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Editor: Christian Herrera Understanding the connection between aquifers, aquitards, and groundwater-dependant ecosystems remains a

key challenge when developing a conceptual hydrogeological model. The aim of this study was to develop a
systematic strontium isotope (%7Sr/%%sr) fingerprinting framework of rocks and water within the sedimentary
Surat and Clarence-Moreton basins (SCM basins) in eastern Australia — an area of extensive coal seam gas
development and high potential for aquifer and groundwater-surface water connectivity. To do this, new
groundwater samples (n = 298) were collected, analyzed and integrated with published data (n = 154) from the
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basins’ major sedimentary, volcanic and alluvial aquifers, including the major coal seam gas target, the Walloon
Coal Measures. Samples were also analyzed from rainfall (n = 2) and surface water (n = 40). In addition, rock
core samples (n = 39) from exploration and stratigraphic wells were analyzed to determine the range of Sr
isotope composition from host rocks. The analyses of cores demonstrate a distinct and systematic contrast in
873r/86sr between different hydrogeological units. This confirms that all major hydrogeological units have a
narrow range with unique 875r/%0sr population characteristics that are useful for guiding conceptual model
development. Comparison with selected hydrochemical and groundwater age tracers (**C and 3°Cl) suggests only
limited changes of 8 Sr/%0Sr from recharge beds to the deeper parts of the basins or with a decrease in natural *C
and %°Cl tracer content along flow paths. Stream sampling during baseflow conditions confirms that 8Sr/%°sr in
surface waters are similar to those of the underlying bedrock formations. We demonstrated that %Sr/%°Sr ana-
lyses of rocks and water provide a powerful hydrostratigraphic and chemostratigraphic fingerprinting framework
in the SCM basins, enabling reliable assessments of plausible aquifer and groundwater-surface water inter-
connectivity pathways. Applied in other complex multi-aquifer sedimentary basins in Australia, and globally, a
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similar approach can help to constrain conceptual hydrogeological models and facilitate improved water

resource management.

1. Introduction

The Early Jurassic to Late Cretaceous Surat and Clarence-Moreton
(SCM) basins are two large, intracratonic sedimentary basins in
eastern Australia, together covering an area of >370,000 km? (Fig. 1).
These basins host sequences of aquifers and aquitards including the
Walloon Coal Measures, which contain economic coal and coal seam gas
(CSG) resources. Increasing CSG production from the Surat Basin and
the Bowen Basin (Fig. 1) resulted in Australia becoming one of the major
global producers of CSG (Li et al., 2018). At the same time, these basins
include large aquifers, which form part of the Great Artesian Basin
(GAB), with some of the deeper aquifers also investigated as carbon
capture and storage (CCS) sites (Bradshaw et al., 2009; Hofmann et al.,
2024). Partially overlying the SCM basins are extensive late Paleogene
to early Neogene volcanic systems (e.g. Main Range Volcanics and
Lamington Volcanics) and alluvial aquifers (e.g. the Condamine and the
Lockyer Valley), all of which are critical water resources to sustain
agricultural activities and regulate environmentally sensitive ecosys-
tems. For instance, approximately AUS$ 1.32 billion of agricultural
commodities were produced in the Condamine River catchment in
2018-19 (ABS, 2020). Understanding how and where interactions be-
tween different aquifers (including the target CSG formation) and sur-
face water occur in such complex hydrogeological settings with many
competing water resource users is very important for water planning and
management (Flook et al., 2020; Pandey et al., 2020).

Many techniques are commonly used to determine hydraulic con-
nections between aquifers and surface water, including hydrochemistry,
environmental tracers, geophysical techniques, and modelling (e.g.
Flook et al., 2020; Iverach et al., 2015; Raiber et al., 2019). One isotopic
tracer often applied is the strontium isotope ratio (3Sr/%Sr). Decay of
the natural long-lived rubidium isotope (87Rb) with a half-life of 4.967
x 1010 years (Kossert, 2003) forms the radiogenic (in origin) and stable
isotope &Sr, which is compared to its stable counterpart #Sr. Generally,
879r/865r in terrestrial environments is controlled by water-rock in-
teractions and water-mass mixing (McNutt, 2000; Faure and Powell,
2012). Low groundwater 8Sr/%Sr (~0.701 to 0.704) is typically asso-
ciated with interaction of water with igneous basaltic materials (e.g.
Jackson and Hart, 2006). Modern seawater and derived rain near the
coast generally have 8Sr/%0Sr of approximately 0.709 (e.g. Herut et al.,
1993; Négrel et al., 2007; Palmer and Edmond, 1989; Raiber et al., 2009;
Veizer, 1989), whereas waters interacting with granitic igneous rocks
tend to have higher 87Sr/%%Sr due to accumulation of Rb and long-term
decay (e.g. Négrel et al., 2001).

The 87Sr/%6Sr in groundwaters is primarily controlled by transfer of
Sr and Sr isotopic signatures from minerals within aquifer host rocks
during water-rock interaction (Petelet-Giraud et al., 2018). Ground-
water 8Sr/80Sr can thus be used to trace the sources of solutes (Bagheri
et al., 2014; Harrington and Herczeg, 2003) and identify interactions
between aquifers (Dromagaci and Herczeg, 2002; Frost et al., 2002;
Hofmann and Cartwright, 2013; King et al., 2015; Moya et al., 2016;
Raiber et al., 2009) including in areas of CSG or shale gas production
(Baublys et al., 2019; Chapman et al., 2012; Frost et al., 2002; Harkness
et al., 2017; Hofmann et al., 2024; Lemarchand et al., 2015; OGIA,
2021a, 2023; Pearce et al., 2022).

Other applications include studies of connectivity between shallow
groundwater and surface water systems (Anderson et al., 2021; Négrel
et al., 2017; Petelet-Giraud et al., 2018) and the detection and tracing of
anthropogenic contamination of aquifers (Neymark et al., 2018).
Finally, Sr isotopes are increasingly used for tracing the geographic
origin of biological materials in environmental, agricultural provenance,
forensic and archaeological studies. Many of these isotopic tracing

applications require an understanding of the spatial variability of
873r/%6Sr in the geosphere, hydrosphere and biosphere (Adams et al.,
2019; Bataille et al., 2018, 2020; de Caritat et al., 2022).

Strontium isotope tracing has been used in several groundwater
studies in the Surat Basin and other parts of the GAB. For example,
Horner et al. (2015) used compositional and Sr isotopic data for rock
samples from a stratigraphic well and water samples from batch reactors
to study the evolution of long-term CO>-water-rock reaction pathways
in low-salinity, siliciclastic reservoirs under geological CO, storage
conditions. Baublys et al. (2019) used hydrochemical and Sr isotope data
for CSG-produced water and its host rock (i.e. WCM) to identify
water-rock interactions within gas production areas. Collerson et al.
(1988) investigated 87sr/36sr along two inferred flow paths within the
Eromanga Basin, the largest sub-basin of the GAB, located to the west of
the Surat Basin (Fig. 1).

Although many studies have used 87Sr/%%Sr to determine connec-
tivity in mostly shallow and simple aquifer and/or surface water systems
(e.g. with one bedrock aquifer or one alluvial aquifer and streams), very
few studies have systematically assessed the 8”Sr/%Sr variability of both
rocks and water resources in thick and regionally extensive multi-
aquifer and aquitard sequences as both a hydrostratigraphic and che-
mostratigraphic tool. However, using isotope fingerprinting tools to
determine aquifer boundaries or hydrogeological connections between
deep and shallow aquifers, between different bedrock aquifers or aqui-
fers with surface water (e.g. streams and springs) in such complex sys-
tems requires a comprehensive understanding of all potential end-
members.

In this investigation, we combine existing 87Sr/%6Sr data with 295
new groundwater samples and 37 new rock samples to 1) systematically
“fingerprint” rock and groundwater 8”Sr/36sr of the major hydrostrati-
graphic formations within the SCM basins and the overlying Cenozoic
volcanic (Main Range Volcanics) and alluvial aquifers, representing the
most comprehensive and systematic Sr isotope assessment completed in
the GAB; 2) assess if 8Sr/%0Sr can be used as a fingerprinting framework
to characterize connectivity in these complex multi-aquifer systems; 3)
determine if the Sr isotopes of rocks and groundwater can be used as a
chemostratigraphic tool to refine hydro stratigraphy in these sedimen-
tary basins and 4) by selecting one of the major agricultural surface
water sub-catchments (Lockyer Valley) within the SCM basins, explore
whether 8Sr/86Sr of groundwater and rocks of major hydrostratigraphic
formations can assist in the identification of source aquifers of gaining
streams.

