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Abstract. Strontium isotopes (87Sr/86Sr) are widely used tracers in the geosciences. Here we exploit an op-
portunity to determine 87Sr/86Sr ratios on archived fluvial sediment samples from the low-density National
Geochemical Survey of Australia (NGSA). The present study targeted the Yilgarn Craton in southwestern Aus-
tralia. In total, 107 samples were taken from a depth of ∼ 60–80 cm in floodplain deposits at or near the outlet of
large catchments (drainage basins). A coarse (< 2 mm) grain-size fraction was air-dried, sieved, milled, and then
digested (hydrofluoric acid and nitric acid, followed by aqua regia) to release total Sr. The Sr was then separated
by chromatography and its 87Sr/86Sr ratio determined by multicollector inductively coupled plasma mass spec-
trometry (MC-ICP-MS). Results demonstrate a wide range of quite elevated Sr isotopic values (0.7152 to 1.0909,
with a median of 0.7560) over the survey area, reflecting a large diversity of source rock lithologies, geological
processes, and bedrock ages. The spatial distribution of 87Sr/86Sr shows coherent (multi-point anomalies and
smooth gradients) large-scale (> 100 km) patterns that appear to be broadly consistent with surface geology, re-
golith/soil type, and/or nearby outcropping bedrock. The most radiogenic sediment values in the Yilgarn region
(87Sr/86Sr > 0.8) all come from sites underlain by Archaean bedrock (2500–4000 Ma) and almost exclusively
felsic intrusive lithologies. Conversely, almost all sites underlain by younger and non-granitic bedrock have
outlet sediments of a less radiogenic character (87Sr/86Sr < 0.8). Sampling sites underlain by mafic and ultra-
mafic bedrock yield unradiogenic Sr sediment signatures despite their Archaean age. Several sediment 87Sr/86Sr
results were validated by comparison to previously published whole-rock data from their catchment for both
unradiogenic and radiogenic cases. The new Sr isotopic data are also interrogated in terms of the mineral occur-
rences (i.e. mineral deposits and/or operating mines) found in their catchment. Several catchments containing
mineral resources across a range of commodities stand out as high-87Sr/86Sr outliers (87Sr/86Sr > 0.8), whilst
over half of the registered mineral resources come from an intermediate, yet still elevated, catchment sediment
87Sr/86Sr range (87Sr/86Sr= 0.728–0.767). Avenues for future work are proposed, including a national-scale Sr
isoscape for Australia. Such an isoscape could be useful in future geological, forensic, archaeological, palaeon-
tological, and ecological studies. The new spatial Sr isotope dataset for the southwestern Australia region is
publicly available (de Caritat et al., 2024; https://doi.org/10.26186/149755).
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1 Introduction

Strontium isotope ratios (87Sr/86Sr) can be measured in
many geological materials as the trace element strontium (Sr)
is relatively abundant and readily substitutes for calcium (Ca)
in minerals and organic tissues. The 87Sr/86Sr of a mineral
or rock is a function of (1) its initial and unchanging 86Sr
content, (2) its initial rubidium (Rb) content (thus Rb/Sr
ratio), and (3) time (e.g. McNutt, 2000). Rubidium substi-
tutes readily for potassium (K) in minerals and is thus rel-
atively common too. As one of the two naturally occurring
Rb isotopes, 87Rb, which accounts to 27.8 % of Rb, decays
over time (by emitting a negative beta particle) to stable 87Sr
(t1/2 = 49.6× 109 years), the 87Sr/86Sr ratio of that mate-
rial slowly increases with time (e.g. Rotenberg et al., 2012;
Nebel and Stammeier, 2018). During geological processes
such as mineral dissolution or precipitation or biological pro-
cesses such as bone and tooth growth, the 87Sr/86Sr remains
constant as there is no isotopic fractionation (e.g. Gosz et
al., 1983; Nebel and Stammeier, 2018). These characteristics
make the Sr isotopic system very useful in the geosciences,
where it has been used for decades in various studies recently
reviewed by de Caritat et al. (2023).

Outside of the geosciences, food tracing and provenanc-
ing have also been underpinned by the use of Sr isotopes,
though in this case relying generally on the bioavailable Sr
rather than total Sr (e.g. Voerkelius et al., 2010; Di Paola-
Naranjo et al., 2011; Vinciguerra et al., 2015; Hoogewerff
et al., 2019; Moffat et al., 2020). Anthropological studies
have relied on 87Sr/86Sr isotope ratios to locate archaeolog-
ical artefacts or reconstruct ancient human behaviours (e.g.
Frei and Frei, 2013; Willmes et al., 2014, 2018; Adams et
al., 2019; Pacheco-Forés et al., 2020; Joannes-Boyau et al.,
2019; Washburn et al., 2021). Animal migration studies have
also relied on Sr isotope data (e.g. Koutamanis et al., 2023;
Price et al., 2017). More recently, large-scale compilations
and machine-learnt predictions of the 87Sr/86Sr variations up
to the continental and even global scale have been proposed
(e.g. Bataille et al., 2014, 2018, 2020).

