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Uranium isotopes (238U/235U) are commonly utilised in marine carbonates to reconstruct the redox evo-
lution of ancient oceans and the atmosphere. However, questions remain concerning U isotope fraction-
ation during carbonate precipitation and/or early sedimentary diagenesis. Moreover, the stromatolitic
nature of many Precambrian limestones and dolostones brings further questions about U isotope frac-
tionation during stromatolite formation due to microbial activity. Thus, it is unclear whether stromato-
lites are reliable archives for the U isotope composition of seawater. Here we measure the 238U/235U ratio
of modern stromatolites from the hypersaline Shark Bay, Western Australia, a key study area that repre-
sents the largest modern example of stromatolite growth globally. A component-specific approach was
utilised to analyse the uppermost crusts of modern stromatolites, older material from the deeper stroma-
tolite laminae and the substrate upon which the stromatolites are forming. Our interpretations of d238U
data are aided by d234U, d18O, d13C and trace element measurements, including somemineralogy and total
organic carbon determinations for selected samples.
Modern aragonitic crusts of stromatolites from the subtidal and intertidal zones around Shark Bay

exhibited a narrow range of d238U (�0.30 to �0.33‰), corresponding to a small offset of ca. +0.07‰ from
seawater. This range of d238U values overlaps with that of other primary carbonate precipitates in shallow
marine environments such as corals but with a slightly higher mean d238U. We investigated if this offset
may be associated with the coprecipitation of U with aragonite from hypersaline seawater in Shark Bay,
which has a higher proportion of dissolved U present as Ca2UO2(CO3)3 compared to open seawater.
However, this measured offset is much smaller than that predicted using a speciation-dependent isotope
fractionation model. Sub-recent material in the deeper stromatolite laminae exhibited higher and more
variable d238U (up to �0.15‰) compared to the modern aragonitic crusts of stromatolites. The strong
inverse correlation between d238U and the total organic carbon content (r = �0.83) and positive correla-
tion with Mn concentrations (r = 0.91) suggest that 238U was preferentially reduced in the deeper laminae
in association with organic carbon remineralisation under reducing conditions. The average d238U offset
of sub-recent stromatolite laminae from modern seawater was +0.13 ± 0.11‰ (1 s.d.), which is slightly
lower than, but within uncertainty of, the offset measured for bulk carbonates from the Bahamas (+0.2
7 ± 0.14‰; 1 s.d.). These results demonstrate that stromatolites are valuable archives of global seawater
d238U, even in hypersaline restricted basins such as Shark Bay, but an offset to account for syndepositional
diagenesis is likely required to accurately reconstruct seawater d238U using ancient stromatolites.

� 2023 Elsevier Ltd. All rights reserved.
1. Introduction

The application of novel metal isotope redox systems such as
uranium (U) isotopes to marine carbonates has revealed new
insights into marine oxygenation and deoxygenation events in
Earth’s history (Brennecka et al., 2011; Dahl et al., 2014; Elrick
et al., 2017; Jost et al., 2017; Lau et al., 2017; Clarkson et al.,
2018; Tissot et al., 2018; Wang et al., 2018; Zhang et al., 2018;
Gilleaudeau et al., 2019; Tostevin et al., 2019; Brüske et al.,
2020a; Chen et al., 2021; Clarkson et al., 2021) but such interpre-
tations require careful considerations due to the potential alter-
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ation of U isotope signatures in carbonates during sedimentary dia-
genesis (Romaniello et al., 2013; Hood et al., 2016; Chen et al.,
2018a; Tissot et al., 2018; del Rey et al., 2020; Zhang et al.,
2020). An as yet unexplored avenue is potential U isotope fraction-
ation effects associated with microbially influenced (or mediated)
carbonate precipitation, which should be assessed to reliably
reconstruct oceanic redox conditions in deep time using microbial
carbonate archives.