2. Hydrogeological setting

The Clarence-Moreton Basin (CMB) covers approximately 45,000
km? of south-eastern Queensland and north-eastern New South Wales
and extends off-shore over an area of at least 1000 km? in New South
Wales. The adjoining Surat Basin covers approximately 327,000 km? in
central southern Queensland and central northern New South Wales (La
Croix et al., 2019). The formation of the SCM basins is closely related to
large-scale tectonic processes associated with the development of the
New England Orogen and the reorganization of tectonic plates which
began in the Late Carboniferous (Korsch et al., 1989).

The SCM basins are bounded by exposed Palaeozoic basement
blocks, which are part of the New England Orogen, and which provided
the main clastic input into the SCM basins during the Early Jurassic (La
Croix et al., 2020). The Surat Basin partly overlies the Bowen and
Gunnedah basins, two Permian-Triassic sedimentary basins containing
major economic coal deposits. Elsewhere, the SCM basins rest uncon-
formably on basement rocks composed of metasedimentary and
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metavolcanic rocks of Early Palaeozoic to Permian age, as well as
granitoids emplaced from the Late Permian to the Early Triassic (Don-
chak et al., 2007).

The generalized stratigraphic sub-division of the SCM basins is
shown in Fig. 2. This figure highlights that the Early to Mid-Jurassic
sedimentary sequences are continuous across the basins, although the
stratigraphic nomenclature differs. During the Early Jurassic, deposition
was mostly fluvio-lacustrine, depositing the sedimentary sequences of
the Precipice Sandstone and its CMB stratigraphic equivalent (Woogaroo
Subgroup) (Fig. 2). The Precipice Sandstone contains a large volume of
poorly cemented quartz-rich sand grains derived from erosion of the
uplifted granitic basement at the margin of these basins. It was deposited
by braided rivers feeding stream-dominated alluvial fans and broad
plains (O’Brien and Wells, 1994) with a possible influence of marginal
marine or tidal depositional environments (Martin et al., 2013). This
was followed by the deposition of the low-permeability sequences of the
Evergreen Formation (CMB equivalent Gatton Sandstone), composed of
sequences of mudstone and argillaceous sandstone (Hayes et al., 2020),
and the Hutton Sandstone (CMB equivalent Koukandowie Formation).

The upper zone of the Hutton Sandstone is characterised by rela-
tively thick high-resistivity quartz-dominated sandstones and around
clayey sandstone, siltstone and mudstone. In contrast, the lower zone is
characterised by thinner shalier sandstone units and interbedded silt-
stones and mudstones. Cleaner and more quartzose sandstones account
for <30 % of this lower zone (Bianchi et al., 2019; OGIA, 2021a, 2021b).

Combined, the Precipice Sandstone and Hutton Sandstone are the
two major sedimentary bedrock aquifers used for agricultural water
within the SCM basins (OGIA, 2016, 2021a; Raiber and Suckow, 2017;
Smallacombe et al., 2024; Suckow et al., 2020; Vink et al., 2020). The
Evergreen Formation is typically described as an aquitard, which may
locally form a partial aquifer near the basin margins. Within the Ever-
green Formation, the Boxvale Sandstone member forms an aquifer or
partial aquifer.

The Middle Jurassic Walloon Coal Measures is the target unit for CSG
exploration and development within the SCM basins. The Walloon Coal
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Measures is composed of volcaniclastic, lithic and silty sandstone with
interbedded mudstone and siltstone (Jenkinson, 2018; Wells and
O’Brien, 1994). Ash-fall tuff is also present throughout the sequence
(Doig and Stanmore, 2012). The Walloon Coal Measures was deposited
in low-energy fluvial-lacustrine depositional environments by highly
sinuous streams meandering across a wide floodplain, as well as in
shallow-water backswamps (Donchak et al., 2007; Mukherjee et al.,
2021). Near the edges of the basin, deposition of channel sands was
more common (Ingram and Robinson, 1996).

Overlying the Walloon Coal Measures within the Surat Basin in
Queensland are multiple aquifer-aquitard sequences, most notably the
Mid-Jurassic Springbok Sandstone, the Late Jurassic Gubberamunda
Sandstone and the Cretaceous BMO (which includes the Bungil Forma-
tion, Mooga Sandstone and Orallo Formation) and Rolling Downs
groups.

Unconformably overlying Jurassic bedrock sequences in some parts
of the SCM basins are Cenozoic volcanic rocks. These are associated with
large-scale volcanic migratory “swell and pinch” volcanic chains
developed over intraplate plumes (Cohen et al., 2013; Sutherland,
2003). Two major eruptive centres occur in south-east Queensland (the
Tweed and Focal Peak shield volcanoes) (Donchak et al., 2007). The
Main Range Volcanics consist of massive, fine-grained olivine basalt,
which occurs mainly as flows with minor mudstone and fine-grained
sandstone locally interbedded with the flows. The lavas of the Main
Range Volcanics are typically <200 m thick (Raiber et al., 2017, 2019).

Extensive alluvial sediment sequences have infilled the alluvial val-
leys of major streams (e.g. the Condamine River, Dawson River and
Lockyer Creek) and their tributary systems (Cui et al., 2018; Martinez
et al., 2015; Pandey et al., 2020; Raiber et al., 2019).

3. Methodology
3.1. Agquifer assignment

Isotopic and hydrochemical fingerprinting to infer connectivity

Clarence-Moreton Basin (Qld and NSW)
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between aquifers and between groundwater and surface water depends
on a reliable assignment of the screened intervals to a particular
hydrostratigraphic formation (Raiber and Suckow, 2017).

A key challenge is the availability of bore construction and aquifer
information for the sampled bores. Bore construction and reporting
standards have evolved over time, and therefore the quality and
completeness of bore records held in the Queensland groundwater
database (DNRME, 2020) is variable. In some cases, there is incomplete
or limited construction information available and inconsistent infor-
mation about source aquifers (Erasmus et al., 2024). Furthermore,
where stratigraphic data exist, these are sometimes incorrect or exist
only for part of the bore depth profile. The depth of bores is often un-
known, as are the top and/or bottom of the screened interval.

In this study, we used bore casing construction information (e.g.
depth of screened interval) (DNRME, 2020) and other geological and
hydrogeological data (e.g. geological maps or stratigraphic logs from
nearby wells) to assess aquifer membership. In addition, we used
existing 3D-geological models developed for the SCM basins (OGIA,
2021b; Raiber et al., 2017) to independently confirm the hydrostrati-
graphic formation at the screened interval. For this purpose, the
screened intervals were imported into the 3D-geological models using
Gocad/SKUA software™ (Emerson-Paradigm Geophysical Pty Ltd) for
Raiber et al. (2017) and Petrel (Schlumberger) for the Queensland Office
of Groundwater Impact Assessment (OGIA, 2021b; Erasmus et al.,
2024). The models were then queried to identify the formation where
the bores are screened. Close to the basin margin and intake beds of the
Hutton Sandstone, Evergreen Formation and Precipice Sandstone in the
northern and eastern parts of the Surat Basin (Fig. 1), there are few
stratigraphic or exploration wells and only a small number of ground-
water bores with reliable bore casing construction detail and strati-
graphic data; the uncertainty of bore-aquifer assignments is therefore
higher in these areas.

3.2. Sample collection

Groundwater samples included in this analysis were collected from
water supply and groundwater monitoring bores and CSG production
wells in the SCM basins during multiple projects by collaborating or-
ganisations (Appendix A) which are presented collectively here for the
first time. In addition, existing Sr isotope results for groundwater sam-
ples in the SCM basins were compiled from Baublys et al. (2019), Duvert
etal. (2015), Feitz et al. (2014) and Hofmann et al. (2024), resulting in a
combined groundwater 8Sr/%Sr data set of 452 groundwater samples
(Appendix A; with values for 298 groundwater samples presented here
for the first time). Data from bores where the aquifer assignment could
not be confirmed with high confidence, or which are screened across
different formations, were not included in the statistical assessment (n =
25).

