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Public introduction
Monitoring of groundwater chemistry in connection with new subsurface geoenergy activities, notably
unconventional hydrocarbons (shale gas) and CO2 storage, is important to ensuring the activities are and
remain safe and groundwater remains protected. Monitoring of groundwater helps to establish chemical
compositions before any activities start as well as to determine whether any changes have occurred
throughout operations and post-closure.
Chemical and especially isotopic compositions can help to characterise and distinguish shallow
groundwater, which is typically fresh, and deep subsurface fluids connected to hydrocarbon or CO2 storage
reservoirs, which are typically saline. Chemical and isotopic tracers can help to determine the origins of
deep fluids, their modes of evolution and any pathways towards the near-surface. A number of stable and
radiogenic isotopes are potentially useful for discriminating processes, including isotopes of oxygen,
hydrogen, carbon, sulphur, lithium, boron, strontium, radium and the noble gases. This report details four
case studies in the context of unconventional hydrocarbon and CCS research that have used a toolbox of
chemical and isotopic tracers to establish local geochemical conditions and provide insights into
subsurface processes and potential pathways. The toolbox has helped to augment environmental
monitoring and assessment capability for subsurface energy activities.
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Executive report summary
Understanding the environmental risks of new deep subsurface geoenergy activities such as onshore
unconventional hydrocarbon operations and carbon capture and storage (CCS) is important to minimising
the risks and ensuring maintenance of safe systems. A key part of that understanding is monitoring of the
shallow subsurface, particularly groundwater which acts as a major source of water supply, but also of
shallow gases. Monitoring of groundwater chemistry including major ions, trace elements and element ratios
can reveal much information about fluid sources and geochemical reactions. However, isotopic
compositions of many of the key constituents of groundwaters and deep fluids can potentially provide greater
resolution on their provenance, flowpaths, residence times and interactions, especially when the difference
between compositions of shallow fresh groundwaters and deep fluids is large. Key diagnostic isotopes in
the unconventional hydrocarbon and CCS context include δ18OH2O, δ18OSO4, δ2HH2O, δ2HCH4, δ13CDIC, δ13CCH4,
δ13CCO2, δ34SSO4, δ7Li, δ11B, 87Sr/86Sr, 228Ra/226Ra, 3He/4He, 40Ar/36Ar and 4He/20Ne.
This report details some of the most useful trace-element and isotopic tracers for use in investigations to
develop understanding of fluids in the deep subsurface. The report describes four case studies from
experimental or commercial operations: those related to the unconventional hydrocarbon baseline at
Vendsyssel, Denmark and the Vale of Pickering, UK, and cases related to onshore CCS at Svelvik, Norway
and Otway, Australia. The studies suggest that a combination of chemical and multi-isotope tracers is likely
the most effective way of identifying fluid provenance and tracing pathways but the most valuable tracers
are likely to vary and be site-specific.
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1 Introduction
Concerns for the protection of groundwater quality, including in drinking-water aquifers, have long
accompanied developments in deep subsurface energy facilities. Developments in onshore unconventional
hydrocarbons and CCS require assessment and mitigation of the potential environmental impact of the
development, including that on groundwater. Groundwater monitoring is a key component of groundwater
protection and helps to establish pre-development conditions, detect any changes that may occur during
operation and development, and facilitate satisfactory site closure and decommissioning. Monitoring also plays
a key role in providing reassurance to regulators and local communities that the CCS or unconventional
hydrocarbon activities have not impacted on the environment (de Caritat et al., 2013; Hortle et al., 2011).
In the context of both onshore unconventional hydrocarbons and onshore CCS, baseline monitoring needs to
be capable of identifying and characterising initial conditions, using appropriate analytes, frequency of
measurement, spatial spread and analytical sensitivity. For both baseline and operational monitoring,
important indicators for unconventional hydrocarbon investigation include major ions, dissolved gases and
organic compounds. For CCS, CO2 is a key primary analyte, though inorganic solutes also help to determine
water-rock reaction processes.
CCS operations require monitoring targeted at both the deep subsurface to assess reservoir performance and
establish leakage early-warning systems, and monitoring of the shallow subsurface to establish any
environmental impacts (e.g. Dillen et al., 2009). The nature of monitoring will also be determined by the
locations and types of storage reservoir. Deep storage of CO2 has been considered for depleted hydrocarbon
reservoirs and deep saline aquifers, the latter considered to have much the greater capacity for storage globally
(Michael et al., 2010). Storage may also be onshore or offshore, with Europe having a much greater tendency
to favour offshore projects. Examples of large commercial operations in saline aquifers onshore include In
Salah, Algeria, while operations in onshore depleted hydrocarbon reservoirs include Weyburn, USA.
Operations at Otway, Australia, involved both depleted hydrocarbon reservoirs and saline aquifers (Michael et
al., 2010). Examples of offshore commercial CO2 storage operations include Sleipner in the Norwegian North
Sea and Snøhvit in the Norwegian Barents Sea. While these have less relevance for near-surface
environmental monitoring, they can provide extra insights into deep subsurface processes and pathways and
data to inform onshore monitoring in a CCS context. Onshore experimental CCS pilots such as Ketzin,
Germany and Svelvik, Norway provide extra insights. Information from natural CO2 analogues can also be of
value in assessing processes and likely diagnostic tracers (Gal et al., 2011).
For onshore unconventional hydrocarbons, there has been considerable need to establish baseline conditions
in groundwater in overlying aquifers before hydraulic fracturing operations to understand pre-existing
compositions and counter incorrect attributions of natural groundwater-quality characteristics to development
activities. The presence of any legacy contaminants from older conventional hydrocarbon development also
needs to be factored in to such baseline groundwater-quality assessments. This can be a particular challenge
since groundwater in organic-rich and deeper aquifers typically contains naturally-occurring methane and
increased salinity (Barth-Naftilan et al., 2018; Harkness et al., 2017).
Leakage of injected CO2 in a CCS operation could occur via the host formation cap rock, or via faults or
fractures, or via deep wells, including abandoned wells (Humez et al., 2014a). Processes in the host formation
include water-rock reactions related to changing equilibrium by added CO2, overpressure of the formation and
potential for mobilisation of in-situ saline formation fluids. Potential geochemical impacts of supercritical CO2
injection include mineral dissolution/precipitation reactions in response to changes in pH, carbonate
equilibrium and potentially changing redox conditions, sorption/desorption reactions in relation to changing pH
and redox conditions, and further reactions arising from changing ionic strength if mixing with formation fluids
is involved. Precipitation of the mineral dawsonite has long been suggested as a geochemical response to
injected CO2 but its formation is also widely debated and the mineral is rarely found (e.g. Takaya et al., 2019).
CCS storage reservoirs vary considerably in storage depth (650–3100 m), with resulting temperature and
pressure variations. Most to date have been installed in silicate formations with only a few in carbonate systems
(Michael et al., 2010).The complex geochemical interactions involved mean that numerous solutes could be
of value to investigate and monitor in the context of CCS operations. These include especially CO2, pH/Eh and
inorganic solutes.
Similar complexities in terms of monitoring reactions related to unconventional hydrocarbon development also
apply. Concerns for leakage of products of hydraulic fracturing at depth (UK legislation requires the minimum
1
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depth for hydraulic fracturing in the UK to be 1000 m, National Audit Office (2019)) could potentially include
leakage via source-rock faults and fractures, especially any faults reactivated by the hydraulic fracturing
operations, as well as leakage via abandoned wells. Here, geochemical reactions in sources and pathways
involve impacts of leakage of methane and higher alkanes, potential for mobilisation of NORM (naturallyoccurring radioactive materials) and potential for mobilisation of saline formation water and flowback.
Monitoring for hydrocarbon gases (and CO2), pH/Eh, inorganic solutes including salinity indicators, and organic
compounds are relevant in this context. Monitoring of diagnostic compounds in hydraulic fracturing fluid might
also be informative.
With each type of subsurface development, reactions and impacts on fluid compositions vary according to
local conditions including rock types, pathways, contaminant fluids and aquifer types. A varied toolbox of
chemical and isotopic techniques has been used over the years for investigating groundwater characteristics,
residence times, potential pathways and provenance in the context of both unconventional hydrocarbons and
CCS. This report details some of the more useful tools and approaches to characterising groundwater
chemistry and signatures of potential contaminants. It also describes findings from a number of case studies
on the application of environmental tracers for monitoring related to CO2 storage and unconventional
hydrocarbon activities.

2 Contaminant tracers
2.1

CHEMICAL COMPOSITIONS AND RATIOS

Chemical compositions of groundwaters and deep brines can be diagnostic of provenances and fluid flow
paths in both unconventional hydrocarbon and CCS settings. Formation and flowback fluids are highly saline
and may contain high concentrations of some trace metals and NORM (Zhang et al., 2015). Deep formation
and flowback fluids from unconventional hydrocarbon areas of the USA are saline (<30 g/L in Colorado)
(Kharaka et al., 2019) to hypersaline (TDS >50 g/L) (Chapman et al., 2012; Warner et al., 2014). Formation
fluids from reservoir gas fields of Iran also have TDS >50 g/L (Bagheri et al., 2014; Zhang et al., 2015). Such
compositions are highly distinctive from those of modern shallow fresh groundwater and major and trace
elements can be effective in identifying them.
Evaluation of contaminants from leakage or water-rock reactions has been carried out via laboratory
experiments (Little and Jackson, 2010), modelling (Gaus et al., 2005; Nickerson and Risk, 2013) or field trials
(Humez et al., 2014b; Kharaka et al., 2010). Major ions give a picture of principal minerals and geochemical
reactions, though relations may be complex. High concentrations of DIC can be indicative of microbial
metabolic reactions in organic-carbon-rich formations (Martini et al., 2003). Trace elements such as REE have
been found to be potentially diagnostic as tracers of deep brines, for example in CCS applications (McLing et
al., 2014).
A number of trace-element ratios have also been found to be diagnostic of provenance and pathways of saline
fluids, including Sr/Ca, Ba/Sr, Na/Cl and Br/Cl. For example, Br/Cl ratios have been used to characterise deep
brines, with high Br/Cl ratios (Vengosh et al., 2014) and low Na/Cl ratios relative to modern seawater being
attributed to evaporation of seawater beyond halite saturation (Warner et al., 2012).
2.2

ISOTOPIC TRACERS

Chemical compositions and element ratios provide useful information on water-rock reactions and distinctions
between different bodies of groundwater and brine, but difficulties can arise with ascribing unambiguous
sources on the basis of chemical compositions alone. Isotopic tracers have potential to provide a greater
resolution on likely processes and can be powerful when used in combination with chemical compositions.
A number of isotopic tracers have been used for assessing sources and pathways of deep saline fluids,
including in assessing cases of surface and near-surface contamination of freshwater (Chapman et al., 2012).
Some studies have found that isotopic tracers are capable of distinguishing signatures of conventional
reservoir brines from unconventional shale-gas brines (Tasker et al., 2020; Vengosh et al., 2015). Isotopic
data could also increase confidence in source apportionment and process understanding in cases of litigation
(Hammond et al., 2020).

