of the inherent noble gas fingerprint within captured CO2 to be used as monitoring tracers to track the migration and fate of captured CO2 injected into the subsurface for storage (Flude et al., 2016; 2017; Ju et al., 2020; Weber et al., 2021). This work has determined that both the feedstock producing the CO2 and the capture process utilised influence the noble gas fingerprint of the captured CO2.
To determine how effective the inert noble gas composition of the CO2 is that is injected into the Basal Belly River Sandstone at the FRS, two samples were analysed. Noble gas concentrations and ratios displayed in Tables 2 and 3 highlight the lack of distinction between the injected CO2 and baseline data, both in gases and groundwaters (20Ne/22Ne, 21Ne/22Ne, 40Ar/36Ar, 38Ar/38Ar). However, these data do show elevated 84Kr/36Ar and 132Xe/36Ar values compared to FRS baseline samples, 10 and 1,000 times respectively. These values are plotted along with the FRS baseline data in Figure 9, illustrating the clearly elevated ratios due to excesses in heavier noble gases, 84Kr and 132Xe, relative to 36Ar most probably because of a solubility-based CO2 capture process (Flude et al., 2016; 2017). Hence, the inherent noble gas fingerprint within the injected fluids can be used to differentiate the injected CO2 from the natural background fluids, such as fossil gas, formation water or an atmospheric signature, based on the approaches as outlined in previous studies (Flude et al., 2016; 2017; Weber et al., 2021).
[image: Figure 9]FIGURE 9 | 84Kr/36Ar vs. 132Xe/36Ar for injected CO2 and FRS baseline noble gas ratios. Both CO2 samples are enriched in 84Kr and 132Xe, highlighting the potential for the natural composition of CO2 to act as a successful inherent tracer.
Having established both the FRS injection zone background in the gas phase and the inherent geochemical fingerprint in the injected CO2, a mixing analysis can be performed between both fluid components using their known elemental and isotopic compositions. This allows the identification of how the baseline gas would evolve through mixing with the injected CO2 at the FRS. Simply, the observations from this modelling are made based on the assumption of closed system equilibrium and gas phase CO2 migration. Using the two endmembers, mixing lines for ratio-element plots can be defined using established modelling techniques (Langmuir et al., 1977) allowing the resolution of the contribution of the injected CO2 to the natural baseline gas.
Figures 10A, B show mixing of 84Kr/36Ar versus 84Kr and 132Xe/36Ar versus 132Xe as a function of the injected CO2 with the baseline gas mixture (represented by sample GCW1, primarily chosen due to its stratigraphic location within the target injection reservoir, and sample reliability). 84Kr/36Ar and 132Xe/36Ar ratios were chosen due to the higher values in the injected CO2 (.54 and 2.70, respectively) when compared to baseline gas (.024 and .0011, respectively). Within the 132Xe/36Ar system, commingled injected CO2 has the potential to be identified within baseline gas mixtures at percentages as low as .1% (corresponding to 132Xe/36Ar ratio values of .11), highlighting the ratio’s sensitivity due to elevated 132Xe concentrations within the injected gas (Table 2; Figure 10B). Conversely, measurements for 84Kr in the injected CO2 display lower values than in the measured baseline gas (Table 2). The detection level of a resolvable 84Kr/36Ar ratio from injected CO2, taking into account analytical uncertainties, is still reasonable at 5% (corresponding to 84Kr/36Ar values of .034) (Figure 10A). Analytical uncertainties (2σ) for sample GCW1 are 84Kr: 3.87%, 132Xe: 2.88%; 84Kr/36Ar: 5.44%, 132Xe/36Ar: 4.67% while for the injected CO2 are: 84Kr: 3.86%, 132Xe: 2.86%; 84Kr/36Ar: 5.87%, 132Xe/36Ar: 5.27%. Hence, the application of heavy noble gas ratios for tracking of the injected CO2 within the storage reservoir is extremely sensitive. Therefore, the 84Kr/36Ar and 132Xe/36Ar isotope ratios could be used to help identify the arrival of the CO2 gas at the geochemical monitoring well.
[image: Figure 10]FIGURE 10 | Mixing analysis of the injected CO2 with baseline gas sample, GCW1 (red square) for (A) 84Kr/36Ar vs. 84Kr and (B) 132Xe/36Ar vs. 132Xe. Percentages of injected CO2 in the gas mixture are denoted by small grey circles. Inset plots show resolvable percentage values of injected CO2 in the GCW1 baseline gas mixture with error bars relating to analytical uncertainty of the injected CO2 (84Kr: 3.86%, 132Xe: 2.86%; 84Kr/36Ar: 5.87%, 132Xe/36Ar: 5.27%). Analytical uncertainties (2σ) for sample GCW1 are 84Kr: 3.87%, 132Xe: 2.88%; 84Kr/36Ar: 5.44%, 132Xe/36Ar: 4.67%. The 132Xe/36Ar (plot b) shows distinct sensitivity detecting injected CO2 in the baseline gas mixture as low as .1%, while 84Kr/36Ar (plot a) is slightly less sensitive (5%). NB. some percentage error bars on the smallest 84Kr/36Ar and 132Xe/36Ar ratio values are smaller than the symbol sizes.