Groundwater natural radioactive age tracers (**C and %°Cl) and
hydrochemical data (Appendix A) are from this study, Baublys et al.
(2015), Baublys et al. (2021), Duvert et al. (2015), Feitz et al. (2014),
DNRME (2020), Scheiber et al. (2020), Suckow et al. (2016, 2020,
2021), Raiber et al. (2022) and Hofmann et al. (2024). Surface water
samples were collected from Lockyer Creek, a major agricultural
catchment within the CMB, and 15 of its tributaries during low-flow
conditions (mostly during 2011-2013) at 32 locations (Fig. 1; Section
5.3) to determine the usefulness of 87Sr/%0Sr isotopes for identification
of the source aquifer of stream flow during baseflow conditions.

3.3. Analytical procedures and data sources

Strontium isotope compositions in groundwaters (298 new samples)
and surface water (n = 33) collected from the SCM basins over the
period 2011 to 2022 were analyzed at the School of Geography, Earth
and Atmospheric Sciences (SGEAS) of the University of Melbourne
(Maas et al., 2015), the Department of Earth Sciences at the University of

Science of the Total Environment 951 (2024) 175522

Adelaide and at the CSIRO Radiogenic Isotope Facility (Sydney). The
detailed analytical methodologies for 7Sr/36Sr analysis are described in
Appendix B.

In addition to published groundwater age tracer results, ground-
water samples were analyzed for radiocarbon (**C) with a half-life of
5730 years and chloride-36 (36Cl) (half-life of 301,000 years) by accel-
erator mass spectrometry (AMS) at the Australian Nuclear Science and
Technology Organisation (ANSTO), Lucas Heights, and at the Australian
National University (ANU). ANSTO measurement of 14¢ followed the
methods described by Fink et al. (2004) while samples for 36l followed
the methods outlined by Wilcken et al. (2017). Samples analyzed at the
Australian National University (ANU) for %Cl following the methods
described by Fifield (1999) and Fifield et al. (2013). Measured data of
36Cl is reported in the given ratio of 36Cl atoms to the total chloride
concentration (°Cl/Cl).

Major ion data were collated from multiple studies (Baublys et al.,
2019; DNRME, 2020; OGIA, 2023; Raiber and Suckow, 2017; this study)
to provide context on benefits and limitations of major ion hydro-
chemical data. Although samples in this and previous studies were
collected during many different projects and analyzed for major ion
composition at many different laboratories, samples were typically
analyzed using standard analytical techniques (e.g. titration and
Discrete Analyzer for Alkalinity, Cl and SO4 and ICP-MS or ICP-AES for
cations). Salinity of groundwater and surface water is represented by the
electrical conductivity (expressed as pS/cm).

3.4. Core sample collection and whole rock analysis

Existing whole rock 875r/865r data of Cenozoic volcanic (n=26) and
Surat Basin rocks (n = 19) were collated from Baublys et al. (2019),
Ewart et al. (1988), and Horner et al. (2015). Additional whole rock
analyses (n = 39) were conducted for this study on core samples from
SCM basins collected from the Queensland core library (Exploration
Data Centre, Zellmere, Qld). The sampling strategy was to achieve a
balance between characterizing the entire or majority of the vertical
sequence of hydrostratigraphic formations at two sites (Chinchilla 4 and
Roma 8 stratigraphic wells) whilst at the same time obtaining a good
representation of spatial variability for the major aquifers. This includes
the first Sr/%0Sr core analyses from the Clarence-Moreton Basin
(Fig. 1). All rock samples are shown in Appendix C.

The 87Sr/8Sr of whole-rock samples (n = 37) were analyzed at the
School of Geography, Earth and Atmospheric Sciences (SGEAS) of the
University of Melbourne. In addition, leachates of two rocks samples
(Precipice and Hutton sandstones) following treatment (partial diges-
tion) with a weaker acid (1 M acetic acid) were also analyzed at the
University of Melbourne as a comparison with the whole rock 8sr/%sr.
Rock samples (n = 24) for Mid Jurassic rocks (Walloon Coal Measures
and Springbok Sandstone) subjected to sequential leaching with
ammonium acetate and acetic acid were also compiled from Baublys
et al. (2019).

4. Results
4.1. Groundwater hydrochemistry

In sedimentary basins, groundwater hydrochemical evolution along
its flow path is influenced by many hydrogeochemical processes, such as
water-rock interactions as well as inter—aquifer mixing across leaky
aquitards or along major fault lines (Mallants et al., 2016). Determining
source aquifers for surface water or springs, study aquifer connectivity
or confirm aquifer membership can be challenging, particularly if
relying solely on the use of traditional major ion chemistry and multiple
lines of hydrogeological evidence are often necessary to substantiate
conclusions (Flook et al., 2020).

To illustrate this challenge for the SCM basins, we present a series of
diagrams (Fig. 3) showing major ion chemistry within the Main Range
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Fig. 3. Piper plot showing hydrochemistry of a) Main Range Volcanics, b) Walloon Coal Measures (WCM), ¢) Hutton Sandstone, and d) Precipice Sandstone within
the Surat and Clarence-Moreton basins. Data are compiled from Baublys et al., 2019 (WCM production wells); DNRME, 2020; OGIA, 2023; Raiber and Suckow, 2017.

Volcanics, Walloon Coal Measures (CSG target strata), and two of the
key aquifers (Hutton Sandstone and Precipice Sandstone). This high-
level regional assessment shows multiple patterns. For example, when
comparing the hydrochemistry of the Main Range Volcanics and the
Walloon Coal Measures (Fig. 3a and b), there are some distinct differ-
ences: Ca- and Mg-rich groundwaters (Ca-Mg-HCO3; water types)
commonly found in the Main Range Volcanics are entirely absent within
the Walloon Coal Measures. On the other hand, groundwater samples
depleted in sulfate (SO4), Ca and Mg are almost absent within the Main
Range Volcanics, whereas they are very common in most Walloon Coal
Measures groundwater samples (especially for CSG-production waters)
(Fig. 3a and b). In contrast, as suggested by Raiber and Suckow (2017),
there are some similarities in major ion chemistry between the adjacent
Walloon Coal Measures and Hutton Sandstone in the northern Surat
Basin. This can be observed in Fig. 3b and ¢, where groundwaters with
very low Ca, Mg and SO4 concentrations are common occurrences in
both formations, and where both HCO3- and Cl-dominated water types
exist in both formations. Likewise, there are overlaps between the major
ion chemistry of the Hutton Sandstone and Precipice Sandstone in some

areas (Fig. 3c and d).

4.2. Strontium isotope ratios %7sr/%0sr)

In the following sections, the median value is used as the primary
statistical parameter for comparison of %Sr/%Sr sample population
characteristics in different formations as this measure of central ten-
dency is less sensitive to extreme values than the mean (Helsel and
Hirsch, 2002). Detailed summary statistics (minimum, maximum, mean,
median and skewness) for water and whole-rock 8Sr/%Sr in each for-
mation were derived using StatGraphics Centurion statistical software
(Manugistics Inc., USA) (Appendix B); the summary statistics are pro-
vided in Table 1.

4.2.1. Strontium whole rock ratios

Aquifer whole rock 87Sr/®Sr of key formations within the SCM ba-
sins were compiled from the literature (Section 3.4) and complemented
with rock samples collected and analyzed during this study. Sampling
locations are shown in Fig. 1, and the vertical profiles of & Sr/%Sr in two
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Summary statistics of whole rock and groundwater 8”Sr/%°Sr of major aquifers in the Surat and Clarence-Moreton basins. For more information on the statistical

assessment, see Appendix B.