Precambrian marine carbonates commonly contain stroma-
tolitic units, with a mean prevalence of �40 to almost 100%
throughout the Archean and Proterozoic (Peters et al., 2017). Stro-
matolites are a subset of microbialites, i.e., lithified organosedi-
mentary structures that form in shallow water by the trapping
and binding of sediment grains, and/or the precipitation of calcium
carbonate by microbial communities, where laminated and unlam-
inated accumulations are termed stromatolites and thrombolites,
respectively (Riding, 2011). Stromatolites were likely present from
at least 3.5 Ga (Allwood et al., 2006) or as early as 3.7 Ga (Nutman
et al., 2016), one billion years before the Great Oxidation Event at
�2.4 to 2.3 Ga when Earth’s atmosphere–ocean system shifted
from generally reducing to oxidising conditions (Farquhar et al.,
2000; Holland, 2002; Bekker et al., 2004). The abundance of stro-
matolites in the geological record began to decrease around 1 Ga,
and then abruptly declined following the Cambrian explosion at
around 540 Ma, possibly due to the rise of metazoans (Walter
and Heys, 1985), or changes in seawater chemistry (Grotzinger,
1990; Peters et al., 2017). It is commonly thought that modern
stromatolites only occur in extreme, low nutrient environments
where most other life forms cannot survive, e.g., Shark Bay, Wes-
tern Australia (hypersaline marine embayment), Yellowstone
National Park, U.S. (hot springs), etc. However, modern stromato-
lites also occur in habitable environments such as in open-
marine (normal salinity) conditions in the Bahamas (Dravis,
1982) and the freshwater Pavilion Lake, Canada (Brady et al.,
2010). In fact, the common feature shared by these localities is
unusually high alkalinity and elevated concentrations of
carbonate-forming cations (Ca and Mg). This is consistent with
the seawater chemistry hypothesis proposed by Grotzinger
(1990) and Peters et al. (2017) for the decline of stromatolite abun-
dance in the geological record. Moreover, this suggests that the
aqueous geochemistry in each of these modern settings where
modern stromatolites can proliferate likely shares at least some
commonalities with ancient environments that hosted stromato-
lites. Thus, despite the generally reducing conditions in some
ancient settings, e.g., during the Archean (Farquhar et al., 2000;
Holland, 2002; Bekker et al., 2004), modern stromatolites are use-
ful for improving our understanding of how metal redox proxies,
such as U isotopes, are archived in stromatolites, under the end-
member scenario of a fully oxygenated atmosphere–ocean system.

Uranium is a redox-sensitive metal that is present at Earth’s
surface as the insoluble U(IV) and more soluble U(VI). In oxic
near-surface environments, U(VI) forms stable uranyl carbonate
complexes with Ca and Mg, e.g., Ca-UO2-CO3 (Endrizzi et al.,
2016; Chen, 2020), leading to a relatively high concentration
(3 ng/g) and long residence time (�0.5 Ma) in modern oceans
(Andersen et al., 2017). Under reducing conditions, U(IV) is insol-
uble and enriched in anoxic sedimentary deposits. In the last dec-
ade, variations in the ratio of the two primordial U isotopes (238U
and 235U) have been detected in sediments, accessory minerals
and low temperature U deposits (Stirling et al., 2007; Weyer
et al., 2008; Andersen et al., 2017). According to ab initiomodelling,
equilibrium U isotopic fractionation is dominated by the nuclear
field shift effect, resulting in U isotopic fractionation occurring in
the opposite direction to mass-dependent isotope fractionation
(Bigeleisen, 1996; Schauble, 2007; Abe et al., 2008; Fujii et al.,
2009). Thus, reduced U is enriched in 238U, consistent with higher
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d238U values for modern anoxic sediments (Weyer et al., 2008;
Andersen et al., 2014; Brüske et al., 2020b), and low-temperature
U ore deposits (Murphy et al., 2014). In contrast, U adsorption onto
iron and manganese (oxy)hydroxides results in a slight enrichment
of 235U and lower d238U values (Weyer et al., 2008; Brennecka et al.,
2011; Goto et al., 2014). In addition to carbonate records, shales
and iron formations are typically utilised as archives for paleo-
seawater, particularly in Precambrian studies (e.g., Wang et al.,
2018; Brüske et al., 2020a; Chen et al., 2021).