Strontium isotope landscape maps (“isoscapes”) provide
the fundamental context required for the interpretation of
more detailed scientific research about processes or prove-
nance. Despite the plethora of research using Sr isotopes to
address various scientific questions, very few Sr isoscapes
exist in the Southern Hemisphere, particularly for soils or
covering large swathes of the Earth’s surface (see Bataille et
al., 2020). Three exceptions to this in Australia are (1) the
work by Adams et al. (2019), which reported 87Sr/86Sr
in plant, soil, and biota over ∼ 300 000 km2 on the Cape
York Peninsula in Australia, and (2) the recently pub-
lished Sr isoscapes of (2.1) inland southeastern Australia
(∼ 500 000 km2) (de Caritat et al., 2022) and (2.2) north-
ern Australia (∼ 1 500 000 km2) (de Caritat et al., 2023). The
present study affords an opportunity to further redress this
deficiency and reduce the Northern Hemisphere bias in fu-

ture global 87Sr/86Sr models. It also pertains to a land sur-
face that has not been rejuvenated by recent glaciation, con-
sisting of over 85 % regolith or weathered material (Wilford,
2012), and as a result is abundant in minerals such as kaolin-
ite, illite–smectite, goethite, and hematite. The choice of to-
tal rather than bioavailable Sr as the focus of this work was
driven by an emphasis on geological sources and processes.

2 Setting

The study area in southwestern Australia focusses on the Yil-
garn Craton in Western Australia, roughly between 25 and
35° S and between 115 and 125° E (Fig. 1), bordered to the
west by the Indian Ocean and to the south by the Southern
Ocean. The climate zone is described as having a “hot dry
summer, cold winter” (BOM, 2024a), and the major Köp-
pen climate zones range from temperate in the southwest
corner of the study area to grassland and desert toward the
northeast as aridity increases (BOM, 2024b). The 10-year
(1996–2005) average minimum and maximum temperatures
range from 9 to 15 °C and from 21 to 30 °C, respectively
(BOM, 2024c). Average annual rainfall over the 4-year pe-
riod to November 2009 (when the bulk of the sampling was
completed) mostly ranges from 800 to 2400 mm yr−1 (BOM,
2024d). Physiographically, the study area largely coincides
with the Yilgarn Plateau Province, with only minor overlap
onto the Western Coastlands Province of Pain et al. (2011).
Topographic altitude ranges from 15 m above sea level
(a.s.l.) in the southwest (Swan Coastal Plain) to well above
450 m a.s.l. in the northwest of the study area (Murchison
Plateau). Gnanagooragoo Peak in the Weld Range reaches
737 m a.s.l. in the north of the study area. The mean altitude
is ∼ 400 m a.s.l. (Hutchinson et al., 2008).

The soil types encountered in the study area are, according
to the Australian Soil Classification scheme (Isbell and Na-
tional Committee on Soil and Terrain, 2021; RDA, 2024),
most commonly hydrosol (36 % of the sample sites), fol-
lowed by tenosol (24 %); sodosol (20 %); kandosol (12 %);
calcarosol (3.7 %); and more rarely chromosol, kurosol, and
podosol (< 2 % each). The major river basins that dissect the
area are the Salt Lake Basin, which covers almost entirely
the eastern half of the study area, whilst the western half
comprises from north to south the Gascoyne River, Murchi-
son River, Greenough River, Yarra Yarra Lakes, Ninghan,
Moore–Hill rivers, Avon River, Swan Coast, Murray River
(WA), Collie River, Blackwood River, Donnelly River, War-
ren River, Frankland River, and Albany Coast basins (GA,
1997). Land use over the area is overwhelmingly grazing na-
tive vegetation (most of the northeastern half of the study
area), followed by dryland cropping (most of the southwest-
ern half of the study area, also known as the wheat belt
of Western Australia), with subordinate nature conservation,
minimal use, grazing modified pastures, and other protected
areas (ASRIS, 2024).
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Figure 1. The southwestern Australia Sr isotope study area (see dark-grey polygon in the inset for location; WA: Western Australia, NT:
Northern Territory, Qld: Queensland, NSW: New South Wales, Vic: Victoria, Tas: Tasmania, SA: South Australia), National Geochemical
Survey of Australia (NGSA) catchment boundaries (grey polygons), and NGSA 87Sr/86Sr sample locations (grey crosses) overlain on
Australian Soil Classification soil orders (Isbell and National Committee on Soil and Terrain, 2021). Other NGSA sample locations (not part
of this 87Sr/86Sr study) are shown as smaller light-grey crosses. The Yilgarn geological region (Blake and Kilgour, 1998) is outlined in a
dashed line. Areas 1, 2, and 3 delineate the locations of Figs. S1, S2, and S3 (see the Supplement), respectively.

The study area focusses on the Yilgarn geological region
(Blake and Kilgour, 1998), which comprises rocks dating
back to ∼ 3700 million years ago (Myr) and has an ex-
tent of ∼ 624 000 km2. The stratigraphy of the Yilgarn re-
gion consists of Archaean sequences (greenstone belts) of
fine to coarse clastic sediments; chert; and felsic, mafic,
and ultramafic volcanics. It also comprises overlying Per-
mian sediments, including coal. Igneous sequences consist
of Archaean felsic, mafic, and ultramafic volcanics; felsic
intrusives; and layered mafic-ultramafic intrusives. Regional
metamorphism is of low to high grade. Complex folding is
recorded in the greenstone belts. At the surface, geology is
characterised by low hills; ridges; and breakaways (weath-
ered in situ rocks); as well as sand plains, salt lakes (com-
monly underlain by palaeovalleys), and dune fields (trans-
ported regolith). The Yilgarn region is extraordinarily en-
dowed in mineral resources, including major gold (Au),
nickel (Ni), cobalt (Co), copper (Cu), silver (Ag), zinc (Zn),
lead (Pb), uranium (U), platinum group element (PGE),
tin (Sn), tungsten (W), molybdenum (Mo), tantalum (Ta),
lithium (Li), vanadium (V), titanium (Ti), manganese (Mn),
iron (Fe), bauxite, phosphate, and coal deposits (see below).