2
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A range of isotopic tracers have been used in shale-gas and CCS-related studies. Their value for diagnostic
purposes is likely to vary from region to region depending on geological and hydrogeological circumstances,
and potential impacts of in-situ alteration, but combinations of isotopic tracers can and have proven effective.
2.2.1

Oxygen and deuterium in water

Oxygen is a component of both water and CO2 and its isotopic composition can therefore be a useful tracer in
some applications. Its signature is usually appraised alongside that of H2 as the other water component. The
water isotopes δ18O and δ2H have long been used to distinguish between meteoric water and seawater in
hydrogeological studies. They may also be of value in studies of groundwater residence time and can give
useful insight into temperature and altitude of recharge (Clark and Fritz, 1997).
The stable isotopes of O and H have been applied to problems identifying brines in groundwater mixtures but
some studies have found the method insufficiently sensitive to distinguish compositional changes from brine
inputs (Warner et al., 2014). Warner et al. (2012) concluded that large inputs of Appalachian brine (>20%) to
shallow groundwater would be needed before a change would be registered in the δ18OH2O and δ2HH2O ratios
in the Appalachian Basin of Pennsylvania.
2.2.2

Boron

Boron is a relatively incompatible element in most silicate minerals and a number of boron minerals are soluble;
hence, boron is mobile in the aqueous environment. Boron can adsorb to clays and be present in kerogen
(Williams et al., 2015). A relatively large mass difference between 10B and 11B results in significant fractionation
in nature and production of an observed range of δ11B isotopic compositions in water of some 145 ‰ (BarthNaftilan et al., 2018; Vengosh et al., 1991; Xiao et al., 2013). Variations in B isotopic composition also relate
to variations in initial source compositions. The large variations make δ11B a useful tracer and numerous
studies have used it for distinguishing B sources including surface pollutants such as wastewater (Bassett et
al., 1995; Vengosh et al., 1994), seawater intrusion and brine influx and for interpreting sediment depositional
environments (Xiao et al., 2013).
Dissolved boron is dominated by borate B(OH)3 at pH values <9, and B(OH)4- at more alkaline pH (Takeno,
2005). Isotopic fractionation is caused by exchange between the two species and fractionation also occurs
during evaporation, adsorption/coprecipitation, volatilisation and biological processes (Pennisi et al., 2006;
Vengosh et al., 1991; Xiao et al., 2013). Fractionation has been associated with pH-dependent adsorption of
B to humic acid (Lemarchand et al., 2005) and clays (Williams et al., 2001). Preferential incorporation of 10B
into clays during diagenesis can cause an increase in δ11B in the residual porewater (Spivack et al., 1987;
Vengosh, 1998).
Depleted δ11B compositions typify non-marine borate and igneous minerals, while enriched compositions have
been associated with salt-lake brines, oilfield brines and evaporated seawater (Williams et al., 2001; Xiao et
al., 2013). Dissolution of igneous rocks gives δ11B compositions of around -3 to +3 ‰, domestic wastewater
around -15 to +10 ‰ and brines of +40 ‰ and higher. Due to long residence time, B in modern open seawater
has a fairly constant isotopic composition of around +39.6 ‰ (Foster et al., 2010).
Stable isotopes of boron have been used in a number of unconventional hydrocarbon studies to distinguish
the compositions of formation brines. Flowback fluids from Marcellus and Fayetteville Shales had δ11B (+25–
31 ‰) compositions distinct from surface water δ11B (+8–20 ‰) and from conventional oil and gas δ11B (+36–
51 ‰) compositions (Warner et al., 2014). The large variations in δ11B have proven highly effective in saline
water investigations although low concentrations of B in freshwater can limit detection and resultant precision
on δ11B compositions (Xiao et al., 2013).
2.2.3

Lithium

As with B, Li is mobile in water but can adsorb to clays, oxides and organic matter. The light stable isotopes
of lithium are also strongly fractionated in nature. Incorporation of Li into clay minerals and adsorption onto
clays, oxides and organic matter involves preferential incorporation of 6Li leaving a residual fluid enriched in
7Li (and enriched δ7Li compositions) (Négrel et al., 2010; Phan et al., 2016; Steinhoefel et al., 2021; Williams
and Hervig, 2005). Lithium adsorbs to kerogen, producing a typically depleted kerogen isotopic composition
(δ7Li +4 to -32 ‰) (Williams et al., 2015). Organic carbon sources are typically depleted in both Li and B
isotopic compositions relative to both natural water and minerals (Williams et al., 2015). Most silicate rocks
have δ7Li compositions of around -20 to +10 ‰ (Négrel et al., 2010).

3
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Isotopic compositions of Li have like B proven useful in unconventional hydrocarbon studies for tracing and
distinguishing formation brines and highlighting differences from shallow fresh groundwater. Marcellus and
Fayetteville flowback fluids for example were shown to have distinctive δ7Li (6–10 ‰) compositions compared
to conventional hydrocarbon fluids (δ7Li 10–23 ‰) and surface water (δ7Li 17–30 ‰) (Phan et al., 2016;
Warner et al., 2014). Warner et al. (2014) suggested that both B and Li in the formation fluids were mobilised
from exchange sites on clay minerals, although Phan et al. (2016) found negligible amounts of exchangeable
Li on clays, with sequential extraction showing dominance of Li in structural positions in Marcellus clays and
feldspars. The Li isotopic composition of open seawater is around 31 ‰ (Millot et al., 2004; Nishio and Nakai,
2002).
2.2.4

Strontium

Isotopic compositions of Sr can be useful in tracing water-rock reactions in aquifers (Frost and Toner, 2004)
and deep formations (Smalley et al., 1992), as well as in distinguishing surface pollutants (Brinck and Frost,
2007; Christian et al., 2011). Unlike the light elements, the isotopic composition of Sr, expressed as the ratio
87Sr/86Sr, is not fractionated by evaporation, precipitation or microbiological activity (Brinck and Frost, 2007;
Chapman et al., 2012), although fractionation can occur by dissolution or cation-exchange reactions (Johnson
and DePaolo, 1997). The method has the advantage that small variations in the 87Sr/86Sr ratio can be measured
precisely (e.g. ±0.00001) by mass spectrometry and Sr is easily detected in both fresh groundwater and saline
fluids.
Isotopic compositions of Sr have been found useful in the context of formation water identification and
discrimination in groundwater. Formation water typically has high concentrations of dissolved Sr and distinctive
isotopic compositions such that small quantities of contaminant inputs to groundwater can be identified
(Chapman et al., 2012; Harkness et al., 2017; Warner et al., 2012). Chapman et al. (2012) for example reported
a narrow range of 87Sr/86Sr for production brines from the Marcellus Shale (0.710148–0.711183) and was able
to distinguish the ratios from those of modelled Devonian seawater, local coal-mine drainage and brines from
other local Devonian formations.
2.2.5