Modern primary carbonate precipitates from shallow-marine
environments such as corals, molluscs, green algae, red algae and
echinoderms generally record seawater-like d238U values (Stirling
et al., 2007; Weyer et al., 2008; Romaniello et al., 2013; Chen
et al., 2018b; Tissot et al., 2018; Livermore et al., 2020; Kipp
et al., 2022a). Interestingly, the magnitude of isotope fractionation
in these carbonates (0.00–0.09‰) is less than that predicted by abi-
otic CaCO3 coprecipitation experiments (0.11 ± 0.02‰) (Chen et al.,
2016), possibly facilitating distinct mechanisms of U isotope frac-
tionation during stromatolite formation due to the unusual seawa-
ter chemistry (Chen et al., 2017). A much larger offset from
seawater of +0.27 ± 0.14‰ was measured in a shallow core in
the Bahamas, which was attributed to authigenic U accumulation
into carbonate components under reducing conditions during early
diagenesis (Romaniello et al., 2013; Chen et al., 2018a). Late-stage
diagenesis may also be important as demonstrated by the different
carbonate components of a Cryogenian limestone exhibiting vari-
able d238U from�0.7 to �0.1‰ (Hood et al., 2016). As stromatolites
may also accrete via binding and trapping detrital sediment, care
must be taken to selectively dissolve the carbonate fraction to
accurately reconstruct past changes in the U isotope composition
of seawater (Plater et al., 1992; Clarkson et al., 2020).

In this study, we investigate U isotope fractionation during for-
mation and early diagenesis of modern stromatolites in order to
assess their suitability as archives for the U isotope composition
of Precambrian seawater. As a case study, we analysed stromato-
lites from Hamelin Pool in Shark BayWorld Heritage Area, Western
Australia – the largest occurrence of modern stromatolites globally
(Jahnert and Collins, 2012; Suosaari et al., 2016). In addition, we
analyse the d13C, d18O and trace element composition of modern
stromatolites, the water isotopes (d2H and d18O) of groundwater
and seawater samples, and the mineralogical composition of stro-
matolite laminae. Leaching experiments were also conducted with
stromatolite material to evaluate the ideal protocol for accurately
reconstructing seawater d238U. The modern stromatolites at Shark
Bay are excellent analogues for Precambrian stromatolites
because: (1) they host many microbial communities that have
retained their anaerobic capabilities associated with anoxic condi-
tions (Wong et al., 2015); (2) the lithification of modern microbial
mats at Shark Bay occurs by microcrystalline carbonate (micrite)
precipitation as both a framework and cement, which is a key
biosignature of microbial activity (Reid et al., 2003; Dupraz et al.,
2009; Suosaari et al., 2016); and (3) many important examples of
Precambrian stromatolites likely formed in restricted marine set-
tings, e.g., those from the 2.7 Ga Tumbiana Formation (Bolhar
et al., 2002), the 3.0 Ga Pongola Supergroup (Bolhar et al., 2015)
and the 3.4 Ga Strelley Pool Chert (Allwood et al., 2006).
2. Study area: Hamelin Pool, Shark Bay, Western Australia

Shark Bay World Heritage Area is a large coastal embayment in
Western Australia with a large salinity gradient due to the various
degrees of restriction with the open ocean (Fig. 1), most notably
due to the Faure Sill, a sandy embankment covered by seagrass.
Microbial structures mainly occur in Hamelin Pool (Fig. 1) and
microbialite growth covers almost the entire coastline (Jahnert



Fig. 1. Maps showing the location of the study area in (A) Shark Bay Marine Park, and (B) Australia. Satellite imagery (C–E; yellow stars show exact sampling location) and
ground images (F–H) of the three sampling locations (Sites 1–3), respectively. Images of sampling locations of (I) SB19-1-2x, (J) SB19-1-3a, (K) SB19-1-4x, (L) SB19-2-2x, (M)
SB19-3-1, and (N) SB19-3-2ab. Geological hammer, ruler (cm scale) and camera lens cover for scale. The shells in (N) are the bivalve Fragum erugatum. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and Collins, 2012; Suosaari et al., 2016; Morris et al., 2020). Hame-
lin Pool is the most restricted embayment in Shark Bay, covering an
area of �1,400 km2 and is hypersaline (average: 66 PSU; Suosaari
et al., 2016) with a maximum depth of 11 m. The presence of
actively growing stromatolites in Hamelin Pool was first noted in
the 1960s and is the largest modern example of modern stromato-
lite growth by areal extent (Logan, 1961; Playford and Cockbain,
1976). Stromatolite formation began in Shark Bay at around 2 ka
BP, corresponding to growth rates ranging from <1 to 50 cm/ka
(Chivas et al., 1990; Jahnert and Collins, 2012).