The main rock types (Blake and Kilgour, 1998) intersected
by the NGSA sample sites here are in almost equal pro-

portions meta-igneous felsic intrusive (39 sites or 36.4 % of
sites) and igneous granitic (35.5 %), followed by the much
less frequent sedimentary siliciclastic (5.6 %); igneous mafic
volcanic (4.7 %); and in equal proportions igneous felsic
volcanic, igneous mafic intrusive, and metasedimentary sili-
ciclastic (3.7 % each). Representing 2 % or less each are
the meta-igneous mafic volcanic, metamorphic protolith un-
known (gneiss), igneous ultramafic volcanic, meta-igneous
mafic, and metasedimentary siliciclastic (pelite) rock types.

The bedrock ages (Blake and Kilgour, 1998) intersected at
the NGSA sample sites are overwhelmingly Mesoarchaean to
Neoarchaean (2960–2650 Ma) (60 sites, or 56 % of sites) and
Neoarchaean (2704–2646 Ma) (30 %), followed by the much
less frequent Mesoarchaean (2825–2800) (3 %). The remain-
ing sites intersect bedrock ranging in age from the Eoar-
chaean to the Neoarchaean (3731–2608 Ma), through Pale-
oproterozoic (1817–1773 Ma), to Valanginian–Aptian (140–
113 Ma) and are represented by only one or two sites (2 % of
sites or less) each.

Over 1000 mineral resources or occurrences (mineral de-
posits and operating mines) are recorded in the Yilgarn geo-
logical region (Fig. 2; Senior et al., 2021), including

– 755 precious metal (Au, Ag),

– 177 battery/alloy metal (Ni, Co, Mn, V, Mo, Mg),
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– 47 iron ore,

– 31 base metal (Cu; Zn, Pb, Ag, Au),

– 23 uranium,

– 16 bauxite, and

– 15 base metal (Zn, Pb; Cu, Ag) occurrences.

Fewer than 10 heavy mineral sands, coal, lithium, other metal
(Sn, Sb, W, Ta, Nb), light metal (Al, Li, Mg), rare earth ele-
ment, fertiliser element (P, K), platinum group element, and
graphite occurrences are also reported. Among all of these,
two Tier 1 operating mines exist within the Yilgarn region
(Senior et al., 2021): Boddington (Au) and Huntly (bauxite),
whilst several Tier 1 mineral deposits are also present: Earl
Grey (Li–Ta–Nb); Mount Mulgine (W), Cawse, and Mount
Margaret (Ni–Co); and Honeymoon Well and Yakabindie
(Ni) deposits. Cutoff production or resource values for var-
ious tiers are given in Senior et al. (2021). Figure S4 in the
Supplement shows the location of the above occurrences.

3 Material and methods

3.1 Material

This study makes use of archive catchment outlet sediment
samples collected during the National Geochemical Survey
of Australia (NGSA), which covered∼ 80 % of Australia (de
Caritat and Cooper, 2011a, 2016; de Caritat, 2022). The sam-
pling philosophy of the NGSA was to collect naturally mixed
and fine-grained fluvial/alluvial sediments from large catch-
ments, thereby obtaining a representative average of the main
soil and rock types contributing sediment through weather-
ing. This allowed for an ultralow sampling density (∼ one
sample per 5200 km2) still representative of large-scale nat-
ural variations (de Caritat and Cooper, 2011b). Sampling
floodplain sediments for large-scale, low-density geochem-
ical mapping is a well-established strategy elsewhere, e.g. in
Europe (Ottesen et al., 1989; Bølviken et al., 2004). Catch-
ment outlet sediments are similar to floodplain sediments in
the sense that they are deposited during receding floodwaters
outside the riverbanks, but with the added complexity that, in
Australia, many areas can also experience addition (or loss)
of material through aeolian processes. The sampled flood-
plain geomorphological entities are typically vegetated and
biologically active (plants, worms, ants, etc.), thereby mak-
ing the collected materials true soils, albeit soils developed
on transported alluvium parent material.

The sampling medium and density were both strategically
chosen in the NGSA project to prioritise coverage over res-
olution. This was justified by the fact that the NGSA was
Australia’s first and, to-date, only fully integrated, internally
consistent geochemical survey with a truly national scope. In
terms of the present study area, it is clear that these choices
have implications on the granularity of the patterns revealed

by the Sr isoscape; as the collection of Sr isotope data in Aus-
tralia using NGSA samples grows in the future (e.g. de Cari-
tat et al., 2022, 2023, and this contribution), there is hope the
value of coverage will prevail over a relative low resolution
of detailed features.

The NGSA collected samples at two depths, a top out-
let sediment (TOS) from a shallow (0.1 m) soil pit approx-
imately 0.8 m× 0.8 m in area and a bottom outlet sediment
(BOS) from a minimum of three auger holes generally drilled
within∼ 10 m of the TOS pit. The auger holes were drilled as
deep as possible (to refusal or to a maximum depth of 1 m),
and the BOS sample was collected on average from a depth
of 0.6 to 0.8 m from all auger holes. A field manual was com-
piled to record all sample collection method details, includ-
ing site selection (Lech et al., 2007). Sampling for the NGSA
took place between July 2007 and November 2009, and the
field data were recorded in Cooper et al. (2010). In the labo-
ratory, the samples were air dried at 40 °C for a minimum of
48 h (or to constant mass) before being further prepared (see
de Caritat et al., 2009) for the comprehensive geochemical
analysis program of the NGSA (see de Caritat et al., 2010).
For Sr isotope analysis, an aliquot of minimum∼ 1 g of sam-
ple milled to a fine powder using a carbon steel ring mill was
retrieved. The main sample type selected for the present Sr
isotope study was a NGSA BOS sample < 2 mm in order to
be as representative as possible of the geogenic background
unaffected by modern land use practices and inputs (e.g. fer-
tilisers). A few NGSA TOS samples < 2 mm, prepared in an
identical fashion, were also analysed.