Number  Minimum  Maximum  Average Median Standardised
skewness

Groundwater and surface water 87Sr/%6sr
Surface water (creeks and springs) 40 0.70355 0.70912 0.70526  0.70498  2.79
Alluvium 79 0.70385 0.70779 0.70495  0.70491  5.25
Main Range Volcanics and equivalents® 12 0.70355 0.70548 0.70425  0.70422 1.01
Bungil, Mooga and Orallo Fm. (BMO) 9 0.70431 0.70480 0.70443  0.70443  2.32
Gubberamunda Sandstone (and Hooray Sandstone) 16 0.70437 0.70703 0.70546 0.70519 1.14
Springbok Sandstone 19 0.70367 0.70712 0.70481  0.70470 1.52
Walloon Coal Measures all 104 0.70324 0.70583 0.70379  0.70364  7.23
Walloon Coal Measures groundwater bores 59 0.70324 0.70583 0.70396  0.70380  3.86
Walloon Coal Measures production wells 45 0.70328 0.70449 0.70359  0.70351  4.25
Hutton Sandstone (Koukandowie Formation) 119 0.70340 0.70755 0.70515 0.70511 3.16
Evergreen Formation (Gatton Sandstone) 13 0.70503 0.70830 0.70631  0.70629  1.15
Marburg Subgroup undifferentiated 4 0.70585 0.70813 0.70705  0.70711  N/A
Precipice Sandstone (Woogaroo Subgroup)” 52 0.70559 0.70932 0.70710  0.70698  3.36
Early Jurassic formations (Precipice Sandstone, Evergreen Formation and Hutton Sandstone) 188 0.70339 0.70932 0.70584  0.70566  3.52
Mid Jurassic to Cretaceous formations (Walloon Coal Measures, Springbok Sandstone, 139 0.70324 0.70712 0.70413 0.70388 7.09

Gubberamunda Sandstone and BMO)
Unknown/highly uncertain aquifer, inter-aquifer 24 0.70377 0.70705 0.70511  0.70496  1.30
Westbourne Formation 1 0.70400 0.70400 N/A N/A N/A
Total number of individual water samples® 484
Rock 87Sr/%0sr
Cenozoic volcanics 23 0.70313 0.70467 0.70384  0.70374 1.29
Orallo Formation 1 0.70567 0.70567 N/A N/A N/A
Gubberamunda Sandstone 2 0.70552 0.70852 N/A N/A N/A
Westbourne Formation 2 0.70416 0.70516 N/A N/A N/A
Springbok Sandstone (whole rock) 2 0.70400 0.70417 N/A N/A N/A
Springbok Sandstone (partial digestion) 2 0.70374 0.70378 N/A N/A N/A
Walloon Coal Measures (whole rock) 14 0.70358 0.70829 0.70513 0.70446 1.58
Walloon Coal Measures (partial digestion ammonium acetate, acetic acid) 24 0.70330 0.70461 0.70380  0.70371  1.57
Hutton Sandstone (Koukandowie Formation) whole rock 12 0.71047 0.72555 0.71892  0.71892  —0.48
Evergreen Formation (Gatton Sandstone) 10 0.70853 0.71125 0.70983 0.70985 —-0.09
Precipice Sandstone (Woogaroo Subgroup) whole rock 9 0.71069 0.72744 0.71830 0.71672  0.43
Early Jurassic formations (Precipice Sandstone, Evergreen Formation and Hutton Sandstone) 31 0.70853 0.72744 0.71581  0.71636  1.12

(whole rock)
Mid Jurassic to Cretaceous formations (Walloon Coal Measures, Springbok Sandstone, 25 0.70358 0.70852 0.70519 0.70424 2.05

Gubberamunda Sandstone and BMO) (whole rock)
Total number of individual rock samples 101

# Three springs within the headwaters of the Main Range Volcanics are included.
b Five springs within the Precipice Sandstone are included.

¢ Samples of springs in MRV and Precipice Sandstone are included in “Total number of individual water samples” once as part of aquifer categories.

representative petroleum and stratigraphic wells (Chinchilla 4 and
Roma 8) are shown in Fig. 4. The whole rock ’Sr/%Sr of important
aquifers within the SCM basins is shown in Fig. 5a (only data for for-
mations with >5 measurements are shown). All whole rock data are
presented in Appendix C and summary statistics are shown in Table 1.

The vertical profiles of 875r/86Sr at Chinchilla 4 (25 whole rock
samples analyzed throughout the entire stratigraphic sequence) and
Roma 8 (11 samples collected from the Early Jurassic formations within
the Surat Basin) shows that although some within-formation variability
exists, there are distinct patterns of separation between adjacent for-
mations (Fig. 4). Within the Early Jurassic strata, the whole rock
875r/%5r of the Precipice Sandstone (n = 9, median of 0.71672 and
standardised skewness of 0.43) and the Hutton Sandstone (n = 12,
median of 0.71892 and standardised skewness of —0.48) are similar but
distinct from the intervening Evergreen Formation (n = 10, median of
0.70985 and standardised skewness of —0.09) throughout the SCM ba-
sins (Fig. 5). Two rock samples from the Precipice Sandstone and the
Hutton Sandstone partially digested with a weaker acid (acetic acid)
have significantly lower 8Sr/%Sr than the corresponding whole rock
ratios (0.70757 and 0.70766 compared to 0.71294 and 0.72514,
respectively).

The whole rock 87Sr/%Sr of the Hutton Sandstone differs signifi-
cantly from that of the overlying Walloon Coal Measures (n = 14, me-
dian of 0.70446 and a standardised skewness of 1.58). Based on a

smaller number of analyses, the whole rock &7Sr/%Sr of the younger
formations within the Surat Basin (Late Jurassic to Cretaceous, which
are not present in the Queensland part of the Clarence-Moreton Basin)
appear to be slightly more radiogenic (higher 8Sr/%Sr) than most of the
Walloon Coal Measures samples in the Chinchilla 4 depth profile (not
shown in Fig. 5a but in the depth profile of Fig. 4). The exception to this
is the Taroom Sandstone (a sandstone within the Taroom Coal Measures
member of the Walloon Coal Measures; Figs. 2, 4), which has higher
873r/%6Sr than the overlying Late Jurassic to Cretaceous formations but
is also significantly less radiogenic than the underlying older hydro-
stratigraphic formations within the SCM basins. Walloon Coal Measures
samples subjected to treatment with ammonium acetate or acetic acid
have a lower median 8Sr/%%Sr (n = 24; 0.70371). However, none of the
samples with elevated ¥7Sr/%Sr were subjected to sequential leaching.

Insufficient core samples were analyzed for a statistical assessment of
875r/86Sr within the Mid-Jurassic to Cretaceous strata (BMO Group,
Gubberamunda Sandstone, Westbourne Formation and Springbok
Sandstone). However, the available data indicate that these ratios are
generally less radiogenic (ranging from 0.70400 to 0.705667), except
for one sample from the Gubberamunda Sandstone, which has a higher
878r/8%Sr of 0.708515 (Appendix C).

The comparison of whole rock 8Sr/%%Sr in Early Jurassic and Mid
Jurassic (Precipice Sandstone, Evergreen Formation and Hutton Sand-
stone) to Cretaceous Formations (Walloon Coal Measures, Springbok
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Fig. 4. Vertical profiles of whole-rock and partially digested whole rock 8”Sr/®Sr (collected and compiled during this study) at Roma 8 and Chinchilla 4 stratigraphic

wells. For locations of wells, see Fig. 1.

Sandstone, Gubberamunda Sandstone, BMO Group and Westbourne
Formation) shows that the Early Jurassic formations have significantly
higher ratios (median of 0.71636 compared to 0.70424; Table 1).

Although not present within Chinchilla 4 and Roma 8 stratigraphic
wells, the Main Range Volcanics and chronological equivalent Cenozoic
volcanic rocks form a very significant aquifer in some parts of the SCM
basins. Based on data from Ewart et al. (1988), the Main Range Volca-
nics and equivalents within or close to the SCM basins have the lowest
8751 /868y of all formations assessed within this study (n = 26, median of
0.70375, standardised skewness of 0.25). Furthermore, the variability of
875r/86Sr within the Main Range Volcanics and equivalents is minor
(Fig. 5a).

4.2.2. Rainfall

Previous studies elsewhere in Australia (e.g. in Victoria; Raiber et al.,
2009) confirmed that ”Sr/%%Sr of rainfall varied with distance from the
coast due to the incorporation of atmospheric dust. Two rainfall samples
analyzed for the current study (Fig. 1) yielded ¥Sr/8%Sr of 0.707688 and
0.709141. Previously reported rainfall 87Sr/%Sr in Dalby (Hofmann
etal., 2024) and Chinchilla (Baublys et al., 2019) (Fig. 1) of 0.70640 and
0.70822 were also within a similar range. The rainfall samples with the
lower 87Sr/80Sr are less radiogenic than modern seawater (~0.709;
Veizer, 1989), which represents the starting point of meteoric water.
This may indicate the incorporation of windblown dust into rainfall or

subsequently into the rainfall sampler (i.e. dust originating from local
basalt soils, which prevail in the eastern part of the Surat and western
part of the Clarence-Moreton basins).