Carbon, hydrogen and oxygen isotopes of dissolved gases

Carbon, H and O in dissolved CH4 and CO2 have a wide range of isotopic compositions and have been used
widely to differentiate evolution, pathways and provenance in situations relevant to both unconventional
hydrocarbon exploration and CO2 storage (e.g. Flude et al., 2017; Humez et al., 2014a).
Methane and higher alkane gases are commonly classified as biogenic or thermogenic based on hydrocarbon
ratios (C1/C2) and C and H isotopic compositions. Biogenic gas, produced via microbial activity, may include
small proportions of higher alkanes but is overwhelmingly dominated by methane (C1/C2 >5000) and has
depleted δ13CCH4 (-55 ‰ or less) isotopic signatures. In contrast, thermogenic gas, produced by thermal
cracking of kerogen, typically has a larger proportion of ethane (C2), and higher alkanes and therefore lower
C1/C2 ratios (<5000), with more enriched δ13CCH4 (greater than -55 ‰) and δ2H (typically greater than -300 ‰)
isotopic ratios (Martini et al., 2003; Whiticar et al., 1986). Compositions of δ13CCH4 (and of δ13CC2H6) become
more enriched with increasing thermal maturity (Harkness et al., 2017).
Stable C and H isotopic signatures have been used to discriminate differing methane production pathways and
substrates in sedimentary environments (Bernard et al., 1976; Whiticar et al., 1986). Carbon stable isotopic
ratios can be especially helpful for discriminating geogenic forms of methane, while H isotopic ratios provide
helpful information for discriminating biogenic methane metabolic production pathways, notably in
distinguishing between acetate fermentation and CO2 reduction pathways. However, complications occur as
isotopic ratios vary according to factors including substrate original compositions and thermal maturity (Martini
et al., 2003; Wang et al., 2015; Wei et al., 2019), kinetic isotope effects, temperature and reaction rates
(Whiticar, 1999). Isotopic compositions can also be modified as a result of subsequent diagenetic and microbial
processes including aerobic/anaerobic oxidation, and sulphate reduction (Coleman et al., 1981; Harkness et
al., 2017; Martini et al., 1998; Martini et al., 2003). Ratios of C1/C2 are also impacted by oxidation reactions
due to preferential loss of CH4 relative to hydrocarbons of higher molecular weight (Whiticar, 1999). The
physical separation of methanogenesis and methane oxidation reactions may be very small and localised
(Whiticar, 1999).
In some studies, clumped isotopes of methane, such as 13CH32H and 12CH22H2 isotopologues may prove useful
as geothermometers and have provided further resolution on relative influences of biogenic and thermogenic
methanogenesis (Stolper et al., 2015). Biogenic methane typically forms at temperatures less than 80°C and
thermogenic at greater than 60°C and, as clumped-isotope ordering that formed in isotopic equilibrium without
4
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subsequent isotopic exchange is a function of its formation temperature, this may help to discriminate (Douglas
et al., 2017; Stolper et al., 2015). Values are expressed in Δ18 notation, analogous to other isotopic delta
values, from which a formation temperature can be estimated. The Stolper et al. (2015) study found that within
the Antrim Shale, USA, both biogenic and thermogenic methane were present in fluids from different boreholes
and that Δ18-based fluid temperatures correlated with C1/C2+ ratios, δ2HH2O ratios and δ2HCH4 ratios. The
temperature dependence of clumped-isotopic compositions is not specific to methane and could be applied to
other molecules including CO2 (Douglas et al., 2017; Eiler, 2007). Nonetheless, clumped-isotope analysis is
specialist and as yet has not been adopted widely.
The δ13C stable-isotopic composition of CO2 is also potentially important for the understanding of processes
pertaining to unconventional hydrocarbon research (Martini et al., 1998). Enrichment of δ13C in both CO2 and
co-produced DIC and are noted to be a strong signal of microbial methane oxidation (Barker and Fritz, 1981;
Martini et al., 2003). The composition of δ13CCO2 and its relation with δ13CCH4 in groundwater may also be a
useful tool in distinguishing CO2 reduction from acetate fermentation pathways (Li et al., 2020).
The δ13C isotopic composition of CO2 is one of the most important direct tracers in CCS research (Clark and
Fritz, 1997; Shan et al., 2019; Shin et al., 2020). Some studies have also found δ18O isotopic ratios to be a
useful CO2 tracer in CCS applications (Humez et al., 2014a), although others have found the δ18O less useful
as a conservative tracer due to rapid (hours to days) isotopic exchange between the CO2 and water (Mayer et
al., 2015).
In CCS applications the δ13CCO2 ratio is useful provided that the injected gas has a signature distinct from other
ambient sources of CO2 (Mayer et al., 2015; Schulz et al., 2012). The δ13C composition of injected CO2 is
mainly dependent on the feedstock, although post-injection reactions including adsorption can fractionate the
aqueous CO2 compositions (Flude et al., 2016; Larson and Breecker, 2014). The isotopic composition of CO2
derived from fossil fuels including oil is expected to be depleted (ca. -25 ‰ or lighter) (Hoefs, 2018). Nowak et
al. (2014) found that the composition of oil-derived CO2 injected at the Ketzin CCS site in Germany averaged
-30.9 ‰; CO2 injected from a natural-gas reservoir averaged -3.5 ‰. Evidence of a CO2 leak in the surrounding
groundwater is strengthened if a change in δ13CCO2 composition is accompanied by an increase in DIC
concentration (Mayer et al., 2015). By contrast, the δ13C composition of magmatic CO2 is reported to be
enriched (around -4 ‰) (Sano et al., 2020).
In groundwater close to a demonstration CO2 injection site at Tomakomai in Hokkaido, Japan, shifts in both
δ13CCO2 and total DIC were tentatively attributed to the injection process inducing an earthquake some 32 km
from the injection site and prompting fluid migration (Sano et al., 2020). Around 300 kilotons of CO2 produced
as a by-product of hydrogen production at an oil refinery, purified (amine scrubbed) and compressed, were
injected slowly into two subcoastal aquifers between April 2016 and December 2019. The earthquake occurred
in September 2018. Groundwater from a borehole 13 km away from the injection site had δ13CCO2 compositions
close to -17.8 ‰ from mid 2015 to early 2018, but decreased to -18.8 ‰ subsequently, with an increase in
total DIC concentration in late 2018 (Sano et al., 2020). The groundwater also showed an associated decrease
in 14C activity over the time interval. The decreasing δ13C compositions and 14C activity were taken to be due
to migration of the injected isotopically-depleted, 14C-dead CO2 towards the monitoring borehole. Assuming a
model flowpath of 30 km length between injection site and groundwater borehole, a relatively rapid fluid velocity
of around 40 m/day was postulated (Sano et al., 2020).
2.2.6

Radium

Uranium is commonly found in relatively large proportions in shale and so data for U and its decay products
can be useful tools in investigations of shale-gas fluid migration. The nuclides of Ra, 226Ra and 228Ra are the
disintegration products of 238U and 232Th respectively. In groundwater, they are mobilised by alpha recoil and
desorption from and dissolution of minerals in the host aquifer. Isotopes of Ra have proven to be useful tracers
for distinguishing saline formation waters from shallow fresh groundwaters. Appalachian brines from the
Marcellus Formation of Pennsylvania for example, have high activities of 226Ra and 228Ra (55–115 Bq/L) and
low 228Ra/226Ra ratios (0.12–0.73), while shallow groundwater has low combined Ra activities (<0.2 Bq/L)
(Warner et al., 2012). Fayetteville shale produced waters from Arkansas have 226Ra and 228Ra activities of
(0.5–10 Bq/L) and even lower ratios (0.1–0.5) compared to the Appalachian brines (Warner et al., 2013).Tasker
et al. (2020) concluded that 228Ra/226Ra ratios were among the best isotopic ratios to distinguish Marcellus
from Utica/Point Pleasant Shale in the USA as their signatures were most distinctive.

5
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2.2.7

Noble gases

Isotopes of the noble gases, especially He, Ne and Ar, have been used as tracers in a number of studies of
deep hydrocarbon fluids and CCS. Their attraction as tracers owes especially to their inert nature, rarity and
well-characterised and distinctive isotopic compositions in the atmosphere, crust and mantle. The noble gases
present in subsurface fluids derive from a combination of atmospheric gases incorporated at the time of
sediment deposition or recharged subsequently via groundwater, the mantle and gases derived radiogenically
(e.g. 4He and 21Ne produced by radioactive decay of U and Th) (Ballentine et al., 2002). The ratios of 3He/4He,
40Ar/36Ar and 4He/20Ne can identify the sources of gases and evaluate the atmospheric influence on deep gas
compositions (Li et al., 2020). As 4He is radiogenic, its accumulation in groundwater can also serve as an
indicator of residence time assuming no other subsurface sources, although as 4He ages are typically higher
than obtained using other groundwater dating methods (Andrews and Lee, 1979), inputs of 4He from such
sources appears common (Morikawa et al., 2008).
The 3He/4He ratio of geological materials (R) is typically expressed relative to the atmospheric ratio (Ra). The
3He/4He ratio in the atmosphere (Ra) is 1.39 x 10−6 (Kotarba and Nagao, 2008; Sano and Wakita, 1985). The
3He/4He ratio of the crust is ≤10-7 while the mantle (represented by MORB) typically has 3He/4He ratios ≥10-5,
(Kotarba and Nagao, 2008; Ozima and Podosek, 2002; Porcelli and Ballentine, 2002). As R/Ra, the typical
ratio of the crust is approximately 0.025, while that of the mantle averages around 8.75 (Kotarba and Nagao,
2008).
The atmospheric ratio of 40Ar/36Ar is around 296 and of 4He/20Ne around 0.318 (Kotarba and Nagao, 2008;
Sano and Wakita, 1985). The crust has 40Ar/36Ar ≥5000 while the mantle typically has 40Ar/36Ar ratios ≥10,000;
4He/20Ne ratios for the crust and mantle have been estimated as 100,000 (Kotarba and Nagao, 2008; Porcelli
and Ballentine, 2002; Sano and Wakita, 1985).
Kotarba and Nagao (2008) reported high 4He/20Ne ratios of 1040–41,200 and low 3He/4He ratios of 0.017–
0.10 in natural gases and oil-dissolved gases from Flysch and Mesozoic Basement of the Carpathian Foredeep
of Poland and Ukraine. They linked the high ratios of the former to lack of atmospheric inputs and low ratios
of the latter to lack of mantle inputs of 3He, with dominance of 4He of radiogenic origin in the crust.
Shallow groundwaters, mostly from drinking-water wells (Cl concentrations up to 2400 mg/L) in the Northern
Appalachian Basin of West Virginia, are reported to have R/Ra (3He/4He) ratios from 1.021 to 0.0166, reflecting
a range of compositions from atmospheric plus a small proportion of tritiogenic 3He, to crustal compositions
(Harkness et al., 2017). Decreasing 3He/4He ratios correlated with increasing 4He concentrations and
increasing 4He/20Ne ratios. 40Ar/36Ar ratios ranged between 294.5 and 308. Dissolved CH4 was present at
concentrations greater than 1 mg/L in 34% of the analysed groundwaters and concentrations were highest in
the more saline groundwaters (with Cl >50 mg/L). The data supported an inference that saline groundwater
likely derived by migration of CH4-rich brines, probably from coal horizons at depth (Harkness et al., 2017).
Noble gases are potentially also valuable as tracers in gas leakage scenarios in a CCS context. It can be
assumed that CO2 injected into a deep storage formation will also contain atmospheric noble gases which may
contrast their compositions with those of noble gas contributions from the mantle or from the deeper crust
derived via U, Th and K decay (Flude et al., 2017; Humez et al., 2014a). Spiking of injected CO2 with noble
gases can also aid in distinguishing end members (Roberts et al., 2017).
Concentrations of noble gases in CO2 storage facilities will be controlled by the capture method.
Concentrations in amine-stripped CO2 are likely to be low and the isotopic ratios determined by the nature of
the feedstock (Flude et al., 2016). Noble gas isotopic compositions in CO2 derived from fossil fuels may contain
radiogenic components that should be distinctive as tracers of leakage in shallow groundwater conditions
(Flude et al., 2016).