Overall, 107 NGSA BOS samples < 2 mm and 13 NGSA
TOS samples < 2 mm were analysed for Sr isotopes as de-
tailed in the Methods section below (Sect. 3.2) for a total of
120 analyses. Given that there are ∼ 10 % field duplicates in
the NGSA, all those samples originate from within 97 NGSA
catchments, which together cover 533 000 km2 of southwest-
ern Australia (see Fig. 1).

3.2 Methods

Samples were prepared and analysed for Sr isotopes
(87Sr/86Sr) at the Wollongong Isotope Geochronology Lab-
oratory (WIGL). Approximately 50 mg of sample was
weighed and digested in a 2 : 1 mixture of hydrofluoric and
nitric acids. All reagents used were SEASTAR BASELINE®

grade, with Sr concentrations typically < 10 parts per trillion.
Following digestion, samples were re-dissolved in aqua regia
(twice if needed) in order to eliminate any fluorides, followed
by nitric acid twice. Finally, samples were re-dissolved in
2 M nitric acid prior to ion exchange chromatography. Stron-
tium was isolated from the sample matrix using automated,
low-pressure chromatographic system Elemental Scientific
prepFAST-MC™ and a 1 mL Sr–Ca column (Eichrom™)
(Romaniello et al., 2015). The Sr elutions were re-dissolved
in 0.3 M nitric acid.
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Figure 2. The southwestern Australia Sr isotope study area and National Geochemical Survey of Australia (NGSA) 87Sr/86Sr sample
locations (grey crosses) shown with simplified main rock types (Cutten and Riganti, 2020) and mineral resources (Senior et al., 2021). The
Yilgarn geological region (Blake and Kilgour, 1998) is outlined in a dashed line.

Strontium isotope analysis was performed on a Thermo
Scientific Neptune Plus multicollector inductively coupled
plasma mass spectrometer (MC-ICP-MS) at WIGL. The
sample introduction system consists of an ESI Apex-ST PFA
MicroFlow nebuliser with an uptake rate of∼ 0.1 mL min−1,
an SSI Quartz dual cyclonic spray chamber, jet sample, and
X-skimmer cones. Measurements were performed in low-
resolution mode. The instrument was tuned at the start of
each session with a 20 ppb (parts per billion) Sr solution, and
sensitivity for 88Sr was typically around 4 V. Masses 88, 87,
86, 85, 84, and 83 were collected in Faraday cups. Rubid-
ium removal during chromatography was assessed by deter-
mining the amounts of Rb before and after chromatography.
Before chromatography, an aliquot of solution prepared for
chromatography was taken and diluted 100 times in 0.3 M
nitric acid. This solution was analysed for Rb and Sr con-
centrations by quadrupole ICP-MS at WIGL. To determine
the amount of Rb after chromatography, the Rb concentra-
tion was determined during Sr isotopic analysis using (i) the
Sr sensitivity for the session in question and (ii) the mea-
sured 85Rb/88Sr ratio. Instrumental mass bias was internally
corrected using measured 87Sr/86Sr. Masses 85 and 83 were
used to correct for the isobaric interference of 87Rb and 86Kr,
respectively.

3.3 Quality assessment

A National Institute of Standards and Technology (NIST)
strontium carbonate isotope Standard Reference Material,
SRM987, was used as a secondary standard and measured
after every five samples to assess accuracy during analy-
sis. The accuracy of the whole procedure was assessed by
processing United States Geological Survey (USGS) refer-
ence material basalt from the Columbia River standard BCR-
2 (Plumlee, 1998). The mean± 2se 87Sr/86Sr for BCR-2
in this study is 0.704998± 14 (n= 4), within error in the
value in Jweda et al. (2016) (0.704500± 11). Total proce-
dure blanks ranged between 0.037 and 0.109 ng Sr (n= 4).
In total, 10 field duplicate sample pairs (collected at a me-
dian distance of ∼ 80 m from one another on the same land-
scape unit; see Lech et al., 2007) were analysed for 87Sr/86Sr
in the BOS < 2 mm sample and returned a median relative
standard deviation of 1.76 %. The relative standard deviation
from field duplicates includes natural variability (mineralog-
ical/chemical heterogeneity of the alluvial deposit) as well as
sample collection, preparation, and analysis uncertainties.

It was assessed whether high 87Sr/86Sr ratios (> 0.8) were
an analytical artefact since incomplete removal of Rb and
the isobaric interference of 87Rb on 87Sr can result in inac-
curately high 87Sr/86Sr ratios. Rubidium removal was gen-
erally better than 99.995 %, and there was no relationship
between Rb removal and measured 87Sr/86Sr ratios (incom-
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plete Rb removal should produce an inverse relationship be-
tween Rb removal and 87Sr/86Sr ratios). Thus, we are confi-
dent that the high 87Sr/86Sr ratios measured are accurate.