4.2.3. Groundwater and surface water

The 875r/%8r of groundwaters in the SCM basins range from 0.70324
to 0.70932 (Table 1 and Fig. 5), with a median of 0.704697. Strontium
concentrations range from 0.001 mg/L to 50.2 mg/L, with a median of
0.72 mg/L. The variability and evolution of 8”Sr/%sr within different
formations along the flow paths, as well as inter-formational differences,
was further assessed using comparisons of 8Sr/%°sr with multiple pa-
rameters (e.g. salinity (Fig. 6), bore depth (Fig. 7), and groundwater age
tracers represented by 14¢ and %6c1 (Fig. 8)).

4.2.3.1. Precipice Sandstone (and CMB equivalent Woogaroo Subgroup).
Groundwater in the Precipice Sandstone/Woogaroo Subgroup has a
minimum %Sr/%%Sr of 0.705592 and a maximum ratio of 0.709317 (n =
52, including 5 spring samples), median of 0.70698; standardised
skewness of 3.36 (Table 1). Although most groundwater samples
collected from the Precipice Sandstone are fresh, some samples have
higher salinity, which has been attributed to possible fault-induced
connection with underlying formations (Raiber and Suckow, 2017;
Raiber et al., 2022).

Groundwater samples within or close to the intake beds of the
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Fig. 5. a) Strontium isotope ratios of whole-rock core samples, and b) water (groundwater and surface water) 878r/85r ratios in the Surat and Clarence-Moreton
basins. Points above the whiskers represent outliers. For more information, see Appendix B. WCM corresponds to the Walloon Coal Measures. BMO Group corre-

sponds to the Bungil Formation, Mooga Sandstone and Orallo Formation.

Precipice Sandstone at the basin margin have comparatively high *C
(up to about 61 % Modern Carbon (pMC)). Radiocarbon contents above
quantification limit have been detected in most samples (Appendix A),
despite the considerable depth from which the samples were collected
(>1000 m below ground surface for some samples). As discussed by
OGIA (2016), Crosbie et al. (2022), Raiber et al. (2022), and Suckow
et al. (2018, 2020), recharge rates to the Precipice Sandstone are high

(mean recharge of approximately 11 mm/year in Precipice Sandstone in
the northern Surat Basin), reflecting the predominantly coarse grain-size
composition with only limited cementation. The comparison of
8751 /86sr with 14C (Fig. 8) shows that there is no change in 875y /86gr
with decreasing radiocarbon activity (longer contact time with the
aquifer) for the Precipice Sandstone.

The highest and lowest 36Cl/Cl values measured in the Precipice
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Sandstone are ~190 x 107! and 4 x 107!°. As suggested by Suckow
et al. (2018), underground production resulted in an equilibrium of
approximately 10 x 107'° in Hutton Sandstone groundwater, with
similar or only slightly lower values (above 6 x 10~1%) expected for the
Precipice Sandstone. This indicates that the lower values represent the
practical limit for *°Cl/Cl in the Precipice Sandstone. As for C, there
are no changes in ¥Sr/%°sr with increasing groundwater residence time
represented by the longer time scales of °Cl.

4.2.3.2. Hutton Sandstone (and CMB equivalent Koukandowie For-
mation). The 875r/80Sr of the Hutton Sandstone/Koukandowie Forma-
tion groundwater is typically lower than that of the Precipice Sandstone
and within a narrower range of between 0.703394 and 0.707548 (n =
119, median of 0.705113, standardised skewness of 3.16) (Table 1 and;
Fig. 5).

Similar to the Precipice Sandstone, the comparison of Sr/%°Sr in

10

groundwater and the mid-screen depth within the Hutton Sandstone
does not show any significant changes from the shallow margins to the
deeper part of the basins (Fig. 7b and c). Likewise, a comparison of the
evolution of 8Sr/®0Sr along selected inferred flow paths within the
Hutton Sandstone does not reveal any distinct patterns. Along one flow
path in the Northern Surat Basin, the 8Sr/%Sr in groundwater closest to
the recharge area is elevated, and rapidly decreases with distance from
the basin margin. However, flow path delineation and bore-aquifer
attribution near the intake beds of the Hutton Sandstone in the north-
ern Surat Basin are highly uncertain due to a high degree of geological
complexity and a lack of reliable stratigraphic data (Raiber and Suckow,
2017; Raiber et al., 2022). Along two flow paths in the eastern part of the
Surat Basin where considerably more stratigraphic and hydraulic data
are available, 87Sr/80Sr in groundwater does not show such an evolution
with increasing distance from the basin margin.

For the Hutton Sandstone, 1C ranges from 0.05 to 65.93 pMC (Fig. 8,
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Appendix A). This includes samples collected from within or close to the
outcrop beds of the Hutton Sandstone and samples from the deeper parts
of the SCM basins. The comparison of }*C and 2°Cl/Cl with & Sr/%sr for
groundwater in the Hutton Sandstone shows a moderate correlation (R
= 0.35 and 0.34, respectively) (Fig. 8b).

4.2.3.3. Evergreen Formation (and CMB equivalent Gatton Sandstone).

The Evergreen Formation and its CMB equivalent Gatton Sandstone,
stratigraphically located between the Precipice and Hutton sandstones,
has groundwater 87Sr/%%sr intermediate between those of the Precipice
Sandstone and Hutton Sandstone, ranging from 0.705026 to 0.708299
(n = 13, median of 0.706291; standardised skewness of 1.15) (Table 1
and Fig. 5b). As the Evergreen Formation is not an aquifer at the basin
scale in the SCM basins, there are relatively few groundwater bores
within this unit and thus only relatively few samples available for this
study, with most of these collected from the Clarence-Moreton Basin. As
for the Precipice and Hutton sandstones, the comparison of groundwater
879r/86sr  versus salinity, hydrochemical parameters and Sr
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concentrations shows no distinct patterns, indicating that the 87Sr/36Sr
is likely to be independent of groundwater type within the Evergreen
Formation.

4.2.3.4. Walloon Coal Measures. The 8sr/%sr in groundwater bores in
the Walloon Coal Measures (mostly from within 100 m of the ground
surface; Fig. 7a; Appendix A) range from 0.703244 to 0.705828 (n = 59,
median of 0.703799, standardised skewness of 3.86) (Table 1 and
Fig. 5b). For coal seam gas production wells in the Walloon Coal Mea-
sures (mostly with depths between 300 and 800 m below ground surface
(Fig. 79), 8Sr/®5r ranges from 0.703277 to 0.70449 (n = 45, median of
0.70351, standardised skewness of 4.25). This shows that overall, the
range of values in the Walloon Coal Measures groundwater bores is
slightly higher than in Walloon Coal Measures gas production wells
(Table 1).

The assessment of 8Sr/%Sr of Walloon Coal Measures groundwater
along selected inferred flow paths did not show any decrease of the
strontium isotope ratio along these flow paths. Likewise, the comparison
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with salinity confirms that there are no systematic changes in the Sr
isotope ratio with increasing salinity (with salinities ranging from
<1000 pS/cm to ~27,000 puS/cm; Fig. 6). Radiocarbon of Walloon Coal
Measures groundwaters in the SCM basins ranges from 0.12 to 83 pMC
(Fig. 8a). The comparison of 875r/80Sr and 14C indicates that there is no
correlation (R2 = 0.0088) (Fig. 8a). Likewise, 36¢1/cl (Fig. 8b) does not
show evidence for a change of %Sr/®sr with decreasing 3Cl/Cl,
although only relatively few shallow (<100 m) samples from Walloon
Coal Measures groundwater bores (n = 4) with 36C1/Cl were available in
this study. Determining if one distinct outlier (black circle, Fig. 8a) with
an 8751/%6Sr of approximately 0.705340 and a pMC of 5.85 is influenced
by connectivity, within-formation lithological variability within the
Walloon Coal Measures or other reasons requires a more site-specific
assessment.

4.2.3.5. Mid-Late-Jurassic to Cretaceous hydrostratigraphic formations
(Springbok, Gubberamunda and Mooga sandstones). The major Mid-
Jurassic to Cretaceous hydrostratigraphic formations have lower
875r/80Sr in groundwater (median of 0.703882) than Early Jurassic
formations (median of 0.705661) (Table 1).