3 Case studies
3.1

HYDROCARBON BASELINE: VENDSYSSEL, DENMARK

The Cambro-Ordovician Alum Shale, an organic-rick black shale deposit, underlies large parts of Sweden,
Denmark and Norway. One of three licences for unconventional hydrocarbon exploration of the formation in
Denmark was issued for Vendsyssel in North Jutland, Denmark, in 2010. The Vendsyssel-1 (VDS-1)
exploration borehole was drilled in 2015 by TOTAL, in association with the Danish state oil company,
Nordsofonden. The borehole was 3564 m deep and proved some 39 m of high-TOC (up to 9%) shale deposit,
6
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overlain by 35 m of low-TOC (around 2%) shale. Investigations showed the exploration borehole produced low
gas recovery due to poor gas content and porosity and the formation was thinner than expected, certainly in
comparison to analogous units in Poland (Schovsbo and Jakobsen, 2019). No further commercial exploration
tests were carried out on the borehole by the company and the borehole was plugged and abandoned later
the same year. A moratorium on onshore hydraulic fracturing for shale-gas exploration was issued for Denmark
in 2012, although previously issued licences remained valid (EC, 2016).
During the drilling and post-drilling phases, samples of mud gas were collected from the VDS-1 borehole for
chemical and isotopic analysis by TOTAL (Kloppmann, 2021). Samples of groundwater were also collected
from four shallow (<100 m deep) groundwater observation boreholes. Mud gases had methane as the
dominant hydrocarbon (>99%) at depths less than 1300 m in the recovered Pleistocene, Cretaceous and
Jurassic argillaceous formations, below which higher alkanes (ethane and higher) became detectable. Ratios
of hydrocarbons (C1/(C2+C3)) fell from 65 in the Jurassic Fjerritslev shales (ca.1300 m), to 3 in the PermoCarboniferous formations (ca. 3000 m) and increased to 10 and 19 in the Rastrites Shale (ca. 3400 m) and
Alum Shale formations (>3500 m) respectively. Butane was only detectable in the depth range 2800–3420 m
(Kloppmann, 2021).
The δ13C isotopic compositions of methane in the mud gases from the Mesozoic formations in VDS-1 showed
biogenic signatures (less than -55 ‰) (Whiticar, 1999), including -70 ‰ for the Chalk Group and around -65 ‰
for the Fjerritslev Shale. Palaeozoic shale had more enriched compositions (around -44 ‰ for PermoCarboniferous and Silurian formations and -38 ‰ for the Rastrites and Alum shale formations), suggesting
increasing maturity with increasing depth. The Jurassic shales were considered as early mature, the PermoCarboniferous and Silurian as mature and Rastrites and Alum shales late mature (Kloppmann, 2021). Ratios
of δ13CH4 and δ13CC2H6 in the mud gases increased with depth in the Permo-Carboniferous and Silurian
formations, reflecting increasing gas maturity (Berner and Faber, 1996), but the trend changed in the
underlying Alum Shale, with δ13CC2H6 becoming more depleted. This reversal was attributed by Kloppmann
(2021) to radiolysis of kerogen by uranium, present in the shale with an average abundance of 100 mg/kg.
Radiolytic reactions have been noted to produce gases with increasingly depleted 13C compositions (Dahl et
al., 1988).
The shallow groundwater from the four observation boreholes was reducing to strongly reducing with presence
of NH4 and compositions indicative of sulphate reduction in two of the four. One was brackish while the others
were fresh. The groundwaters had a large range of C1/(C2+C3) ratios (2 to 4500), with a δ13CCH4 range of -75
to -49 ‰ and δ2HCH4 of -253 to -226 ‰ (Kloppmann, 2021). Two of the boreholes had groundwater containing
high methane and low higher alkane concentrations, with the more depleted δ13CCH4 and δ2HCH4 compositions
consistent with a biogenic methane source. These compare with shallow groundwater from other sites in the
Vendsyssel-Kattegat area, which had CH4 as the dominant hydrocarbon, with δ13CCH4 ratios of -63.6 to -89.2 ‰
and δ2HCH4 of -177 to -228 ‰, consistent with a biogenic source in the Upper Pleistocene marine sediments,
produced via CO2 reduction (Jorgensen et al., 1990).
The other two observation boreholes around the VDS-1 borehole investigated by Kloppmann (2021) had
groundwater with detectable concentrations of higher alkanes (C2–C6), one of which had the more enriched
δ13CCH4 and δ2HCH4, and each resembling a composition closer to thermogenic. The latter two groundwater
types were taken to reflect a mixture between shallow groundwater in the Quaternary units and hydrocarbons
from deeper formations, notably the Permo-Carboniferous and Upper Silurian shales (Kloppmann, 2021). This
raised the prospect of dissolved-gas compositions at shallow levels evolving by migration of deep fluids along
fractures, the authors speculating that fracture activation could have been through past isostatic readjustments
or movements induced during drilling.
Compositions of 87Sr/86Sr in the shallow groundwaters around VDS-1 lay in the range 0.7095 to 0.7104, close
to values for other groundwaters in North Jutland and slightly more radiogenic than modern Baltic seawater
(0.709370 ± 0.000054). The small distinction between the compositions in the four groundwaters despite
variable hydrocarbon compositions and salinities rendered the Sr isotopes less useful for discriminating
processes in the system (Kloppmann, 2021). Compositions of δ34S suggested that a combination of sulphide
oxidation and sulphate reduction had affected the shallow groundwaters.
Values for δ11B in the groundwaters were 4–31 ‰, the higher end approaching that of modern seawater
(39.6 ‰). Values for δ7Li were 18–27 ‰, the higher end also approaching the modern seawater composition
of 31 ‰. Groundwater compositions were taken to reflect a combination of seawater influence and ion
exchange of B and Li on Quaternary clay minerals. Taken in combination, the B and Li isotopic compositions
could be seen to be distinctive from USA Fayetteville and Marcellus flowback fluids (δ11B ca. 25–35 ‰, δ7Li
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ca 5–15 ‰ and of particular potential value for provenance discrimination in a shale-gas investigation
(Kloppmann, 2021).
3.2

HYDROCARBON BASELINE: VALE OF PICKERING, UK

Conventional gas has been exploited from boreholes in the Vale of Pickering, North Yorkshire, since the 1990s,
with hydrocarbon reserves from both Zechstein carbonates and Carboniferous sandstone. Conventional gas
reserves have since reduced and gas exploitation has all but ceased in the Vale of Pickering fields.
In 2016, a licence to explore for shale gas by hydraulic fracturing was issued by the UK government for a
borehole at Kirby Misperton in the central part of the Vale of Pickering. The operator, Third Energy, had drilled
an exploratory vertical borehole (KM8) in 2013 to prove geological formations and carry out preliminary
hydrocarbon investigations. The borehole penetrated to 3100 m, to include the target Upper Visean Bowland
Shale Formation and Upper Visean sandstone. Hydraulic fracturing was planned for five vertical sections of
the borehole (Third Energy, 2017). In 2018, the government delayed consent for hydraulic fracturing operations
to begin at the site, pending financial checks. The company was sold to an affiliate of an American company
in 2019. Consent to begin operations has not been provided since.
Hydraulic fracturing did proceed at an alternative site in Lancashire, north-west England, during 2018 and
2019, although induced seismic activity associated with both those activities forced an early cessation of
hydraulic fracturing. As a result of the seismic events at the Lancashire site, a moratorium on shale-gas
exploration was issued for England in November 2019. This brought England in line with the other three nations
of the United Kingdom in establishing onshore moratoria for hydraulic fracturing.
The Vale of Pickering hosts aquifers in superficial Quaternary glaciolacustrine and fluvioglacial deposits, as
well as more permeable units within the underlying Jurassic Kimmeridge Clay. These formations provide local
private supplies for domestic and agricultural use. A number of the existing shallow boreholes (<60 m deep)
abstract water from a combination of superficial and Kimmeridge Clay groundwater. Underlying the
Kimmeridge Clay and cropping out around the periphery of the Vale of Pickering is the Jurassic Corallian
Limestone aquifer. The peripheral outcrop and subcrop areas underlying the edge of the Kimmeridge Clay
form a regional water supply for the towns and villages. In the central part of the vale, in the area occupied by
KM8, the Corallian Limestone is deep (top around 200 m), downfaulted and its groundwater of poor quality,
being brackish and alkaline (SEC around 3000 µS/cm, pH around 10).
High concentrations of dissolved methane (up to 75 mg/L) are a feature of both parts of the Kimmeridge
Clay/superficial aquifer and the underlying Corallian Limestone in the central part of the vale. Concentrations
are low or undetectable (<0.7 mg/L) in groundwater from the Corallian Limestone around the periphery at
outcrop or subcrop, where groundwaters are oxic or mildly reducing. High concentrations of CH4 are associated
with SO4-reducing groundwater conditions as evidenced by strong sulphide smell in many and a negative
association between SO4 and S2-, low SO4 concentrations where CH4 concentrations are high, and enriched
δ34S isotopic compositions of reduced low-SO4 groundwaters (Figure 1). Groundwater having undergone SO4
reduction is a key feature of the high-CH4 groundwaters, suggesting CH4 formation in situ (Wen et al., 2019).

Figure 1. Distributions of SO4, S (sulphide), CH4 and δ34S in groundwaters from the Kimmeridge
Clay/superficial and Corallian aquifers of the Vale of Pickering
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Proportions of dissolved CH4 in the groundwaters are large relative to the higher alkanes, such that C1/C2
ratios are greater than 90 in most and up to 170,000. Stable isotopic compositions of δ13CCH4 are depleted,
mostly in the range -50 ‰ to -90 ‰. These compositions indicate a biogenic signature for the CH4 (Figure 2)
although a few points plot to more enriched δ13C isotopic composition, potentially suggesting a degree of CH4
oxidation in some samples (Martini et al., 2003; Whiticar et al., 1986). The relationship between δ13CCH4 and
δ2HCH4 indicates that compositions are dominantly consistent with generation of CH4 by CO2 reduction (Figure
2).

Figure 2. C1/C2 ratios (mol) vs δ13CCH4 compositions and δ13CCH4 vs δ2HCH4 compositions of
groundwaters from the Kimmeridge Clay/superficial and Corallian aquifers of the Vale of Pickering;
plot fields after (Whiticar, 1999)
The high CH4 concentrations of the Vale of Pickering groundwaters therefore appear to have been produced
in situ by microbial mediation with little evidence for upward migration of ex-situ thermogenic gases.
Establishing this baseline condition in the groundwater CH4 compositions would be important in the event of
any future exploration for subsurface unconventional hydrocarbon resources.
3.3