Overall, we feel that the quality of the 87Sr/86Sr data pre-
sented herein is adequate for the purpose of regional mapping
and that reporting 87Sr/86Sr data to the third decimal place
with an indicative fourth decimal place is appropriate for this
work. This relatively low precision obtained for field dupli-
cates is attributed to the heterogeneity of the alluvial deposits
since precision relating to sample preparation and analysis
for Sr isotopes is at the fifth decimal place (see results for
BCR-2 above).

3.4 Data analysis

Data management, graphing, and visualisation were per-
formed using Microsoft Excel® and Statistics Kingdom on-
line graphing tools (https://www.statskingdom.com/, last ac-
cess: 12 August 2024). Maps were prepared using the open
software QGIS (version 3.28.12 Firenze). Symbology for
displaying 87Sr/86Sr data here was either point-based at the
sampling site or catchment-based, attributing the 87Sr/86Sr
value and colouring to the whole catchment, or as an inter-
polated continuous grid. In either case, the data were classi-
fied in eight equal quantile classes (12.5 % of the data each).
The colour ramp used was Roma, a colour-vision-deficiency-
friendly (CVD-friendly) colour gradient (Crameri, 2018;
Crameri et al., 2020). The catchment-based representation is
appropriate for the sampling medium used, catchment out-
let sediment, which is thought to be representative of the
average materials in the catchment (see Sect. 3.1). For this
display mode, multiple 87Sr/86Sr values within any catch-
ment (e.g. field duplicates) were averaged to a single value
per catchment. Interpolation was performed in QGIS using
inverse distance weighting with a power of 2 and a spatial
resolution of 0.25°. All maps are shown in Albers equal-area
projection.

4 Results

The 107 NGSA BOS samples < 2 mm 87Sr/86Sr values re-
ported herein range from 0.7152 to 1.0909 (range= 0.3757).
The median is 0.7560 and the mean 0.7691 (standard de-
viation = 0.0521; kurtosis = 14.4; skewness = 3.1). Fig-
ure 3 illustrates the univariate structure of the new data,
which can be described as asymmetrical (skewed right/pos-
itive) and leptokurtic (long heavy tail). Six values at 0.8500
(upper whisker) and above can be described as Tukey outliers
(Tukey, 1977).

Spatially, the 87Sr/86Sr values define large-scale, coher-
ent patterns with multi-point high and low regions (Fig. 4).
The main high (radiogenic) 87Sr/86Sr values form a north–
south trending elongated area across the central/western part
of the Yilgarn geological region. Prominent low (unradio-
genic) 87Sr/86Sr values define a large area along the south-

eastern margin of the Yilgarn. In Sect. 5, these patterns are
compared to existing knowledge of rock isotopic composi-
tions as a validation of the present results.

5 Discussion

5.1 Validation against bedrock datasets

A comparison between the present results and selected rock
87Sr/86Sr datasets from previous work in the Yilgarn re-
gion indicates a good correspondence between our bottom-
of-catchment sediment 87Sr/86Sr and outcropping or sub-
cropping rocks within their upstream catchment (see the Sup-
plement). For instance, in Area 1 (see Fig. 1 and Fig. S1 in
the Supplement), our relatively unradiogenic catchment sed-
iment 87Sr/86Sr value of 0.7347 is intermediate between the
values of 0.7265 and 0.7416 reported for two gneiss samples
from the Kirgella Rockhole by McCulloch et al. (1983).

In Area 2 (see Fig. 1 and Fig. S2 in the Supplement), an-
other also relatively unradiogenic catchment sediment value
of 0.7235 is only marginally larger than a gneiss value
(0.7207) from Pioneer Dome reported by McCulloch et
al. (1983). In another catchment within Area 2, our 87Sr/86Sr
value of 0.7255 is again only slightly above the values re-
ported by McCulloch et al. (1983) for two gneiss samples
from Connolly Siding (0.7195 and 0.7234).

In Area 3 (see Fig. 1 and Fig. S3 in the Supplement),
we validate some of the more radiogenic 87Sr/86Sr values
of our work. In the central catchment of Area 3, our sed-
iment 87Sr/86Sr value is 0.7671. This catchment contains
14 whole-rock analyses of agmatitic gneiss, gneiss, gneis-
sic granite, granite, and porphyritic granite samples from
the Harvey–Mount Saddleback region reported by De Laeter
and Libby (1993) to range in 87Sr/86Sr from 0.7064 to
1.0847 (average 0.7875). Ignoring the extreme outlier value
of 1.0847 from a porphyritic granite, the range reduces to
0.7064–0.8212 and the average to 0.7646, only slightly be-
low our NGSA-based result. Sediment from the catchment
immediately to the southeast of that one (see Fig. S3 in
the Supplement) returned a radiogenic 87Sr/86Sr value of
0.8225. Four whole-rock samples of granite and one of por-
phyritic granite reported by De Laeter and Libby (1993)
range from 0.7618 to 0.9188, averaging 0.7986, a relatively
radiogenic value.

We acknowledge that the above comparison of sediment
isotopic signatures with whole-rock data has limitations, in-
cluding the small number of primary 87Sr/86Sr data and the
fact that we cannot weigh those values to account for how
representative a particular lithology is of the area or how
weatherable it is. Despite this, the first-order validation above
suggests that the Sr isotopic signature obtained on NGSA
catchment sediments is in overall agreement with observed
whole-rock data.
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Figure 3. Histogram of the 87Sr/86Sr data (n= 107) from the southwestern Australia Sr isotope study area. The sample medium is the
< 2 mm fraction of NGSA bottom outlet sediment (BOS).