The Springbok Sandstone, another important hydrostratigraphic
formation which directly overlies the Walloon Coal Measures in the
Surat Basin (Fig. 2), has a relatively wide range of %Sr/®Sr in
groundwater (n = 19, ranging from 0.703670 to 0.707117, median of
0.704697, standardised skewness of 1.52). Although there are some
overlaps with the Walloon Coal Measures, overall, the 879r/8%r in
groundwater of the Springbok Sandstone and the Walloon Coal Mea-
sures (particularly from CSG-production bores) are distinct from each
other (Fig. 5b).

The Late Jurassic Gubberamunda Sandstone and BMO Group (where
most samples were collected from the Early Cretaceous Mooga Sand-
stone), sometimes collectively assigned to the Cadna-Owie Hooray
aquifer in the GAB (Raiber et al., 2022; Ransley et al., 2015), have
groundwater Sr/%8Sr ratios within a narrow range from 0.704311 to
0.707032 (n = 16 and 9, respectively) (median of 0.705189 and
0.704427).

4.2.3.6. Main Range Volcanics. The 8Sr/%0sr of groundwaters within
the Cenozoic Main Range Volcanics range from 0.70355 to 0.705483 (n
= 12, median of 0.704221, standardised skewness of 1.01) (Table 1). As
shown in Section 4.1 (Fig. 3), there are some overlaps in hydrochemistry
between the Main Range Volcanics and Walloon Coal Measures; how-
ever, overall, there are also relatively clear differences between the
878r/86Sr of groundwater in these formations (Fig. 5b). In contrast, the
whole rock 8Sr/8Sr of the Main Range Volcanics and the Walloon Coal
Measures are relatively similar, with a very narrow range of & Sr/%0sr
isotope ratios (Fig. 3a).

No *C and 3¢Cl data are available from the Main Range Volcanics for
this study. However, Duvert et al. (2015) show that a spring near the
headwaters of the Main Range Volcanics at the Great Dividing Range
(Fig. 1) in the CMB has a tritium concentration (tritium units, TU) of
1.30 (corresponding to modern water) and 875r/80Sr of 0.70355.

4.2.3.7. Alluvium. The 7Sr/%°sr of groundwater samples within the
alluvial aquifers (Condamine River alluvium, Lockyer Valley alluvium
and Teviot Brook alluvium) in the Clarence-Moreton Basin range from
0.703849 to 0.707787, with a median of 0.704906 and a standardised
skewness of 5.25 (Table 1, based on 79 samples) (Fig. 5b). In general, the
875r/86sr of alluvial groundwater samples within the investigated
catchments extend over a similar range as the sedimentary and volcanic
bedrock groundwater samples and surface water samples.

4.2.4. Surface water
The 87Sr/8%r of surface water samples (creeks and springs) within
the SCM basins (n = 40, with most samples collected from the Lockyer
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Valley; Figs. 1, 9) range from 0.70355 to 0.709123, with a median of
0.70526 and a standardised skewness of 2.79 (Table 1). The range of
surface water Sr isotope ratios is very similar to that of groundwaters
within the SCM basins (Fig. 5b) and spatial patterns and their controls
are described in Section 5.3.

5. Discussion

5.1. Strontium isotopes as a hydrostratigraphic and chemostratigraphic
tool

The 7Sr/8%sr in groundwater for some aquifers (especially Early
Jurassic aquifers) is lower than its whole rock equivalent, whereas only
small differences between groundwater and whole rock &7Sr/®6Sr are
observed for other formations (Table 1 and Fig. 5a and b). The whole
rock 87Sr/8%sr represent the bulk 87Sr/%6Sr of all mineral phases in a
rock, whereas the 87Sr/8Sr of groundwater results from the interaction
of groundwater with the more reactive and soluble mineral phases.
These differences, when present, can be used as a chemostratigraphic or
hydrostratigraphic tool (e.g. Raiber et al., 2009; Williamson et al.,
2012).

Differences in 87Sr/%®sr of mineral phases within a rock can be
evaluated further using sequential extraction techniques (e.g. Phan
et al.,, 2018; Baublys et al., 2019), or, as in this study, by partially
digesting selected samples with a weaker acid such as 1 M acetic acid.
This assessment for two Hutton and Precipice sandstone samples yielded
873r/80Sr closer to those of groundwater samples (Fig. 4), which repre-
sents the more reactive and soluble mineral phases of the rocks. In
contrast, the difference between whole rock and partially digested
samples for the Walloon Coal Measures (Baublys et al., 2019) are very
small (Table 1 and Fig. 4).

The higher whole rock ”Sr/%Sr for Hutton and Precipice sandstones
compared to 7Sr/%Sr in other formations (Fig. 5a) is due to the
different aquifer source material. This includes uplifted granitic rocks
for the Hutton and Precipice sandstones with higher radiogenic 8Sr
compared to volcanic rocks in the Cenozoic Main Range Volcanics and
volcanic components in the Jurassic Walloon Coal Measures, which is
composed of volcanolithic material associated with contemporary
volcanism at the time of deposition of the strata (Jenkinson, 2018; Cook
et al., 2013; Fielding, 1993) and have lower content of radiogenic 87gr.
Newly formed mafic igneous rock units (e.g. basalts and volcanic arcs)
have the lowest 8Sr/%°Sr, and the median 8Sr/®Sr for the Main Range
Volcanics (0.70374; Table 1) is consistent with international studies for
those types of rocks (~0.703). In contrast, old felsic igneous rock units
have the highest measured 878r/80Sr (>0.720) (Bataille et al., 2018;
Peucker-Ehrenbrink and Fiske, 2019).

For the Main Range Volcanics, the median %Sr/%sr for the
groundwater and whole rock are almost equivalent (A%Sr/%6sr =
0.00047, with A%Sr/%Sr representing the difference between the me-
dian of whole rock and groundwater 878r/80Sr) (Table 1 and Fig. 5a and
b). A small difference in the 87Sr/%%Sr of the median whole rock and
groundwater is observed for the Walloon Coal Measures (A%Sr/%6Sr =
0.00082), attributed to Sr cation exchange with montmorillonite and
weathering of plagioclase (Baublys et al., 2019). The higher 8Sr/%°Sr for
the Taroom Sandstone (a sandstone within the Walloon Coal Measures)
was attributed to the presence of muscovite, which is a source of po-
tassium and thus radiogenic Sr (Baublys et al., 2019). In contrast to the
Main Range Volcanics and Walloon Coal Measures, substantially higher
differences in 87Sr/%Sr from whole rock to groundwater are observed
for the Evergreen Formation (A% Sr/%Sr = 0.00355) and particularly for
the Hutton and Precipice sandstones (A87Sr/86Sr = 0.01381 and
0.00974, respectively).

The Hutton and Precipice sandstones have a very different miner-
alogy (Farquhar et al., 2013), but both have high A87sr/86sr (Fig. 5a and
b). The Hutton Sandstone has a more heterogeneous and immature
mineralogy including detrital micas, feldspars, lithics, kaolinite,
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smectite, chlorite and Ca-Fe-Mn-Mg carbonates. In contrast, the Prec-
ipice Sandstone is chemically mature with high quartz and very low K-
feldspar and plagioclase content, but a significant amount of kaolinite
clays and minor micas. The kaolinite formed from extensive feldspar and
lithic leaching. The maturity of the Evergreen Formation lies between
these formations. It appears that the higher permeability and potentially
increased weathering of the Hutton and Precipice sandstones, compared
to the Evergreen Formation, may be a factor for their much higher
A¥7Sr/88gr.