Extensive mapping campaigns on various scales have revealed
that diverse stromatolite morphologies and microbial communi-
ties are present across Hamelin Pool as a function of shelf bathy-
metry and water energy (Logan, 1961; Jahnert and Collins, 2012;
Suosaari et al., 2016; Morris et al., 2020). In addition to discrete
stromatolite build-ups, another important microbial structure at
Shark Bay is ’microbial pavement’, which is a flat, light grey deposit
with a tabular or blocky surface morphology that covers 227 km2

of the subtidal surface in Hamelin Pool (Jahnert and Collins,
2012); due a fall in sea-level since the mid-Holocene, large depos-
its of microbial pavement are now exposed in the supratidal zone
around Shark Bay.

The principal microbial structures at Shark Bay according to
their surficial microbial mat type are: (1) smooth (e.g., Fig. 2E
and F), (2) ‘pustular’ (uneven, blistered surfaces; e.g. Fig. 2B), (3)
‘colloform’ (hemispherical globular morphology; e.g. Fig. 2C), and
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(4) ‘cerebroid’ (irregular fenestral fabric with voids; Fig. 2D;
Logan, 1961; Jahnert and Collins, 2012; Wong et al., 2015;
Suosaari et al., 2016). However, care should be taken when classi-
fying stromatolites based on their mat type as lithified build-ups
may have been formed by various microbial communities over
time and have distinct morphologies and internal fabrics
(Suosaari et al., 2016). This problem may be overcome by sampling
the modern aragonitic crusts of stromatolites, which represents
the uppermost few centimetres of a stromatolite surface that con-
tains the active microbial mat and is in contact with the external
air or water boundary. This is distinct from ‘older, deeper stroma-
tolite laminae’ that are more lithified and do not contain an active
microbial mat. The ‘stromatolite substrate’, i.e., the surface upon
which the stromatolites are forming, can typically be visually dis-
tinguished from stromatolite laminae at Shark Bay due to their
reduced porosity, which is associated with the seafloor carbonate
lithification processes and are commonly carbonate hardgrounds
(Chivas et al., 1990).
3. Field sampling

Stromatolites were sampled from Hamelin Pool in the Shark Bay
World Heritage Area, Western Australia (hereafter ‘Shark Bay’) in
two separate field campaigns. The modern aragonitic crusts of stro-
matolites were collected from three field sites around Shark Bay in
October 2019. Each site was classified according to the tidal zone:



Fig. 2. Images of samples (A) SB19-1-2x, (B) SB19-1-3a, (C) SB19-1-4x, (D) SB19-2-2x, (E) SB19-3-1, (F) SB19-3-2ab, (G) SBS-1 and (H) SBS-2. The 5-cm scale ruler applies to
images A-F whereas a 15-cm scale ruler is shown in (G) and (H).

A.N. Martin, M. Markowska, A.R. Chivas et al. Geochimica et Cosmochimica Acta 345 (2023) 75–89
(1) intertidal zone (stromatolite surfaces exposed at low tide), (2)
subtidal zone (stromatolite surfaces remain covered at low tide),
and (3) supratidal zone (entire stromatolite located above the aver-
age high-water line; Fig. 1; sample locations given in Table 1). The
intertidal crusts were collected from the surfaces of three different
stromatolites with colloform (SB19-1-2x and SB19-1-4x) and pus-
tular mat types (SB19-1-3a; Fig. 2). The subtidal sample SB19-2-2x
was sampled from a stromatolite with a cerebroid mat type.
Smooth mats were sampled from the supratidal zone (SB19-3-1
and SB19-3-2ab) and are interpreted as microbial pavement (see
Section 2; Jahnert and Collins, 2012). The modern aragonitic crusts
of stromatolites were air dried in the field prior to shipping.