5.2 Relationship to bedrock lithology and age

In order to investigate the influence of lithology and age on
the 87Sr/86Sr values, we intersected each sample site with
the 1 : 500 000 interpreted geology layer (Cutten and Riganti,
2020). In this fashion, we were able to assign a major lithol-
ogy and age bracket to each 87Sr/86Sr data point. To simplify
interpretation, we grouped the lithologies into three classes:
(1) granites, (2) mafic and ultramafic, and (3) other litholo-
gies. Similarly, for each age bracket (age from, age to) in the
database, we calculated the mean age as the average of mini-
mum age and maximum age. In Fig. 5, we show the results of
this classification as a box plot of 87Sr/86Sr values vs. lithol-
ogy groups (Fig. 5a) and as a scatter plot of 87Sr/86Sr values
vs. age (Fig. 5b). From these plots, it is possible to say that
the granites predictably tend to have higher 87Sr/86Sr values
than the (ultra)mafic lithologies (other than minimum values,
all box plot metrics, including median, 75th percentile, upper
fence, and maximum, are higher). The trend of 87Sr/86Sr val-
ues with age is more nuanced, with less radiogenic 87Sr/86Sr
values (say, lower than 0.81) observed in all age groups from
3731 to 126 Myr (Fig. 5b). However, all 87Sr/86Sr values
greater than 0.81 exclusively originate from rocks older than
2600 Myr. These older rocks are all granitic, except in two in-
stances. All the (ultra)mafic rocks, which are also in the age
bracket of 3300–2600 Myr, have 87Sr/86Sr values below 0.8.
All the rocks younger than 2500 Myr have 87Sr/86Sr values
below 0.81 and are all lithologically neither granites nor (ul-
tra)mafic rocks. A caveat to the above interpretation is that
our NGSA samples were not only exclusively from the inter-
preted basement rock type beneath their location but also in-
tegrate contributions from other lithologies higher up within
their catchment. Nonetheless, the observed relationships be-
tween 87Sr/86Sr values, lithology, and age are consistent with
the controls on 87Sr/86Sr values (e.g. Rb content in felsic
rocks and time for 87Rb to decay to 87Sr).

5.3 Relationship to mineralisation

De Caritat et al. (2023) found a tantalising relationship be-
tween 87Sr/86Sr values in catchment sediments from north-
ern Australia and operating mines and/or mineral deposits
within their catchment. In order to investigate this further
in southwestern Australia, we associated all the operating
mines and mineral deposits from the Australia’s Identified
Mineral Resources (AIMR) report (Senior et al., 2021) with
the relevant 87Sr/86Sr data point from the outlet of each
catchment. Thus, each 87Sr/86Sr value in our dataset may
be associated with none, one, or several mineral occurrences
in their catchment.

In Fig. 6, we plot the 87Sr/86Sr values associated with
each major commodity group. Whilst over half of the ca.
1000 mineral occurrences in the region originate from catch-
ments with an intermediate 87Sr/86Sr signature (0.728–
0.767), several occurrences are associated with higher val-
ues (87Sr/86Sr > 0.8). The very highest 87Sr/86Sr value in
the Yilgarn dataset (1.0909) comes from a catchment that
contains known Co, Ni, Au, and Fe ore deposits. All the out-
lier 87Sr/86Sr values per commodity group are labelled in
Fig. 6 and attributed to the known mineral occurrence (i.e.
mineral deposit or operating mine) found in their catchment.
Figure S4 in the Supplement shows maps of where these la-
belled mineral occurrences are located. About 40 mineral oc-
currences are found in catchments that have positive outlier
87Sr/86Sr values for at least one major commodity group;
only three are associated with negative outlier values.

The major, Tier 1 operating Au mine (Boddington) in
the Yilgarn region is in a catchment with outlet sediment
87Sr/86Sr signatures of 0.7671 (within the fourth quartile of
the relevant commodity group). The Tier 1 mineral deposits
of Earl Grey (Li–Ta–Nb) has a 87Sr/86Sr catchment iso-
tope signature of 0.7521 (second quartile), Mount Mulgine
(W) 0.7675 (fourth quartile), Cawse (Ni–Co) 0.7232 (first
quartile), Mount Margaret (Ni–Co) 0.7375 (second quartile)
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Figure 4. The southwestern Australia Sr isotope study results shown as a dot map (a) and a catchment-averaged map (b), with both overlain
on a simplified main rock types (Cutten and Riganti, 2020) as well as an interpolated grid map (c). Interpolation was performed using inverse
distance weighting with a power of two and a spatial resolution of 0.25°. The Yilgarn geological region (Blake and Kilgour, 1998) is outlined
in a dashed line.
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Figure 5. The southwestern Australia Sr isotope study results sub-grouped by major lithology type (a) and average age (b). Population sizes
(n) are 107 for all lithologies, 61 for Yilgarn Craton granites, 13 for mafic and ultramafic, and 33 for other lithologies. Average ratios in
panel (a) are shown as crosses. Average ages in panel (b) are shown as symbols, with bars stretching to reported minimum and maximum
age for each rock unit.

and 0.7489 (third quartile), Honeymoon Well (Ni) 0.7483
(third quartile), and Yakabindie (Ni) 0.7222 (first quartile)
and 0.7886 (fourth quartile). Some of these are above the to-
tal project median value of 0.7560.

We conclude that the relationship between catchment sed-
iment 87Sr/86Sr signature and mineral resources within the
catchment is complex and probably influenced by many fac-
tors. These will likely include the proximity of the sampling
site to the resource, the nature of the host lithology to the
resources (rock type, degree of alteration and weathering,
depth, fracturing, etc.), and the geological heterogeneity of
the catchment, among others. This relationship and thus the
potential to use 87Sr/86Sr as a tool in mineral prospectivity

analysis, however, deserves more thorough investigation be-
yond the scope of the present paper.