Weathering of clays rather than feldspars appears to be primarily
responsible for controlling the 8Sr/%%Sr in groundwater for these for-
mations, consistent with COz-enhanced weathering of the same forma-
tions observed by Horner et al. (2015). Despite the difference in the
875r/88sr ratio between the whole rock and groundwater for many of the
formations, there remains a significant difference for the 8Sr/%0Sr in the
groundwater between the Walloon Coal Measures and underlying Hut-
ton Sandstone (~0.00147) (Fig. 5b). The groundwater in the Precipice
Sandstone also has a significantly higher 8Sr/%%Sr compared to the
Hutton Sandstone (0.00187) (Fig. 3b). The differences in the ground-
water 85r/%Sr provide a practical tool for isotopic fingerprinting of the
groundwater source.
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The results of the Sr/%°Sr whole rock analysis suggest that Sr iso-
topes are also useful as a hydrostratigraphic and chemostratigraphic
tool. During on-going efforts to further refine the stratigraphy of the
Surat Basin, some adjustments of the inter-formation boundaries have
been proposed in recent years (e.g. Sobczak et al., 2022; Wang et al.,
2019). For example, based on sequence stratigraphy and a lower quartz
content in cores of the Precipice Sandstone at Roma 8 than in other
locations, Wang et al. (2019) and Hayes et al. (2020) suggested that
what was previously described as Precipice Sandstone in stratigraphic
well Roma 8 (Fig. 1) is instead the lower part of the Evergreen Formation
(Fig. 4); this would indicate that the Precipice Sandstone is absent at this
location. However, 87Sr/%%Sr of this basal part of the stratigraphic
sequence is significantly higher than 87Sr/®Sr of the Evergreen For-
mation/Gatton Sandstone (including both mudstone and Boxvale
Sandstone intervals) measured in any samples within the SCM basins,
and more similar to the Sr isotope ratios of Precipice Sandstone samples
in Chinchilla 4 and other wells (Figs. 4 and 5). This suggests that this
lower sequence is likely part of the Precipice Sandstone, as originally
defined. Additional 8Sr/3®sr core analyses from other wells and paly-
nostratigraphy and geochronology from basal Jurassic sequences
(complementing the work presented by La Croix et al., 2022) could
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provide confirmation of this hypothesis and additional insights into the
spatial extent of the Precipice Sandstone.

Furthermore, the surface geology boundaries between hydrostrati-
graphic formations are still uncertain in some areas, such as in the
eastern part of the Surat Basin/western CMB and in the southern Surat
Basin in Qld. Here, the boundary between the Hutton Sandstone/Kou-
kandowie Formation and the Evergreen Formation/Gatton Sandstone is
not always differentiated in geological maps and they are instead
sometimes collectively represented by the Marburg Subgroup (Fig. 2).
Despite the relatively high A% Sr/%%sr for the Hutton Sandstone/Kou-
kandowie Formation, there is a characteristic difference in both the
whole rock and groundwater 8Sr/%%Sr of these two members (Hutton
Sandstone/Koukandowie Formation and Evergreen Formation/Gatton
Sandstone) of the Marburg Subgroup (Fig. 5a and b; Table 1), suggesting
that analysis of 8”Sr/%%Sr in rocks and groundwater in the intake beds
may also be useful to refine surface geology boundaries in some areas.

5.2. Fingerprinting of aquifers: evolution of strontium isotopes along
groundwater flow paths

This study confirms one of the major benefits of Sr isotopes in the
SCM basins: 875r/%Sr ratios are largely independent of hydrochemical
variability. For example, the comparison of 8’Sr/®6Sr with parameters
such as salinity, bore depth and groundwater residence time (}*C and
36Cl) in this study suggests that there is no correlation with these pa-
rameters for most formations within the SCM basins, making it an ideal
independent tracer to complement hydrochemistry and reduce some
ambiguities.

For the SCM basins, the absence of a correlation between 8”Sr/%°Sr
and groundwater residence time (Fig. 8) and depth (Fig. 7) within the
Precipice Sandstone and the Walloon Coal Measures suggests that the Sr
isotope signature of groundwaters in these formations is established
early along the flow path within the intake beds (i.e. likely because of
water—rock interactions during recharge). A relatively small number of
elevated ®7Sr/%sr and outliers in the groundwater sample population
for example within the Precipice Sandstone and Walloon Coal Measures
is responsible for a relatively high skewness and non-normal distribution
of the sample population for these formations (Table 1 and Fig. 5).

For the Hutton Sandstone, the moderate statistical relationship
observed between '*C and 87Sr/%%sr (R2 =0.35) and 878r/80Sr and %6Cl/
Cl (R? = 0.34) (Fig. 8b) may be due to the dual porosity nature of this
formation (Guiton et al., 2015; Suckow et al., 2020), where strontium
with a slightly different isotopic composition diffuses from stagnant
zones into the more conductive areas. However, the statistical rela-
tionship is partially influenced by a single sample with high }*C and %Cl
content which has been identified statistically as an outlier (black circle
in Fig. 8a and b). Overall, however, similar to the Precipice Sandstone
and the Walloon Coal Measures, Sr/%Sr for the Hutton Sandstone
remains within a narrow range with unique population characteristics.
This indicates that an equilibrium between rock and groundwater in
these formations is achieved early along a flow path and the likelihood
of incorporating new Sr is reduced unless there is a very soluble lithol-
ogy (e.g. evaporites or carbonates).

There is a wide range of Sr/%6Sr because the alluvium is derived
from different sediment sources and the alluvial aquifers interact with
different sub-alluvial bedrock formations and surface water in different
parts of the catchments. Furthermore, this may also indicate a possible
influence of rainfall on the 87Sr/%%Sr of fresh alluvial groundwaters as
indicated in other aquifer system elsewhere (Raiber et al., 2009). The
observed range also means that Sr/%Sr can be used to study connec-
tivity between alluvial and underlying bedrock aquifers and surface
waters; however, these local interpretations were outside the scope of
the current study.

The results of this study highlight the usefulness of Sr isotopes as an
isotopic groundwater fingerprinting tool which can help to increase
confidence in the assignments of aquifers to screened intervals and to
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support the assessment of connectivity between different aquifers.
Assigning aquifers screened by monitoring and water supply bores with
high confidence and identifying areas of aquifer connectivity/mixing is
fundamental to the technical assessments carried out by OGIA. The
presence of outliers observed for example for the Precipice Sandstone,
Hutton Sandstone and Walloon Coal Measures (Figs. 6a, 7 and 8a and b)
likely indicates aquifer interactions/mixing, incorrect bore-aquifer
attribution, or local lithological variability within these formations.
Although a site-specific assessment of individual outliers is out of scope
of this study, further investigations of 8Sr/2Sr outliers within the major
aquifers and the Walloon Coal Measures (the CSG target) can support
groundwater management through identification of data uncertainties
and components of the conceptual hydrogeological model that are well
understood and highlight areas of major conceptual uncertainty that
may require further assessments.

With intensive CSG development areas in the SCM basins (Fig. 1),
875r/8%sr is now included in routine monitoring obligations to inform
ongoing evaluation of connectivity between the CSG target formation
and adjacent aquifers (OGIA, 2021a, 2023).

5.3. Comparison with results from previous studies

This finding from the current study contrasts with results and in-
terpretations from previous investigations in the Surat Basin and within
the wider GAB. For example, Baublys et al. (2019) suggested that initial
recharge waters in the Walloon Coal Measures have higher 8Sr/%sr
ratios (~0.705), and that these ratios rapidly decrease from the recharge
area to the deeper basin due to a combination of Sr absorption on coal
and cation exchange by clays (montmorillonite) (Baublys et al., 2019,
2021). The combination of 8Sr/%°Sr of groundwater in production wells
from Baublys et al. (2019) and our new data from both production wells
and groundwater bores (mostly ranging from ~10 m to >100 m depth),
including shallow bores within the Walloon Coal Measures outcrop
areas in the SCM basins, allows refinement of the findings from Baublys
et al. (2019). This combined new dataset shows that the median
878r/8%r of the non-production Walloon Coal Measures groundwater
bores is only minimally higher than that of the Walloon Coal Measures
gas production wells (median of 0.70379 compared to 0.70351)
(Fig. 5b), and there are no distinct depth-related 8Sr/%’Sr patterns
within the Walloon Coal Measures (Fig. 7). This suggests that recharge
waters quickly equilibrate within the aquifer.

In a previous study which focussed mostly on the Eromanga Basin
(the largest sub-basin within the GAB, located west of the Surat Basin),
Collerson et al. (1988) suggested that hydrologically young waters
exhibit “unradiogenic” (lower) 8Sr/86Sr, whereas older waters along
the flow path are significantly more radiogenic (up to 0.7118). This was
attributed by the authors to the possible addition of Sr through disso-
lution of aquifer silicates. A similar observation was also made by
Gwynne et al. (2013) in the south-western GAB. In contrast, no such
observations were made during the present study in the SCM basins and
in a recent study by Raiber et al. (2022) in the eastern Eromanga Basin,
where a characteristic difference in 85r/%sr collected from Early and
Mid to Late Jurassic aquifers independent of groundwater age was
observed. The different observations may for example result from
regional differences within the GAB or from the advancement of
assignment of bores to individual aquifers in the present study due to the
availability of 3D geological models, whereas previous studies have
often assigned samples according to classification to broad aquifer se-
quences (e.g. J and K aquifers, with the “J aquifer” corresponding to the
older Jurassic formations and “K aquifer” corresponding to the younger
Cretaceous formations).