CARBON STORAGE: SVELVIK, NORWAY

The small field-scale experimental site at Svelvik, Norway, formed a study area for experiments on the
superficial injection of CO2 into unconsolidated Quaternary sediments. The site was set up to investigate a
superficial system with potential for rapid observable changes and appropriate monitoring approaches. The
study was conducted by nine Norwegian partners, coordinated by SINTEF Petroleum Research with a partner
and community agreement forming the CO2FieldLab Project in 2007 (Denchik et al., 2014; Dillen et al., 2009).
The site in Oslofjord, some 50 km south of Oslo, is well-characterised. The superficial deposits consist of a
central ridge of porous and permeable Holocene fluvio-glacial sand and gravel with overlying silts and clays
along the lower-lying margins. These deposits overlie Permian sedimentary rocks and granite at some 300–
400 m depth (Humez et al., 2014b). The ridge lies at 70 m above sea level, and groundwater level around
60 cm below surface at the ridge. The central ridge forms an unconfined aquifer, with confined sections below
the marginal clays. Groundwater consists of fresh water overlying salt water with an interface at around 12 m
depth. Site set up involved installation of a central inclined injection borehole as well as four groundwater
monitoring boreholes (Dillen et al., 2009; Humez et al., 2014b).
In an injection experiment carried out in 2011, CO2 (1.67 t) was injected at a wellhead pressure of 1.9–2 bar
over 6 days into the 45°-inclined borehole to a target depth of 20 m (Humez et al., 2014b; Jones et al., 2014).
Groundwater data from one of four monitoring boreholes at the site showed the greatest evidence of reaction
following the injection and became the focus of investigations. Injected CO2 was found to migrate from 20 m
into the sand aquifer at around 10 m depth. Groundwater at 10 m depth in the monitoring borehole showing
greatest change had a pH drop (8.2 to 6.1) and increase in alkalinity (240 mg/L to 1400 mg/L) in response to
the CO2 injection. For the other two depths, pH decreased then recovered to baseline values and alkalinity
increased before dropping back to baseline concentrations (Humez et al., 2014b).
9
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Groundwater showed a strong positive correlation between Cl and SO4 (R2 = 0.99), suggesting that both
behaved conservatively and were the result of two-component mixing (Humez et al., 2014b). Multi-tracer
indicators of controlling mineral reaction processes (major ions, trace elements, δ34SSO4, δ18OSO4, δ18OH2O,
δ2HH2O, δ13CDIC, δ7Li, δ11B, 87Sr/86Sr) demonstrated the mixing was between seawater and a freshwater end
member, and that compositions were controlled by mineral dissolution/precipitation reactions and cation
exchange (Humez et al., 2014b).
Gas monitoring at 50 cm depth in a 2 m borehole (BH01) some 20 m north-west of the injection well identified
changes in the gas δ13CCO2 and δ18OCO2 ratios over the duration of the experiment. Injected CO2 had a δ13CCO2
composition of -30.4 ‰ and δ18OCO2 of +12.9 ‰ with atmospheric values at -13.7 ‰ and +28.6 ‰ respectively
(Jones et al., 2014). Gas CO2 concentrations did not vary significantly in BH01 from atmospheric values during
the course of the experiment but δ13CCO2 compositions showed a decrease from atmospheric values to
injection CO2 values before recovering to natural atmospheric compositions three days after the cessation of
CO2 injection. Compositions of δ18OCO2 increased from atmospheric values at the start to +78 ‰ before
returning towards atmospheric compositions some days after injection ceasing (Figure 3). The δ18OCO2
composition could not be explained by simple binary mixing of CO2 gases. Equilibrium between CO2 and H2O
causing a shift in δ18O composition (without changing δ2H) was invoked. At low temperature, water has a
depleted δ18O signature while CO2 is enriched in δ18O (Jones et al., 2014) (Figure 3).

Figure 3. δ13C and δ18O isotopic compositions of gas in borehole BH01 before, during and after CO2
injection at the Svelvik site in 2011. All plots from Jones et al. (2014) (Creative Commons CC-BY 3.0)
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3.4

CARBON STORAGE: OTWAY, AUSTRALIA

The Cooperative Research Centre for Greenhouse Gas Technologies (CO2CRC) owns and has been
operating the Otway International Test Centre in south-west Victoria, Australia since 2003. This research
facility now provides seven purpose-drilled CO2 storage wells for injection and monitoring, supply of CO2, a
variety of storage reservoir types, a seismic monitoring array, regulatory approvals, and support of local
communities to undertake CCS research. The CO2CRC group works with industry, research partners and
governments to study CCS (CO2CRC, 2020, 2021; Jenkins et al., 2012). Part of the CO2CRC remit involves
research on safe CO2 injection, use and storage and development of methodologies for monitoring and
verification (CO2CRC, 2020; Hortle et al., 2011). Operations at the Otway site began by injecting CO2 into a
depleted hydrocarbon reservoir in 2008 (Sharma et al., 2009) and with subsequent injection into an overlying
saline aquifer (Michael et al., 2010).
CO2CRC began searching for a research site with a CO2 source located close to suitable geological storage
in 2004. The Otway site in Victoria, Australia was purchased along with two adjacent petroleum tenements.
One contained a well which was the source of CO2-rich gas for injection, and the other contained a production
well near the crest of a depleted reservoir structure which was to be converted for monitoring. A third well was
drilled for injection. The injection well was drilled 308 m downdip from the monitoring well, with injection at a
depth of 2,003–2014 m into the Cretaceous Waarre-C Formation (CO2CRC, 2021; Dance, 2013; Jenkins et
al., 2012).
The Waarre gas reservoir had produced natural gas in 2002–2003. The reservoir is a 25–30m thick sandstone,
fault-bounded on three sides and capped by mudstone. The bounding faults terminate in the mudstone,
preventing migration. The existing production well represents the only feasible risk of leakage. The reservoir
has an estimated capacity of 150 kt of CO2, which comfortably exceeds the targets of the project. The structure
of the faults would ensure the stored CO2 plume would have a footprint of 0.5 km2 (Jenkins et al., 2012).
Two water-supply (including potable water) aquifers overlie the reservoir, separated by at least 1000 m of
alternating aquifers and aquitards. The most productive is the unconfined to semi-confined Miocene Port
Campbell Limestone, which is used for irrigation, dairy and domestic purposes. The deeper Eocene Dilwyn
Formation aquifer (ca. 600–850 m) has previously been used for urban water supply. While site
characterisation suggested that the risk to these aquifers from a migrating CO2 plume is low, the presence of
such resources provides the opportunity to demonstrate the integrity of CO2 storage (de Caritat et al., 2013).
Monitoring at the Otway site includes integrity monitoring, which uses seismic techniques to ensure a CO2
plume is stable; and assurance monitoring of groundwater, soil gas, and atmospheric gases to demonstrate
that the CCS activities provide safe and effective CO2 storage. It was important to establish the baseline
chemistry of the two overlying aquifers, continue monitoring to identify any changes, and if so to understand
their causes (de Caritat et al., 2013; Underschultz et al., 2011).
Experimentation at the Otway site has been conducted in three stages. Stage 1 was completed in 2009 and
involved injection, storage and monitoring of 65 kt injected CO2 to a depleted natural gas reservoir. The Otway
Stage 2 Project was completed in 2019 and involved injection, storage and monitoring of 15 kt injected CO2
into an overlying saline aquifer. The Otway Stage 3 Project is ongoing and aims to research ways to reduce
the cost and environmental footprint of CCS (CO2CRC, 2020, 2021). Published research for the monitoring of
groundwaters is mainly limited to the Otway Stage 1 Project.
The Stage 1 groundwater monitoring programme at Otway included biannual geochemical sampling, hourly
water-level monitoring, and headspace gas sampling of the Dilwyn aquifer. Baseline groundwater conditions
prior to CO2 injection were established at the Otway site over nearly two years. The first samples were taken
in June 2006, with data from five sampling trips attained prior to CO2 injection. Sampling continued biannually
until March 2011 which meant samples were taken before, during, and after injection. The sampling network
consisted of 28 existing boreholes, most of which were shallow (<100 m), extending into the Port Campbell
Limestone, and within 3 km of the injection site. Three of the boreholes were within 10 km and were deeper
(800–850m), extending into the Dilwyn aquifer (de Caritat et al., 2013; Hortle et al., 2011).
Sampling began at each site once the measured physicochemical parameters of the pumped water stabilised.
Analytes included major ions and trace elements, Fe2+, and isotopic compositions of δ18OH2O and δ2HH2O,
δ13CDIC, δ18ODIC, δ34SSO4 and δ18OSO4 (de Caritat et al., 2013). Port Campbell Limestone groundwaters were
found to be brackish (SEC 800–3900 µS/cm), cool (T 12.9–22.5°C) and of near-neutral pH (pH 6.62–7.45),
while Dilwyn Formation groundwaters were fresher (SEC 505–1470 µS/cm), warmer (T 42.5–48.5°C) and
more alkaline (pH 7.43–9.35) (de Caritat et al., 2013).
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The baseline δ13CDIC in the groundwaters varied between −15.4 ‰ and −9.4‰ in the Port Campbell Limestone
aquifer and between −21.2 ‰ and −11.6 ‰ in the Dilwyn Aquifer. de Caritat et al. (2013) concluded that the
Port Campbell groundwaters were consistent with dissolution of marine carbonate (ca. 0 ‰) by H2CO3, while
the more depleted compositions of the Dilwyn groundwaters reflected a contribution from organic C (-23 ‰).
Isotopic compositions of δ18OH2O were -5.1 ‰ to -3.3 ‰ for Port Campbell Limestone groundwaters and -5.6 ‰
to -4.7 ‰ for the Dilwyn Formation groundwaters. These values deviated from the local meteoric water line, a
deviation that was attributed to evaporation or evapotranspiration (de Caritat et al., 2013).
The injected CO2 had a more enriched δ13C value (-6.7 ‰) than that recorded in the natural baseline, so any
CO2 leakage would cause an increase in δ13CDIC as well as increase in HCO3 and associated chemical changes
due to pH adjustments over time (de Caritat et al., 2013).
In the Otway case there were no statistically significant changes in chemical compositions between the preand post- injection chemical data. Any minor changes were generally in the opposite direction expected for
any impact from CO2 influx to the aquifer. It was concluded that this probably represented a minor dilution
effect, resulting from increased rainfall during the monitoring period. Likewise, stable-isotopic compositions of
DIC, SO4 or H2O in the groundwaters showed little discernible change during the course of the injection or
subsequently (de Caritat et al., 2013). Groundwater levels also remained constant in both aquifers throughout
drilling, pumping and injection activities and despite an increase in rainfall over the length of the project (de
Caritat et al., 2013; Underschultz et al., 2011). The significance of establishing a robust baseline that includes
as much natural variability as possible (e.g. droughts, seasonality etc) over a long time period was considered
critical (de Caritat et al., 2013).
Headspace gas samples were also taken from the three Dilwyn Formation aquifer boreholes in Stage 1 to
detect tracer compounds and CO2 content. The tracers SF6, Kr, and C2H4 (deuterated methane) were added
to the injected CO2. All analyses of these tracers, for both pre- and post- injection samples, were undetected.
These data are considered to be low significance given that initial results suggested that CO2 measurements
were impacted by sampling activities (Hortle et al., 2011).
The injected tracer compounds were also used in other strands of the Stage 1 monitoring programme to
confirm breakthrough of injected CO2, and as part of soil gas and atmospheric monitoring. Direct measurement
of reservoir fluids at the reservoir monitoring borehole is the primary method used to confirm containment of
injected CO2. The injected tracers ensure that any detection of injected CO2 is unambiguous (Boreham et al.,
2011; Jenkins et al., 2012; Stalker et al., 2015).
Between 2007 and 2012, a baseline and assurance monitoring soil gas survey was undertaken at the Otway
site. Sampling was carried out annually, and analysis suggested that there was a shallow source of soil CO2,
e.g. biological respiration. The concentrations were highly variable over the study period. No deep source of
CO2, either from the injected CO2 or other sources, was apparent in the soil-gas samples. While the isotopic
composition of the injected CO2 was distinct from that of local biological respiration, the tracers added to the
injected CO2 could to be used to help distinguish any leaked CO2 (Schacht and Jenkins, 2014).
Atmospheric concentrations and fluxes of CO2, isotopic composition (δ13CCO2), and tracers of injected gas
(SF6, C2H4) or combustion (CO) were monitored at a site 700 m to the north-east of the Otway injection well.
These were compared to long-term baseline measurements from a site in Tasmania. The results showed large
diurnal and seasonal variations in CO2, and much of the variability could be modelled. In favourable conditions,
small CO2 emissions, such as emissions from the drilling process or nearby small industry were detected, and
confirmed by tracers and modelling. This confirms the atmospheric monitoring has sufficient sensitivity to
identify spatially small CO2 emitters (Jenkins et al., 2012).
None of the assurance monitoring techniques has detected any anomalies at Otway that would indicate the
presence of injected CO2 outside the storage reservoir (Jenkins et al., 2012).