5.4 Comparison with previous NGSA Sr isotope dataset

In previous reports, we presented new 87Sr/86Sr data also
using NGSA sediment samples over large areas of Australia
(de Caritat et al., 2022, 2023). These results are summarised
in Table 1 and compared with the present dataset. Over-
all, there are now 576 internally consistent 87Sr/86Sr val-
ues from large Australian catchments covering in excess of
2 500 000 km2 across a range of topographic, climatic, land
use, lithological, and rock-age conditions (environmental di-
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Figure 6. The southwestern Australia Sr isotope study results shown as box plots sub-grouped by major commodity groups. Any sediment
87Sr/86Sr value associated with a catchment hosting one or more reported mineral resource(s) (Senior et al., 2021) is attributed to the relevant
commodity group(s) and may thus appear in more than one box plot. All outlying mineral resources are labelled. Figure S4 in the Supplement
shows the location of selected mineral deposits and operating mines.

versity). From this compilation, it can be seen that the low-
est minimum 87Sr/86Sr value (0.7048) came from the north-
ern Australia subset, the lowest median (0.7199) came from
the southeastern Australia subset, and both the highest me-
dian (0.7560) and the highest maximum (1.0909) came from
the southwestern Australia subset. The smallest range came
from southeastern Australia (0.0422), whereas the largest
(0.3757) came from southwestern Australia. This in part re-
flects the size of the areas in terms of both geographical size
and sample size and in part the more homogeneous lithologi-
cal types and rock-age ranges found in the southeastern Aus-
tralia study area. Overall, there is reason to believe that the
compilation of 576 new 87Sr/86Sr data points representing
over 2 500 000 km2 of diverse geological terrain is appropri-
ate for a representation of the isotopic makeup of the upper
continental crust, which has been reported on separately (De-
sem et al., 2025).

5.5 Toward a national Sr isoscape

The internal consistency, environmental diversity, and geo-
graphical and statistical extent of the compilation of large-
scale 87Sr/86Sr datasets (de Caritat et al., 2022, 2023, and

this study) discussed above allow for their preliminary inte-
gration and consideration of progress toward a national Sr
isoscape. In Fig. 7, we show the national compilation of the
above three large-scale Sr isotope study areas into a single
isoscape with a unified classification and colour legend.

It shows for the first time how the southeast-
ern region is overwhelmingly relatively unradiogenic
(87Sr/86Sr < 0.7376), with the Broken Hill region in the
centre and the Shepparton region in the far southeast
standing out as moderately radiogenic (87Sr/86Sr 0.7376–
0.7642) compared to the local background. In northern
Australia, the Barkly Tableland in the Northern Territory
and the southern Cape York Peninsula in Queensland have
an unradiogenic background of similar magnitude to the
southeastern Australia area (87Sr/86Sr < 0.7376). Much of
the Cape York Peninsula has more radiogenic 87Sr/86Sr
values (0.7376–0.7890), whilst the regions flanking the
Barkly Tableland on the eastern, northern, and western sides
(including Mount Isa, McArthur River, Alligator River, and
the Tanami Desert–Reynolds Range area in the Northern
Territory) have moderate to extreme radiogenic 87Sr/86Sr
values (0.7376–1.0909). Also in that category are the King
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Table 1. Comparison between 87Sr/86Sr data from this study and the other two large-scale studies (de Caritat et al., 2022, 2023) and
preliminary national strontium isoscape for Australia (count, minimum, median, mean, standard deviation of the sample, maximum, range,
and upper whisker for Tukey outlier detection). All sample types are NGSA BOS coarse, i.e. subsoil (on alluvium), < 2 mm fraction. All
samples were milled and then digested using HF-HNO3-AR; Sr was separated by ion chromatography prior to isotopic analysis by MC-ICP-
MS (see Sect. 3).

Area Size (km2) n Min Med Mean SD Max Range Upper whisker Source

Southwestern Australia 533 000 107 0.7152 0.7560 0.7691 0.0521 1.0909 0.3757 0.8500 This study
Northern Australia 1 536 000 357 0.7048 0.7406 0.7532 0.0480 1.0330 0.3282 0.8383 de Caritat et al. (2023)
Southeastern Australia 529 000 112 0.7089 0.7199 0.7220 0.0106 0.7511 0.0422 0.7491 de Caritat et al. (2022)
Preliminary national isoscape 2 598 000 576 0.7048 0.7377 0.7501 0.0467 1.0909 0.3861 0.8314 All above sources

Leopold Ranges–Napier Range and the Nullagine River
(Pilbara) areas in northwestern Western Australia. The Yil-
garn Craton, apart from most catchments along its southern
and eastern flanks, also falls into the moderate to extreme
radiogenic 87Sr/86Sr value (0.7376–1.0909) category.

6 Future work

As the strategy of the NGSA and therefore of the current
Sr isoscape roll-out were very much focussed on the large
scale rather than the detailed, process-oriented understand-
ing, it would be beneficial to link the two scales by studying
a few NGSA catchments in greater detail. The catchments
could be selected to represent a range of geological, eco-
logical, topographic, and climatic conditions. This could in-
clude smaller (nested) catchments, soil profiles and catenas,
multi-media (rock, soil, groundwater, plants, organisms), and
temporal (seasonal and decadal) studies of Sr isotopes in the
Australian context.