Stromatolites SBS-1 and SBS-2 (Fig. 2G and H) are discrete stro-
matolite build-ups that were originally sampled by Chivas et al.
(1990) from the subtidal and intertidal zones at Playford’s Site
(2.8 km south of Flagpole Landing that corresponds to Site 3 in
Fig. 1), respectively, and then stored at the National Palaeontolog-
ical Collection, Geoscience Australia, in Canberra. The average
growth rates of SBS-1 and SBS-2 were 29 cm/ka and 19 cm/ka,
respectively (Chivas et al., 1990) and both stromatolites comprise
predominantly (>50%) sand-size carbonate grains that are fused
together by a micritic matrix. Thus, they can be considered as cal-
carenite stromatolites, which are commonly found forming in both
Shark Bay and the Bahamas (Reid et al., 2003). The substrate of
SBS-2 is a hardground with a similar aragonitic mineralogy and
has a similar radiocarbon age to the older stromatolite laminae,
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suggesting that stromatolitic development commenced shortly
after lithification of marine sediments in Shark Bay. In contrast,
the substrate at the base of SBS-1 (SBS-1G; Fig. 2) has a much older
radiocarbon age (>15 ka BP) than the stromatolite laminae and is
composed of calcite. This material likely represents a fragment of
calcrete from the late Pleistocene Bibra Limestone or was lithified
some time before 15 ka BP (Chivas et al., 1990).

During the 2019 sampling campaign, two seawater samples
were collected from two locations in Shark Bay (Site 1 and Site
2), in addition to a shallow groundwater bore sample (SB19-3).
Before water samples were taken, temperature, pH, electrical con-
ductivity, dissolved oxygen and oxidation reduction potential
(ORP) were measured using a HI98194 multi-meter instrument.
The groundwater well was purged until stabilisation of in-field
parameters before groundwater samples were collected. On the
same day of sampling, all water samples were filtered at 0.45 lm
and total alkalinity concentrations were determined by a double
endpoint titration method using a Hach digital titrator. Water sam-
ples for cation analysis and U isotope measurements were acidified
to 1% v/v HNO3 for laboratory analysis.

4. Analytical methods

In the laboratory, the samples from the 2019 field campaign
were further dried in an oven overnight at 80 �C, and then pow-
dered and homogenised in an agate mortar and pestle prior to geo-
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chemical analyses. The outer areas of stromatolites SBS-1 and SBS-
2 were cut and originally embedded in gypseous plaster, which
was avoided during the sampling of material from the inner areas
of SBS-1 and SBS-2. Nevertheless, a piece of the plaster was also
sampled for ICP-MS measurements to assess the potential contri-
bution of U. Around 1–2 g of material from the inner areas of
SBS-1 and SBS-2 were sampled at approximately 7 and 3 cm inter-
vals, respectively, including the hard calcitic substrate at the base
of SBS-1 (SBS-1G; Fig. 2). Similar to the modern stromatolite mate-
rial, samples from SBS-1 and SBS-2 were further dried in an oven
overnight at 80 �C and then powdered in an agate mortar and
pestle.

4.1. Hydrochemical analyses

The major cation and anion concentrations of water samples
were analysed using ion chromatography compact IC Flex and
Compact IC Plus from Metrohm at the University of Tübingen.
The uncertainty for these analyses was less than ±5% for all ele-
ments. The stable isotope composition (d18O and d2H) of water
samples (0.4–0.5 ll) were analysed at the Max Planck Institute
for Chemistry (MPIC) Mainz on a Picarro L2140-i cavity ring-
down spectrometer following the ‘wet background’ configuration
outlined in de Graaf et al. (2021). Samples were calibrated using
Vienna Standard Mean Ocean Water (VSMOW) and three in-
house standards with d18O isotope values of –8.78, 6.96 and
1.12‰, respectively, and d2H values of �63.3, 45.81 and 3.29‰,
respectively, referenced to the international VSMOW-SLAP scale.
The overall precision on these analyses was less than ±0.1‰ for
d18O and 0.5‰ for d2H.

4.2. Stable isotope analyses of carbonates

The stable isotope composition (d18O and d13C) of stromatolite
powders was analysed at the MPIC Mainz on a Thermo Delta V
mass spectrometer equipped with a Gasbench preparation device.
Approximately 20 to 50 lg of CaCO3 powder was acidified in He-
filled 12 mL exetainer vials with high purity (>99%) H3PO4 at
70 �C. A total of 20 replicates for two in-house CaCO3 standards
were analysed in each run of 55 samples and reported relative to
the Vienna Pee Dee Belemnite (VPDB) standard. The overall preci-
sion on these analyses was less than ±0.1‰ for both d18O and d13C.