4 Conclusions
A large number of chemical and isotopic tracers in groundwater and gases have potential application in the
context of identifying provenance and detailing subsurface migration pathways, mixing and biogeochemical
reactions. This report has outlined some of the most commonly applied tracers in the fields of unconventional
hydrocarbons and CO2 storage. Major ions, trace elements and element ratios can be of significant value in
identifying subsurface geochemical reactions, but a number of isotopes have provided extra improved insights
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into fluid provenance, residence time, migration pathways and mixing processes that can add significant
resolution. Stable isotopes of O, H, C, S, Sr, B, Li, Ra and noble gases have proven effective as fluid tracers
in number of investigations, although which combinations of tracers are most diagnostic is likely to be locationspecific.
Case studies are outlined for two areas originally planned for unconventional hydrocarbon exploration
(Vendsyssel, Denmark and Vale of Pickering, UK) and two associated with onshore CO2 storage (Svelvik,
Norway and Otway, Australia). All demonstrate from chemical and isotopic evidence the importance of
establishing regional groundwater baseline conditions ahead of any proposed new subsurface geoenergy
activity.

Acknowledgements
This work was funded by European Union’s Horizon 2020 research programme, grant number No 764531.
UK-based investigations also benefited from grant funding provided by the British Government’s Department
for Energy & Industrial Strategy, Natural Environment Research Council’s Unconventional Hydrocarbons
Programme and Natural Environment Research Council’s National Capability Programme. For the Vale of
Pickering investigation, the authors would like to thank the laboratory staff of BGS and commercial laboratory
Hall Laboratories (UK) for conducting isotopic and chemical measurements on groundwater samples. We also
thank the BGS team of fieldworkers, especially Emma Crewdson and Mike Bowes for their collective efforts
leading and managing fieldwork activities, sampling groundwater, and managing laboratory data.

13

Copyright © SECURe 2021

5 References
ANDREWS, J N, AND LEE, D J. 1979. Inert gases in groundwater from the Bunter Sandstone of England as indicators of age
and palaeoclimatic trends. Journal of Hydrology, Vol. 41, 233-252.
BAGHERI, R, NADRI, A, RAEISI, E, KAZEMI, G A, EGGENKAMP, H G M, AND MONTASERI, A. 2014. Origin of brine in the Kangan
gasfield: isotopic and hydrogeochemical approaches. Environmental Earth Sciences, Vol. 72, 1055-1072.
BALLENTINE, C J, BURGESS, R, AND MARTY, B. 2002. Tracing Fluid Origin, Transport and Interaction in the Crust. Reviews in
Mineralogy and Geochemistry, Vol. 47, 539-614.
BARKER, J, AND FRITZ, P. 1981. Carbon isotope fractionation during microbial methane oxidation. Nature, Vol. 293.
BARTH-NAFTILAN, E, SOHNG, J, AND SAIERS, J E. 2018. Methane in groundwater before, during, and after hydraulic
fracturing of the Marcellus Shale. Proceedings of the National Academy of Sciences of the United States of America, Vol.
115, 6970-6975.
BASSETT, R L, BUSZKA, P M, DAVIDSON, G R, AND CHONG-DIAZ, D. 1995. Identification of Groundwater Solute Sources Using
Boron Isotopic Composition. Environmental Science & Technology, Vol. 29, 2915-2922.
BERNARD, B B, BROOKS, J M, AND SACKETT, W M. 1976. Natural gas seepage in the Gulf of Mexico. Earth and Planetary
Science Letters, Vol. 31, 48-54.
BERNER, U, AND FABER, E. 1996. Empirical carbon isotope/maturity relationships for gases from algal kerogens and
terrigenous organic matter, based on dry, open-system pyrolysis. Organic Geochemistry, Vol. 24, 947-955.
BOREHAM, C, UNDERSCHULTZ, J, STALKER, L, KIRSTE, D, FREIFELD, B M, JENKINS, C, AND ENNIS-KING, J. 2011. Monitoring of
CO2 storage in a depleted natural gas reservoir: Gas geochemistry from the CO2CRC Otway Project Australia.
International Journal of Greenhouse Gas Control, Vol. 5, 1039-1054.
BRINCK, E L, AND FROST, C. 2007. Detecting infiltration and impacts of introduced water using strontium isotopes. Ground
Water, Vol. 45 5, 554-568.
CHAPMAN, E C, CAPO, R C, STEWART, B W, KIRBY, C S, HAMMACK, R W, SCHROEDER, K T, AND EDENBORN, H M. 2012.
Geochemical and Strontium Isotope Characterization of Produced Waters from Marcellus Shale Natural Gas Extraction.
Environmental Science & Technology, Vol. 46, 3545-3553.
CHRISTIAN, L N, BANNER, J L, AND MACK, L E. 2011. Sr isotopes as tracers of anthropogenic influences on stream water in
the Austin, Texas, area. Chemical Geology, Vol. 282, 84-97.
CLARK, I D, AND FRITZ, P. 1997. Environmental Isotopes in Hydrogeology. (Boca Raton, USA: CRC Press, Taylor &
Francis Group.)
CO2CRC. 2020. Membership information. [cited 18/5/21]. https://co2crc.com.au/wpcontent/uploads/2020/09/Membership_benefits_Aug-2020_web.pdf
CO2CRC. 2021. CO2CRC. [cited 18/5/21]. https://co2crc.com.au/
COLEMAN, D D, RISATTI, J B, AND SCHOELL, M. 1981. Fractionation of carbon and hydrogen isotopes by methane-oxidizing
bacteria. Geochimica Et Cosmochimica Acta, Vol. 45, 1033-1037.
DAHL, J, HALLBERG, R, AND KAPLAN, I R. 1988. The effects of radioactive decay of uranium on elemental and isotopic ratios
of Alum shale kerogen. Applied Geochemistry, Vol. 3, 583-589.
DANCE, T. 2013. Assessment and geological characterisation of the CO2CRC Otway Project CO2 storage demonstartion
site: From feasability to injection. Marine and Petroleum Geochemistry, Vol. 46, 251-269.
DE CARITAT, P, HORTLE, A, RAISTRICK, M,

STALVIES, C, AND JENKINS, C. 2013. Monitoring groundwater flow and chemical
and isotopic composition at a demonstration site for carbon dioxide storage in a depleted natural gas reservoir. Applied
Geochemistry, Vol. 30, 16-32.
DENCHIK, N, PEZARD, P A, NEYENS, D, LOFI, J, GAL, F, GIRARD, J F, AND LEVANNIER, A. 2014. Near-surface CO2 leak
detection monitoring from downhole electrical resistivity at the CO2 Field Laboratory, Svelvik Ridge (Norway).
International Journal of Greenhouse Gas Control, Vol. 28, 275-282.
DILLEN, M, LINDEBERG, E, AAGAARD, P, AKER, E, SÆTHER, O M, JOHANSEN, H, LIEN, M, HATZIGNATIOU, D G, GOLMEN, L, AND
HELLEVANG, J. 2009. A field laboratory for monitoring CO2 leakage. Energy Procedia, Vol. 1, 2397-2404.
DOUGLAS, P M J, STOLPER, D A, EILER, J M, SESSIONS, A L, LAWSON, M, SHUAI, Y, BISHOP, A, PODLAHA, O G, FERREIRA, A A,
SANTOS NETO, E V, NIEMANN, M, STEEN, A S, HUANG, L, CHIMIAK, L, VALENTINE, D L, FIEBIG, J, LUHMANN, A J, SEYFRIED, W E,