Machine learning techniques could be applied to the cur-
rent 87Sr/86Sr datasets to learn the complex relationships be-
tween this variable and multiple environmental predictors,
including geological, climatic, ecological, and topographic
covariables. Scope also exists for continuing the analysis of
the remaining NGSA samples (approximately 700 additional
samples), which would deliver a Sr isoscape covering∼ 80 %
of Australia. This could involve other laboratories for the iso-
topic analysis and could be used as a test bed to establish
a multi-institutional national infrastructure for excellence in
isotopic analysis in Australia.

Another possible avenue of progressing national isotopic
coverage would be to analyse 87Sr/86Sr in the NGSA sam-
ples for labile Sr as a proxy for bioavailable Sr. Such results
could be readily applied to numerous archaeological, foren-
sic, and environmental questions with uses beyond the clas-
sical geosciences, which was the primary motivation of the
initial Sr isoscape work.

7 Data availability

The new spatial Sr isotope dataset for the south-
western Australia region is publicly available at
https://doi.org/10.26186/149755 (de Caritat et al., 2024).

8 Conclusions

Overall, 120 new strontium (Sr) isotopic compositions
(87Sr/86Sr) are reported from 97 catchment outlet sediment
samples from southwestern Australia (Yilgarn geological re-
gion). The analysed material originates from the sample
archives of the National Geochemical Survey of Australia
(NGSA) project, which targeted overbank or floodplain land-
forms near the outlet of large catchments. The sampled catch-
ments together cover 533 000 km2 of southwestern Australia.
For the most part (n = 107), bottom-outlet-sediment (BOS)
samples, retrieved mostly by augering to, on average, 0.6 to
0.8 m depth, were analysed. In total, 13 top outlet sediment
(TOS) samples, collected from the top 0.1 m of soil, how-
ever, were also included. The BOS analyses are the focus of
discussion in this paper. Total digestion of milled fractions
of < 2 mm in grain size from these sediments yielded a wide
range of 87Sr/86Sr values from a minimum of 0.7152 to a
maximum of 1.0909.

The present study presents one of the largest Sr isoscapes
in the Southern Hemisphere, a region that is critically under-
represented in terms of isotopic data worldwide. A map
of the 87Sr/86Sr distribution (isoscape) across southwest-
ern Australia reveals spatial patterns reflecting the ages and
lithologies of the source material for the sediment, which
is principally carried down catchment by fluvial processes.
The most radiogenic sediment values in the Yilgarn region
(87Sr/86Sr > 0.8) all come from sites underlain by Archaean
bedrock (2500–4000 Ma) and almost exclusively felsic in-
trusive lithologies. Conversely, almost all sites underlain by
younger and non-granitic bedrock have outlet sediments of a
much less radiogenic character (87Sr/86Sr < 0.8). Sampling
sites underlain by mafic and ultramafic bedrock sit at the in-
tersection of these two trends, yielding unradiogenic Sr sedi-
ment signatures despite their Archaean age. Several sediment
87Sr/86Sr results were validated by comparing them to previ-

https://doi.org/10.5194/essd-17-79-2025 Earth Syst. Sci. Data, 17, 79–93, 2025

https://doi.org/10.26186/149755


90 P. de Caritat et al.: A strontium isoscape of southwestern Australia

Figure 7. The combined southeastern (de Caritat et al., 2022), northern (de Caritat et al., 2023), and southwestern (this study) Australia Sr
isotope areas shown as a single, catchment-averaged Sr isoscape with unified classification and colour legend (WA: Western Australia, NT:
Northern Territory, Qld: Queensland, NSW: New South Wales, ACT: Australian Capital Territory, Vic: Victoria, Tas: Tasmania, SA: South
Australia). Localities referred to in the text are labelled in orange (KLR: King Leopold Ranges, NR: Napier Range).

ously published whole-rock data from sites inside their catch-
ment for both unradiogenic and radiogenic cases.

The new Sr isotopic data are also interrogated in terms of
the mineral occurrences (i.e. mineral deposits and/or operat-
ing mines) found in their catchment. Whilst over half of the
ca. 1000 mineral occurrences in the region originate from
catchments with an intermediate 87Sr/86Sr signature (0.728–
0.767), over 40 occurrences are associated with higher values
(87Sr/86Sr > 0.8) and identified as outliers for various com-
modity groups – 33 precious metals (Au, Ag); four iron ores;
two battery/alloy metals (Ni, Co, Mn, V, Mo, Mg); and one
for each of base metals (Cu; Zn, Pb, Ag, Au), base metals
(Zn, Pb; Cu, Ag), heavy mineral sands, other metals (Sn, Sb,
W, Ta, Nb), rare earth elements, and uranium.

The southwestern Sr isoscape results are compared with
two previously published, large-scale Sr isoscapes in Aus-
tralia (southeastern and northern Australia) based on the
same sample material and methods and were found to
have the highest median (0.7560) and maximum (1.0909)
87Sr/86Sr values of the three areas. Commonality of sam-
pling and analytical protocols further allows the three Sr iso-
topic datasets to be combined into a preliminary national Sr
isoscape across vastly different geological, ecological, and
topographic conditions, revealing regional Sr isotope pat-
terns and trends as well as anomalies, which could form the
basis for a more complete national Sr isoscape and more de-
tailed Sr isotope systematics studies in the future. Such work
could extend the current focus on lithology, age, and min-

eralisation influences to studies of hydrology, food tracing,
dust provenancing/sourcing, and historic migrations of peo-
ple and animals.
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