4.3. Leaching experiments

Leaching experiments were conducted on a stromatolite pow-
der (SB19-2-2x) before commencing trace element and U isotope
analyses of the other stromatolite powders to determine the opti-
mum acid leaching procedure. The range of weak and strong acids
is given in Table 2 and is similar to those tested by Clarkson et al.
(2020) on pelagic carbonates. Approximately �200 mg Shark Bay
stromatolite powder was leached using 5 mL of acid for either 1
or 24 h, at room temperature and mechanically agitated. The sam-
ples were centrifuged and the solutions were retained for analyses.
Results from these experiments showed that leaching using 0.2 M
acetic acid (AcOH) for 24 h was optimum (see discussion in Sec-
tion 6.1 for more details).

4.4. Trace element and uranium isotope analyses of stromatolites

Approximately �200–500 mg of stromatolite powder was
weighed into 15 mL polypropylene centrifuge tubes and leached
with 10 mL 0.2 M AcOH at room temperature for 24 h. The samples
were centrifuged and the solutions were retained for analyses. A
0.1 mL aliquot of this solution was sampled and diluted for ICP-
MS concentration measurements.



Table 2
Experimental conditions for leaching experiments on a Shark Bay stromatolite powder (SB19-2-2x) including trace element and U isotope data for the leachate fraction.

Exp. Acid t Mass loss pH start pH end Al Mn Fe U Th/U d234U 2 s.e. d238U 2 s.e.
h wt.% – – lg/g lg/g lg/g lg/g wt./wt. ‰ ‰

1 0.2 M AcOH 1 53 2.8 5.8 17 3 7 0.62 0.04 148.1 ± 0.1 �0.31 ± 0.03
2 1 M NaAcOH 1 64 5.0 5.6 14 1 6 0.53 1.36 149.3 ± 0.3 �0.31 ± 0.04
3 0.5 M HCl 1 88 0.5 1.2 43 3 32 0.99 0.07 149.1 ± 0.3 �0.33 ± 0.01
4 3 M HCl 1 91 0.1 0.1 50 3 61 1.07 0.09 149.3 ± 0.1 �0.33 ± 0.01
5 3 M HNO3 1 90 0.1 0.1 52 3 44 1.13 0.07 149.0 ± 0.2 �0.33 ± 0.01
6 0.2 M AcOH 24 64 2.8 5.9 13 3 4 0.85 0.03 149.7 ± 0.2 �0.31 ± 0.01
7 1 M NaAcOH 24 79 5.0 5.8 18 1 7 0.68 1.33 150.6 ± 0.1 �0.32 ± 0.02
8 0.5 M HCl 24 88 0.5 1.4 65 3 56 1.14 0.08 150.6 ± 0.2 �0.36 ± 0.01
9 3 M HCl 24 91 0.1 0.1 72 3 70 1.24 0.08 149.2 ± 0.3 �0.31 ± 0.01
10 3 M HNO3 24 90 0.1 0.1 66 2 62 1.18 0.07 149.3 ± 0.0 �0.35 ± 0.01

t is time, in hours.
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The remaining leachate solutions were evaporated and formed a
white precipitate and 0.2 mL conc. HNO3 and 0.6 mL conc. HCl (Aqua
regia) were added to oxidise the organic compounds present prior to
column chromatography. The samples were then evaporated at 80 �C
to incipient dryness and redissolved in 3–5 mL 3 M HNO3. The mea-
sured U concentration was used to optimise the addition of IRMM-
3636a U double spike (Richter et al., 2008) to the samples, targeting
a 236U/235U of �3 and a molar U sample-spike ratio of �20–25. Col-
umn chromatography to separate U from the sample matrix was con-
ducted according to Weyer et al. (2008) using the Eichrom UTEVA
resin and 150 to 300 ng U was typically loaded. Following column
chromatography, 0.1 mL HNO3 (65%) and 0.1 mL H2O2 (30%) were
added and evaporated at 80 �C to incipient dryness. The residue
was then redissolved in 3% (v/v) HNO3 to yield final solutions with
U concentrations ranging from 50 to 100 ppb.