14

Copyright © SECURe 2021

ETIOPE, G, SCHOELL, M, INSKEEP, W P, MORAN, J J, AND KITCHEN, N. 2017. Methane clumped isotopes: Progress and
potential for a new isotopic tracer. Organic Geochemistry, Vol. 113, 262-282.
EC. 2016. European Unconventional Oil and Gas Assessment (EUOGA). Overview of the current status and
development of shale gas and shale oil in Europe, European Commission.
https://ec.europa.eu/jrc/sites/jrcsh/files/t3_overview_of_the_current_status_and_development_of_shale_gas_and_shale_
oil_in_europe.pdf.
EILER, J M. 2007. "Clumped-isotope" geochemistry - The study of naturally-occurring, multiply-substituted isotopologues.
Earth and Planetary Science Letters, Vol. 262, 309-327.
FLUDE, S, GYORE, D, STUART, F M, ZURAKOWSKA, M, BOYCE, A J, HASZELDINE, R S, CHALATURNYK, R, AND GILFILLAN, S M V.
2017. The inherent tracer fingerprint of captured CO2. International Journal of Greenhouse Gas Control, Vol. 65, 40-54.
FLUDE, S, JOHNSON, G, GILFILLAN, S M V, AND HASZELDINE, R S. 2016. Inherent Tracers for Carbon Capture and Storage in
Sedimentary Formations: Composition and Applications. Environmental Science & Technology, Vol. 50, 7939-7955.
FOSTER, G L, POGGE VON STRANDMANN, P A E, AND RAE, J W B. 2010. Boron and magnesium isotopic composition of
seawater. Geochemistry, Geophysics, Geosystems, Vol. 11.
FROST, C D, AND TONER, R N. 2004. Strontium Isotopic Identification of Water-Rock Interaction and Ground Water Mixing.
Groundwater, Vol. 42, 418-432.
GAL, F, JOUBLIN, F, HAAS, H, JEAN-PROST, V, AND RUFFIER, V. 2011. Soil gas (222Rn, CO2, 4He) behaviour over a natural
CO2 accumulation, Montmiral area (Drôme, France): geographical, geological and temporal relationships. Journal of
Environmental Radioactivity, Vol. 102, 107-118.
GAUS, I, AZAROUAL, M, AND CZERNICHOWSKI-LAURIOL, I. 2005. Reactive transport modelling of the impact of CO2 injection
on the clayey cap rock at Sleipner (North Sea). Chemical Geology, Vol. 217, 319-337.
HAMMOND, P A, W EN, T, BRANTLEY, S L, AND ENGELDER, T. 2020. Gas well integrity and methane migration: evaluation of
published evidence during shale-gas development in the USA. Hydrogeology Journal, Vol. 28, 1481-1502.
HARKNESS, J S, DARRAH, T H, W ARNER, N R, W HYTE, C J, MOORE, M T, MILLOT, R, KLOPPMANN, W, JACKSON, R B, AND
VENGOSH, A. 2017. The geochemistry of naturally occurring methane and saline groundwater in an area of
unconventional shale gas development. Geochimica Et Cosmochimica Acta, Vol. 208, 302-334.
HOEFS, J. 2018. Stable Isotope Geochemistry. (Berlin, Germany: Springer.)
HORTLE, A, DE CARITAT, P, STALVIES, C, AND JENKINS, C. 2011. Groundwater monitoring at the Otway Project site, Australia.
Energy Procedia, Vol. 4, 5495-5503.
HUMEZ, P, LIONS, J, NÉGREL, P, AND LAGNEAU, V. 2014a. CO2 intrusion in freshwater aquifers: Review of geochemical
tracers and monitoring tools, classical uses and innovative approaches. Applied Geochemistry, Vol. 46, 95-108.
HUMEZ, P, NÉGREL, P, LAGNEAU, V, LIONS, J, KLOPPMANN, W, GAL, F, MILLOT, R, GUERROT, C, FLEHOC, C, W IDORY, D, AND
GIRARD, J-F. 2014b. CO2–water–mineral reactions during CO2 leakage: Geochemical and isotopic monitoring of a CO2
injection field test. Chemical Geology, Vol. 368, 11-30.
JENKINS, C, COOK, P J, ENNIS-KINGA, J, UNDERSHULTZ, J, BOREHAM, C, DANCE, T, CARITATA, P D, ETHERIDGE, D M, FREIFELD, B
M, HORTLE, A, KIRSTE, D, PATERSON, L, PEVZNER, R, SCHACHT, U, SHARMA, S, STALKER, L, AND UROSEVIC, M. 2012. Safe
storage and effective monitoring of CO2 in depleted gas fields. PNAS, Vol. 109, E35-41.
JOHNSON, T M, AND DEPAOLO, D J. 1997. Rapid exchange effects on isotope ratios in groundwater systems: 2. Flow
investigation using Sr isotope ratios. Water Resources Research, Vol. 33, 197-209.
JONES, D G, BARKWITH, A K A P, HANNIS, S, LISTER, T R, GAL, F, GRAZIANI, S, BEAUBIEN, S E, AND W IDORY, D. 2014.
Monitoring of near surface gas seepage from a shallow injection experiment at the CO2 Field Lab, Norway. International
Journal of Greenhouse Gas Control, Vol. 28, 300-317.
JORGENSEN, N O, LAIER, T, BUCHARDT, B, AND CEDERBERG, T. 1990. Shallow hydrocarbon gas in the northern JutlandKattegat region, Denmark. Bulletin of the Geological Society of Denmark, Vol. 38, 69-76.
KHARAKA, Y, GANS, K, THORDSEN, J, BLONDES, M, AND ENGLE, M. 2019. Geochemical data for produced waters from
conventional and unconventional oil and gas wells: Results from Colorado, USA. 16th International Symposium on
Water-Rock Interaction. CHUDAEV, O, KHARAKA, Y, HARMON, R, MILLOT, R, AND SHOUAKARSTASH, O (editors). E3S Web of
Conferences, 98.
KHARAKA, Y K, THORDSEN, J J, KAKOUROS, E, AMBATS, G, HERKELRATH, W N, BEERS, S R, BIRKHOLZER, J T, APPS, J A,
SPYCHER, N F, ZHENG, L, TRAUTZ, R C, RAUCH, H W, AND GULLICKSON, K S. 2010. Changes in the chemistry of shallow
groundwater related to the 2008 injection of CO2 at the ZERT field site, Bozeman, Montana. Environmental Earth
Sciences, Vol. 60, 273-284.
KLOPPMANN, W E A. 2021. Multi-isotope environmental baseline of a shale-gas exploration well in N-Denmark. Science of
the Total Environment, Vol. In press.
15

Copyright © SECURe 2021

KOTARBA, M J, AND NAGAO, K. 2008. Composition and origin of natural gases accumulated in the Polish and Ukrainian
parts of the Carpathian region: Gaseous hydrocarbons, noble gases, carbon dioxide and nitrogen. Chemical Geology,
Vol. 255, 426-438.
LARSON, T E, AND BREECKER, D O. 2014. Adsorption isotope effects for carbon dioxide from illite- and quartz-packed
column experiments. Chemical Geology, Vol. 370, 58-68.
LEMARCHAND, E, SCHOTT, J, AND GAILLARDET, J. 2005. Boron isotopic fractionation related to boron sorption on humic acid
and the structure of surface complexes formed. Geochimica Et Cosmochimica Acta, Vol. 69, 3519-3533.
LI, Z, HUANG, T, MA, B, LONG, Y, ZHANG, F, TIAN, J, LI, Y, AND PANG, Z. 2020. Baseline Groundwater Quality before Shale
Gas Development in Xishui, Southwest China: Analyses of Hydrochemistry and Multiple Environmental Isotopes (H-2,O18,C-13,Sr-87/Sr-86,B-11, and Noble Gas Isotopes). Water, Vol. 12.
LITTLE, M G, AND JACKSON, R B. 2010. Potential impacts of leakage from deep CO2 geosequestration on overlying
freshwater aquifers. Environmental Science and Technology, Vol. 44, 9225-9232.
MARTINI, A M, W ALTER, L M, BUDAI, J M, KU, T C W, KAISER, C J, AND SCHOELL, M. 1998. Genetic and temporal relations
between formation waters and biogenic methane: Upper Devonian Antrim Shale, Michigan Basin, USA. Geochimica Et
Cosmochimica Acta, Vol. 62, 1699-1720.
MARTINI, A M, W ALTER, L M, KU, T C W, BUDAI, J M, MCINTOSH, J C, AND SCHOELL, M. 2003. Microbial production and
modification of gases in sedimentary basins: A geochemical case study from a Devonian shale gas play, Michigan basin.
Aapg Bulletin, Vol. 87, 1355-1375.
MAYER, B, HUMEZ, P, BECKER, V, DALKHAA, C, ROCK, L, MYRTTINEN, A, AND BARTH, J A C. 2015. Assessing the usefulness of
the isotopic composition of CO2 for leakage monitoring at CO2 storage sites: A review. International Journal of
Greenhouse Gas Control, Vol. 37, 46-60.
MCLING, T, SMITH, W, AND SMITH, R. 2014. Utilizing Rare Earth Elements as Tracers in High TDS Reservoir Brines in CCS
Applications. 3963-3974. In: 12th International Conference on Greenhouse Gas Control Technologies, Ghgt-12. DIXON,
T, HERZOG, H, AND TWINNING, S (editors). Energy Procedia, 63.
MICHAEL, K, GOLAB, A, SHULAKOVA, V, ENNIS-KING, J, ALLINSON, G, SHARMA, S, AND AIKEN, T. 2010. Geological storage of
CO2 in saline aquifers-A review of the experience from existing storage operations. International Journal of Greenhouse
Gas Control, Vol. 4, 659-667.
MILLOT, R, GUERROT, C, AND VIGIER, N. 2004. Accurate and high-precision measurement of lithium isotopes in two
reference materials by MC-ICP-MS. Geostandards and Geoanalytical Research, Vol. 28, 153-159.
MORIKAWA, N, KAZAHAYA, K, MASUDA, H, OHWADA, M, NAKAMA, A, NAGAO, K, AND SUMINO, H. 2008. Relationship between
geological structure and helium isotopes in deep groundwater from the Osaka Basin : Application to deep groundwater
hydrology. Geochemical Journal, Vol. 42, 61-74.
NATIONAL AUDIT OFFICE. 2019. Fracking for shale gas in England. HC 99, Department for Business, Energy & Industrial
Strategy. London. https://www.nao.org.uk/wp-content/uploads/2019/07/Fracking-for-shale-gas-in-England.pdf.
NÉGREL, P, MILLOT, R, BRENOT, A, AND BERTIN, C. 2010. Lithium isotopes as tracers of groundwater circulation in a peat
land. Chemical Geology, Vol. 276, 119-127.
NICKERSON, N, AND RISK, D. 2013. Using subsurface CO2 concentrations and isotopologues to identify CO2 seepage from
CCS/CO2-EOR sites: A signal-to-noise based analysis. International Journal of Greenhouse Gas Control, Vol. 14, 239246.
NISHIO, Y, AND NAKAI, S I. 2002. Accurate and precise lithium isotopic determinations of igneous rock samples using multicollector inductively coupled plasma mass spectrometry. Analytica Chimica Acta, Vol. 456, 271-281.
NOWAK, M E, VAN GELDERN, R, MYRTTINEN, A, ZIMMER, M, AND BARTH, J A C. 2014. High-resolution stable carbon isotope
monitoring indicates variable flow dynamic patterns in a deep saline aquifer at the Ketzin pilot site (Germany). Applied
Geochemistry, Vol. 47, 44-51.
OZIMA, M, AND PODOSEK, F A. 2002. Noble Gas Geochemistry. (Cambridge, UK: Cambridge University Press.)
PENNISI, M, BIANCHINI, G, MUTI, A, KLOPPMANN, W, AND GONFIANTINI, R. 2006. Behaviour of boron and strontium isotopes in
groundwater-aquifer interactions in the Cornia Plain (Tuscany, Italy). Applied Geochemistry, Vol. 21, 1169-1183.
PHAN, T T, CAPO, R C, STEWART, B W, MACPHERSON, G L, ROWAN, E L, AND HAMMACK, R W. 2016. Factors controlling Li
concentration and isotopic composition in formation waters and host rocks of Marcellus Shale, Appalachian Basin.
Chemical Geology, Vol. 420, 162-179.
PORCELLI, D, AND BALLENTINE, C J. 2002. Models for Distribution of Terrestrial Noble Gases and Evolution of the
Atmosphere. Reviews in Mineralogy and Geochemistry, Vol. 47, 411-480.
ROBERTS, J J, GILFILLAN, S M V, STALKER, L, AND NAYLOR, M. 2017. Geochemical tracers for monitoring offshore CO2
stores. International Journal of Greenhouse Gas Control, Vol. 65, 218-234.
16