In order to further demonstrate the applicability of both 84Kr/36Ar and 132Xe/36Ar ratios for monitoring migration in the FRS stratigraphy above the injection zone, Figures 11A, B show the potential distinction between the noble gas fingerprint of the injected CO2, sample GCW1 (as above), sample GCV5 (selected as a less reliable, air contaminated sample and one which is taken from shallower depths in the stratigraphy; Figure 2) and Air. For sample GCV5, with 84Kr/36Ar and 132Xe/36Ar values of .019 ± 3.64% and .00083 ± 3.44%, respectively, the use of the 84Kr/36Ar ratio would become much less reliable. The identification of injected CO2 in the baseline gas mixture would only be possible at levels greater than 60% (84Kr/36Ar ratio values greater than ∼.021) outside of observed error values (Figure 11A). Despite this, Figure 11B shows that the 132Xe/36Ar ratio could in theory still be used to monitor the migration of gas phase CO2 with higher levels of confidence. This again shows the hypothetical identification of injected CO2 in the baseline gas mixture of GCV5 at levels as low as .1% (132Xe/36Ar ratio values of .001), outside of analytical uncertainties, regardless of the degree of air contamination of the sample.
[image: Figure 11]FIGURE 11 | Mixing analysis of the injected CO2 with baseline gas sample, GCW1 (red square, black mixing line), baseline gas sample GCV5 (white square with red rim, grey mixing line) and air (large blue diamond, blue dashed mixing line). Percentages of injected CO2 in the sample gas mixtures are denoted by small grey circles and for air by small blue diamonds. Inset plots show resolvable percentage values of injected CO2 in the GCV5 baseline gas mixture with error bars relating to analytical uncertainty of the injected CO2 (84Kr: 3.86%, 132Xe: 2.86%; 84Kr/36Ar: 5.87%, 132Xe/36Ar: 5.27%). Analytical uncertainties for sample GCV5 are 84Kr: 3.00%, 132Xe: 3.01%; 84Kr/36Ar: 3.64%, 132Xe/36Ar: 3.44%. In plot (A), although sensitivity in the shallower gas sample GCV5 is reduced for 84Kr/36Ar (where identification only becomes possible with >60% CO2 in the baseline gas mixture), the sensitivity using the 132Xe/36Ar ratio (B) is still extremely reliable with identification of injected CO2 at levels as low as .1%. NB. some percentage error bars on smallest 84Kr/36Ar and 132Xe/36Ar ratio values are smaller than the symbol sizes.
Hence, our results indicate that monitoring for an increase in 84Kr and 132Xe relative to 36Ar, in addition to bulk gases and a potential increase in methanogenic activity with a distinct δ13CCH4 value, can provide definitive identification of gas phase CO2. This could help to differentiate if an unobserved CO2 increase is due to the injected CO2 or another non-injection related source within the FRS stratigraphy.
Implications for Continuous Sampling at the FRS
The future implications of this study are important in relation to CO2 monitoring projects globally. The FRS site project is unique in that it provides an important link between the large-scale projects injecting large volumes of CO2 at significant depths (e.g., the Quest Facility in Canada) and those that focus on much shallower (10’s of meters) experiments such as in Svelvik in Norway (Eliasson et al., 2018) and at Bozeman, Montana (Spangler et al., 2010). However, there are currently no other projects that are injecting CO2 at similar subsurface depths for leakage monitoring with which to compare the current geochemical baseline results to. Although a limitation, the lack of comparable sites is also an obvious opportunity for future studies to test leakage scenarios into overburden within a range of potential geological storage sites.
Another obvious implication that arises from this study is the limitations and issues of sampling procedures. In particular, this study highlights that it is important to consider the analysis of both noble gases and stable isotopes at different laboratories (Tables 1–Tables 3; Sample analysis Section) and at variable times throughout the sampling campaign. While there appears to be slight differences in the measurements from the laboratories at SUERC, Ottawa and Ohio for both stable isotope and noble gas data, it is more likely that discrepancies are a result of atmospheric contamination from an influx of an air component during the sampling of surface casing vents and as a result of different sampling procedures during the campaign. As shown in Figure 5, variability is evident between samples from the same engineering features, but all samples plot on the same mixing curve between a deep radiogenic gas end member and air, suggesting an atmospheric component is the most likely candidate for the variation in our data. In addition to this, when considering seasonality as a possible cause of variation, assumptions are made when sampling at the FRS that the gases are sourced from lithologies deep enough to not be affected by seasonal variations, ruling out this notion. The observations concerning sample variability are also supported by Utting et al. (2022) in a recent study of FRS gases from surface casing vents using a time series analysis. It appears that there is no consistent change to sample data over time, however some variability was observed and is attributed to atmospheric sources via flushing of gas from the system or lower gas flow rates allowing greater potential for mixing with sources such as air-saturated water. The lack of any measurable change to sample data during the sampling campaign before and after the CO2 injection shown by Utting et al. (2022) is also supported by the results of this study, and further demonstrates that variability from sampling procedures must be considered.