Low groundwater ¥’Sr/%%Sr in sedimentary bedrock aquifers in the
eastern Surat Basin was previously attributed to recharge through the
Main Range Volcanics (Raiber et al., 2014; Ransley et al., 2015). How-
ever, the current study suggests that recharge through Main Range
Volcanics has no or only minor regional influence on the evolution of
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873r/86sr in groundwater of most sedimentary bedrock aquifers, as there
are no discernible differences between %’Sr/%sr in groundwater of
sedimentary bedrock aquifers in areas where the Main Range Volcanics
are present or absent. Instead, the low %75r/%Sr of groundwaters in the
Mid Jurassic to Cretaceous aquifers likely suggests a volcanolithic
source of these sequences.

5.4. Stream source characterization (Lockyer Valley, Clarence-Moreton
Basin)

The usefulness of Sr isotopes as a fingerprinting tool is not limited to
understanding groundwater. Surface water samples were collected in
the Lockyer Valley (Fig. 1) during baseflow conditions to test the use-
fulness of 8”Sr/%Sr to determine the source aquifer from reaches over-
lying the major hydrostratigraphic units (Fig. 9). The comparison of
groundwater and surface water 8Sr/%6Sr shows that they are both
within a very similar range (Fig. 5b). Similar to groundwaters in most
aquifers, no patterns of distinct changes in surface water 878r/8%sr with
increasing salinity (Fig. 6b) or with water chemistry types were
observed in surface waters.

A north-south cross-section based on a 3D-geological model through
the Lockyer Valley (Figs. 9, 10, Raiber et al., 2019) from the elevated
peaks of the Great Dividing Range in the south (capped by the basalts of
the Main Range Volcanics) to the northern outcrop beds of the Woo-
garoo Subgroup/Precipice Sandstone was used to highlight the spatial
patterns of surface water ®’Sr/%Sr and the influence of bedrock
groundwater. In the southern part of the catchment close to the crest of
the Great Dividing Range, some of the lowest 8 Sr/%Sr ratios within the
Lockyer Valley were observed in Black Duck Creek and Upstream
Tributary (0.7040 and 0.7041, respectively). Based on the 878r/8%5r of
stream water at these sites, the source aquifer could be either the Main
Range Volcanics or the Walloon Coal Measures (Fig. 10a). The similarity
of both whole rock and groundwater 87Sr/®%sr ratios of these two for-
mations (Fig. 5a and b) makes the use of 875r/805r in isolation ambig-
uous. However, in this instance, the prominence of the Main Range
Volcanics with creeks deeply incised into the Main Range Volcanics
(Fig. 10a) and the low salinity of surface water in this area (Raiber et al.,
2019) suggests that the Main Range Volcanics are the more likely
dominant source.

Further downstream, %Sr/®Sr of surface water progressively in-
creases (Figs. 9, 10). At Wonga Creek (incised into the Koukandowie
Formation/Hutton Sandstone), the 875r/80Sr of stream water is outside
the range of Main Range Volcanics and Walloon Coal Measures and
within the range of the Koukandowie Formation (>0.704). Down-
gradient of Wonga Creek at Deep Gully (Fig. 10a), 8 Sr/%Sr is higher
than the typical groundwater values of the Koukandowie Formation in
this region and within the range of the Gatton Sandstone/Evergreen
Formation, into which the stream is incised here. The 8Sr/%Sr of
Lockyer Creek, the main drainage line within the catchment, is more
variable (based on multiple sampling locations); this likely reflects that
Lockyer Creek receives a mix of water from multiple tributaries,
including tributaries which primarily drain the Main Range Volcanics
and smaller tributary systems that mostly drain sedimentary bedrock.
Sandy Creek, located further to the north along the cross-section
(Fig. 10a and b), is incised into the outcrop beds of the Woogaroo
Subgroup,/Precipice Sandstone and has the highest 87Sr/%Sr (0.709132)
of all surface waters within the Lockyer Valley. This reflects the higher
878r/86sr of the Woogaroo Subgroup/Precipice Sandstone; due to the
freshness and low Sr concentration of this water sample (electrical
conductivity of <200 pS/cm), it possibly also indicates some influence
of rainwater 87Sr/%Sr as demonstrated in other catchments in Australia
(Raiber et al., 2009). Towards the lower part of the Lockyer Valley (e.g.
Lockyer Creek and Plain Creek; Fig. 9), where there is no influence of the
Main Range Volcanics as they are absent or only present as very thin
remnants in the headwaters of these creeks (Figs. 9, 10), there is a
prevalence of surface water values similar to those of the underlying
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Koukandowie Formation and Gatton Sandstone.

The observed patterns along these cross-sections and throughout the
Lockyer Valley suggest that 87Sr/%%Sr is a useful isotopic fingerprinting
tool to determine the source aquifers of stream baseflow and
groundwater-dependant ecosystems.

6. Conclusions

In this study, we have developed a systematic Sr isotope (%”Sr/%sr)
fingerprinting framework of rocks and water in a complex multi-aquifer
and aquitard system hosted within economically important adjoining
coal- and gas-bearing sedimentary basins and overlying alluvial aquifers
and streams in eastern Australia (Surat Basin and Clarence-Moreton
basins, SCM basins). This confirmed that Sr isotopes are a powerful
fingerprinting tool to enhance confidence in bore aquifer assignments
and underpin identification of plausible aquifer and surface water
interconnection pathways.

The confirmation of formation-characteristic whole rock 87Sr/%0sr
provided the foundation for an in-depth assessment of groundwater
873r/865r. Although the overall range of groundwater 87Sr/%°Sr is lower
than that of the whole rock 87Sr/%Sr, the relative differences for
groundwater 8 Sr/36sr are similar for groundwater, and the ratios also
show statistically significant variability for different formations. The
comparison with selected hydrochemical and groundwater age tracers
(Carbon-14 and Chlorine-36) suggests only limited changes of &”Sr/%6Sr
from recharge beds to the deeper parts of the basins or with a decrease in
natural Carbon-14 and Chlorine-36 tracer content along the flow paths.
This indicates that the 8Sr/3%Sr in these formations evolves early along
the flow path and that the likelihood of incorporating new Sr is reduced
unless there is a very soluble lithology.

The 87Sr/%%Sr of the Walloon Coal Measures rocks and groundwaters
is very different from over- and underlying sedimentary aquifers
(Springbok Sandstone and Hutton Sandstone). This suggests that the
875r/%0sr are a powerful tool to support groundwater management
through the assessment of potential inter-aquifer leakage due to water
extraction from the Walloon Coal Measures for CSG production and an
increased confidence of aquifer association for groundwater bores. The
initial identification of systematic contrasts in whole-rock and ground-
water 87Sr/86Sr in major aquifers resulted in implementation of routine
875r/%6sr monitoring as part of the regulatory framework in the SCM
basins by the Office of Groundwater Impact Assessment (OGIA).

The assessment of whole rock Sr/%0Sr also provides a tool for
chemostratigraphy within the SCM basins. Despite considerable ad-
vancements in understanding the geology and hydrogeology of the SCM
basins over the last decade, multiple geological boundaries (both ver-
tical boundaries between aquifers and horizontal surface geology
boundaries) remain uncertain in some areas of the basins. This study
confirmed that together with other indicators, 8’Sr/36Sr ratios of rocks
can provide an additional line of evidence to refine the stratigraphy and
geology of the SCM basins.

The comparison of surface water and groundwater 8’Sr/%Sr in the
Lockyer Valley, a major agricultural catchment within the SCM basins,
confirmed that Sr isotopes are also useful to determine the source
aquifer of groundwater-dependent ecosystems such as streams.

Applying the methods used in this study to local or regional hydro-
geological connectivity investigations within the SCM basins, other
sedimentary basins in Australia, and globally, can help to constrain
three- and four-dimensional conceptual aquifer models and facilitate
improved management of water resources. However, as the systematics
of Sr/8Sr in rocks, groundwater and surface water are regionally and
geologically specific, it is important to follow a sequential workflow
which involves an initial assessment to determine if there is a contrast in
the difference between 8Sr/8Sr of strata in different formations. If this
difference is observed, it is appropriate to proceed to determine if there
is a variability in sedimentary bedrock groundwater samples in these
formations and compare them with other complementary tracers.
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