Copyright © SECURe 2021

SANO, Y, KAGOSHIMA, T, TAKAHATA, N, SHIRAI, K, PARK, J O, SNYDER, G T, SHIBATA, T, YAMAMOTO, J, NISHIO, Y, CHEN, A T,
XU, S, ZHAO, D P, AND PINTI, D L. 2020. Groundwater Anomaly Related to CCS-CO2 Injection and the 2018 Hokkaido
Eastern Iburi Earthquake in Japan. Frontiers in Earth Science, Vol. 8.
SANO, Y, AND W AKITA, H. 1985. Geographical distribution of 3He/4He ratios in Japan: Implications for arc tectonics and
incipient magmatism. Journal of Geophysical Research: Solid Earth, Vol. 90, 8729-8741.
SCHACHT, U, AND JENKINS, C. 2014. Soil gas monitoring of the Otway Project demonstration site in SE Victoria, Australia.
International Journal of Greenhouse Gas Control, Vol. 20, 14-29.
SCHOVSBO, N H, AND JAKOBSEN, F. 2019. Review of hydrocarbon potential in East Denmark following 30 years of
exploration activities. GEUS Bulletin, Vol. 43, 6 pp.
SCHULZ, A, VOGT, C, LAMERT, H, PETER, A, HEINRICH, B, DAHMKE, A, AND RICHNOW , H H. 2012. Monitoring of a Simulated
CO2 Leakage in a Shallow Aquifer Using Stable Carbon Isotopes. Environmental Science & Technology, Vol. 46, 1124311250.
SHAN, H B, USSIRI, D A N, PATTERSON, C G, LOCKE, R A, W ANG, H, TAYLOR, A H, AND COHEN, H F. 2019. Soil gas monitoring
at the Illinois Basin - Decatur Project carbon sequestration site. International Journal of Greenhouse Gas Control, Vol.
86, 112-124.
SHARMA, S, COOK, P, BERLY, T, AND LEES, M. 2009. The CO2CRC Otway Project: Overcoming challenges from planning to
execution of Australia’s first CCS project. Energy Procedia, Vol. 1, 1965-1972.
SHIN, W J, RYU, J S, CHOI, H B, YUN, S T, AND LEE, K S. 2020. Monitoring the movement of artificially injected CO2 at a
shallow experimental site in Korea using carbon isotopes. Journal of Environmental Management, Vol. 258.
SMALLEY, P C, LØNØY, A, AND RÅHEIM, A. 1992. Spatial 87Sr/86Sr variations in formation water and calcite from the Ekofisk
chalk oil field: implications for reservoir connectivity and fluid composition. Applied Geochemistry, Vol. 7, 341-350.
SPIVACK, A J, PALMER, M R, AND EDMOND, J M. 1987. The sedimentary cycle of the boron isotopes. Geochimica Et
Cosmochimica Acta, Vol. 51, 1939-1949.
STALKER, L, BOREHAM, C, UNDERSCHULTZ, J, FREIFELD, B M, PERKINS, E, SCHACHT, U, AND SHARMA, S. 2015. Application of
tracers to measure, monitor and verify breakthrough of sequestered CO2 at the CO2CRC Otway Project, Victoria,
Australia. Chemical Geology, Vol. 399, 2-19.
STEINHOEFEL, G, BRANTLEY, S L, AND FANTLE, M S. 2021. Lithium isotopic fractionation during weathering and erosion of
shale. Geochimica Et Cosmochimica Acta, Vol. 295, 155-177.
STOLPER, D A, MARTINI, A M, CLOG, M, DOUGLAS, P M, SHUSTA, S S, VALENTINE, D L, SESSIONS, A L, AND EILER, J M. 2015.
Distinguishing and understanding thermogenic and biogenic sources of methane using multiply substituted
isotopologues. Geochimica Et Cosmochimica Acta, Vol. 161, 219-247.
TAKAYA, Y, W U, M, AND KATO, Y. 2019. Unique Environmental Conditions Required for Dawsonite Formation: Implications
from Dawsonite Synthesis Experiments under Alkaline Conditions. Acs Earth and Space Chemistry, Vol. 3, 285-294.
TAKENO, N. 2005. Atlas of Eh-pH diagrams. Intercomparison of thermodynamic databases, Geological Survey of Japan.
TASKER, T L, W ARNER, N R, AND BURGOS, W D. 2020. Geochemical and isotope analysis of produced water from the
Utica/Point Pleasant Shale, Appalachian Basin. Environmental Science-Processes & Impacts, Vol. 22, 1224-1232.
THIRD ENERGY. 2017. Hydraulic fracture plan for well KM-8 Kirby Misperton, Alpha wellsite, https://consult.environmentagency.gov.uk/onshore-oil-and-gas/third-energy-kirby-misperton-informationpage/supporting_documents/Hydraulic%20Fracture%20Plan.pdf.
UNDERSCHULTZ, J, BOREHAM, C, DANCE, T, STALKER, L, FREIFELDD, B, KIRSTE, D, AND ENNIS-KINGA, J. 2011. CO2 storage in a
depleted gas field: An overview of the CO2CRC Otway Project and initial results. International Journal of Greenhouse
Gas Control, Vol. 5, 922-932.
VENGOSH, A. 1998. Boron isotopes and groundwater pollution. Water & Environment News, Vol. No. 3, 15-16.
VENGOSH, A, HEUMANN, K G, JURASKE, S, AND KASHER, R. 1994. Boron Isotope Application for Tracing Sources of
Contamination in Groundwater. Environmental Science & Technology, Vol. 28, 1968-1974.
VENGOSH, A, JACKSON, R B, W ARNER, N, DARRAH, T H, AND KONDASH, A. 2014. A Critical Review of the Risks to Water
Resources from Unconventional Shale Gas Development and Hydraulic Fracturing in the United States. Environmental
Science & Technology, Vol. 48, 8334-8348.
VENGOSH, A, STARINSKY, A, KOLODNY, Y, AND CHIVAS, A R. 1991. Boron isotope geochemistry as a tracer for the evolution
of brines and associated hot springs from the Dead Sea, Israel. Geochimica Et Cosmochimica Acta, Vol. 55, 1689-1695.
VENGOSH, A, W ARNER, N R, KONDASH, A, HARKNESS, J S, LAUER, N, MILLOT, R, KLOPPMAN, W, AND DARRAH, T H. 2015.
Isotopic fingerprints for delineating the environmental effects of hydraulic fracturing fluids. 244-247. In: 11th Applied
Isotope Geochemistry Conference Aig-11. MILLOT, R, AND NEGREL, P (editors). Procedia Earth and Planetary Science, 13.
17

Copyright © SECURe 2021

W ANG, X, LIU, W, SHI, B, ZHANG, Z, XU, Y, AND ZHENG, J. 2015. Hydrogen isotope characteristics of thermogenic methane
in Chinese sedimentary basins. Organic Geochemistry, Vol. 83-84, 178-189.
W ARNER, N R, DARRAH, T H, JACKSON, R B, MILLOT, R, KLOPPMANN, W, AND VENGOSH, A. 2014. New tracers identify
hydraulic fracturing fluids and accidental releases from oil and gas operations. Environmental Science & Technology,
Vol. 48, 12552-12560.
W ARNER, N R, JACKSON, R B, DARRAH, T H, OSBORN, S G, DOWN, A, ZHAO, K G, W HITE, A, AND VENGOSH, A. 2012.
Geochemical evidence for possible natural migration of Marcellus Formation brine to shallow aquifers in Pennsylvania.
Proceedings of the National Academy of Sciences of the United States of America, Vol. 109, 11961-11966.
W ARNER, N R, KRESSE, T M, HAYS, P D, DOWN, A, KARR, J D, JACKSON, R B, AND VENGOSH, A. 2013. Geochemical and
isotopic variations in shallow groundwater in areas of the Fayetteville Shale development, north-central Arkansas.
Applied Geochemistry, Vol. 35, 207-220.
W EI, L, GAO, Z, MASTALERZ, M, SCHIMMELMANN, A, GAO, L, W ANG, X, LIU, X, W ANG, Y, AND QIU, Z. 2019. Influence of water
hydrogen on the hydrogen stable isotope ratio of methane at low versus high temperatures of methanogenesis. Organic
Geochemistry, Vol. 128, 137-147.
W EN, T, W ODA, J, MARCON, V, NIU, X, LI, Z, AND BRANTLEY, S L. 2019. Exploring How to Use Groundwater Chemistry to
Identify Migration of Methane near Shale Gas Wells in the Appalachian Basin. Environmental Science & Technology,
Vol. 53, 9317-9327.
W HITICAR, M J. 1999. Carbon and hydrogen isotope systematics of bacterial formation and oxidation of methane.
Chemical Geology, Vol. 161, 291-314.
W HITICAR, M J, FABER, E, AND SCHOELL, M. 1986. Biogenic methane formation in marine and freshwater environments:
CO2 reduction vs. acetate fermentation—Isotope evidence. Geochimica Et Cosmochimica Acta, Vol. 50, 693-709.
W ILLIAMS, L B, CRAWFORD ELLIOTT, W, AND HERVIG, R L. 2015. Tracing hydrocarbons in gas shale using lithium and boron
isotopes: Denver Basin USA, Wattenberg Gas Field. Chemical Geology, Vol. 417, 404-413.
W ILLIAMS, L B, AND HERVIG, R L. 2005. Lithium and boron isotopes in illite-smectite: The importance of crystal size.
Geochimica Et Cosmochimica Acta, Vol. 69, 5705-5716.
W ILLIAMS, L B, HERVIG, R L, W IESER, M E, AND HUTCHEON, I. 2001. The influence of organic matter on the boron isotope
geochemistry of the gulf coast sedimentary basin, USA. Chemical Geology, Vol. 174, 445-461.
XIAO, J, XIAO, Y K, JIN, Z D, HE, M Y, AND LIU, C Q. 2013. Boron isotope variations and its geochemical application in nature.
Australian Journal of Earth Sciences, Vol. 60, 431-447.
ZHANG, T Y, BAIN, D, HAMMACK, R, AND VIDIC, R D. 2015. Analysis of Radium-226 in High Salinity Wastewater from
Unconventional Gas Extraction by Inductively Coupled Plasma-Mass Spectrometry. Environmental Science &
Technology, Vol. 49, 2969-2976.

18

Copyright © SECURe 2021