While we attribute the main aspects of data variability to potential inconsistencies in sampling procedures and the lack of one sampling protocol for all measurements taken, it remains a possibility that changes related to the source of the gas may also be a cause. For this reason, this study highlights the importance that fixed sampling protocols and timings are employed for future monitoring programmes such as this to ensure the most reliable data is produced.
CONCLUSION
Here we present the first characterisation of the geochemical baseline conditions through the range of stratigraphy encountered at the specially constructed Carbon Management Canada Field Research Station (FRS) in Alberta, Canada. We find that CH4 is prevalent throughout the shallow FRS stratigraphy, both in the free gas phase and dissolved in groundwaters. Using a combination of C1/C2+C3 ratios, δ13CCH4 and δDCH4, we determine that the majority of this CH4 is of biogenic origin, highlighting that in situ biogenic activity is actively producing CH4 within the subsurface at the site. This biogenic CH4 production is from both CO2 reduction and fermentation of organic matter pathways. However, gas wetness data indicates a small component of resolvable thermogenic CH4, with the contributions from this source increasing with the depth of sampling. Although mixing or migration can account for this, these are not the only secondary processes affecting CH4 composition. Due to the range in biogenic methanogenesis pathways, oxidation is also likely occurring, leading to the preferential consumption of heavier chained hydrocarbons (C2 and C3).
3He/4He and 4He/20Ne measurements from the majority of samples plot on a mixing line between the sample obtained from the underlying Countess field and the atmosphere. This illustrates that between .1% and 80% of the radiogenic 4He present in the FRS samples could be sourced from the Countess hydrocarbon field endmember and is mixing with atmospheric derived noble gases in the shallow subsurface. Additionally, the gas samples exhibit trends towards high 40Ar* allowing this (as well as 4He) to be a useful discriminant of deep gas in the shallow subsurface and implying a crustal flux throughout the site. Using the measured 4He concentrations in groundwaters, the Westbay and Domestic water wells can be explained by in situ radioactive decay of U and Th in the FRS site host stratigraphy. The slightly higher 4He concentrations identified in the Domestic well compared to the Westbay well may result from 4He accumulation within the Lethbridge Coals over time.
The injected δ13CCO2 exhibits a narrow range, which cannot be compared to the site baseline due to the low CO2 content of all subsurface samples. As there is evidence of methanogenesis at the site, it is currently unknown as to whether this isotopic profile can be utilised as an effective geochemical tracer of CO2 in the shallow subsurface. Methanogenesis may also affect the bulk gas composition at the site, therefore monitoring for an increase in CO2, against a CO2-poor baseline, may also not be successful in isolation. However, whilst the inherent noble gas concentrations in the injected CO2 are depleted in He, Ne and Ar, they are distinctively enriched in the heavy noble gases, 84Kr and 132Xe relative to 36Ar. Based on these observations, mixing analyses can be performed between the injected CO2 and the baseline gas at the FRS. This shows that ratios of 84Kr/36Ar and 132Xe/36Ar are extremely sensitive and have the potential to be used to detect injected CO2 in reliable baseline gas mixtures at percentages as low as 5% and .1%, respectively. The positive implications of this monitoring are also identified via the sensitivity of the 132Xe/36Ar ratios in shallower FRS stratigraphy overlying the injection zone, or in more air-contaminated gas samples.
This study highlights that the combined use of stable isotope, gas composition, radiocarbon and noble gas geochemistry provides a more robust technique for resolving the input of deep sourced crustal fluids in the subsurface than the use of gas composition and stable isotopes alone. This underlines the need for comprehensive and reliable baseline monitoring and an understanding of the subsurface fluid sources and migration pathways present prior to CO2 injection at a proposed storage site. The study further provides a useful baseline of the geochemical fingerprints present within the subsurface fluids and injected CO2 at the FRS site. Importantly, the enrichment in 84Kr and 132Xe relative to 36Ar in the injected CO2, gained from the capture process, presents a novel technique to aid in the subsurface monitoring of CO2, which could be utilised to identify CO2 migration pathways and trapping mechanisms.
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