Trace element concentrations were measured at the Leibniz
University Hannover using a Thermo Scientific Element XR high-
resolution ICP-MS (HR-ICP-MS) in ‘triple’ detector mode using
the low and medium-resolution modes (M/DMMR � 4,000). Prior
to starting measurements, the instrument was tuned using Li, In
and U and UOx to maximum signal sensitivity and stability whilst
maintaining the oxide formation rate below 5%. A five-point exter-
nal calibration procedure using multi-element standard solutions
containing the target elements (Al, Mn, Fe, Sr, Th and 238U) with
concentrations ranging from 0 to 50 lg/L was used to quantify
the concentrations. Instrument drift during measurements was
monitored using rhodium-103 as an internal standard. The lake
water standard TMDA-51.3 was measured repeatedly to ensure
accuracy and precision were less than ±10%.

Uranium isotope measurements were conducted using a
Thermo ScientificTM Neptune PlusTM in low-resolution mode at
LUH with a Cetac Aridus 2 sample introduction system (dry plasma
conditions) following Noordmann et al. (2015). A standard Ni H
sampler cone and X skimmer cone were used. The U sensitivity
of this setup achieved >1 V/ppb sensitivity. The 233U, 235U and
236U isotopes were measured using Faraday detectors with 1011

X resistors, 238U was measured with a 1010 X resistor and 234U iso-
tope was measured with a 1013 X resistor. The abundance sensitiv-
ity of 238U on 236U was monitored to ensure it was <1 ppm.
Instrumental mass bias was corrected using the 233U/236U ratio
according to the exponential law. Measurement sequences were
performed using a standard-sample-bracketing method relative
to a CRM-112A standard solution to calculate d238U (Eq. (1)) and
d234U were calculated relative to the secular equilibrium (SE) ratio
of 234U/238U = 54.891 ± 0.094 x106 (2 s.d.; Cheng et al., 2000). Ura-
nium isotope ratios are reported according to convention using
delta notation (in ‰), given by the following equations:

d238U ¼ 238U= 235U
� �

sample
= 238U= 235U
� �

CRM112A
� 1

� �
� 1000

ð1Þ
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d234U ¼ 234U= 238U
� �

sample
= 234U= 238U
� �

s:e:
� 1

� �
� 1000 ð2Þ

All d-values of samples represent triplicate measurements
where uncertainty values represent 2r standard error (2 s.e.) for
both d238U and d234U. Reference materials were measured repeat-
edly before, after and throughout the sequence to monitor the
instrument performance and a limestone (JLs; Geological Survey
of Japan) was also processed with each batch of samples for col-
umn chromatography. The average d238U values of IRMM-184,
Reimep-18a and JLs were �1.19 ± 0.09‰ (2 s.d., n = 12), �0.27 ± 0
.09‰ (2 s.d., n = 10), and �0.24 ± 0.10‰ (2 s.d., n = 7), respectively,
and their average d234U values were �27.6 ± 2.1‰, 35.1 ± 3.0‰,
and 5.7 ± 2.0‰. All measured values are consistent with previously
reported values (Richter et al., 2005; Weyer et al., 2008; Richter
et al., 2010; Asael et al., 2013; Albut et al., 2019; Brüske et al.,
2020a). Total procedural blanks from leaching and column chro-
matography were <4 ng and no blank corrections were applied to
the data. The U content of the gypseous plaster was 11 ppb, but
this material was avoided during sampling the inner areas of
SBS-1 and SBS-2 and not detected in XRD measurements. Thus, it
likely comprised <1 wt% of sample powders (according to the
approximate XRD detection limit) and likely contributed much
<0.1 ng of U to sample measurements.
5. Results

5.1. Hydrochemistry and water stable-isotope compositions

Two seawater samples and one groundwater sample were col-
lected from Shark Bay in 2019. Both seawater samples were hyper-
saline (59.8–65.6 PSU) and within the range of typical values for
Shark Bay (40 to �75 PSU) that vary according to the season and
the distance from the Faure Sill (Jahnert and Collins, 2012;
Suosaari et al., 2016), which restricts inflow of seawater into
Hamelin Pool (Fig. 1). The evaporitic conditions at Shark Bay are
also reflected in the higher measured d18O and d2H of +3.8 to
+4.3‰ and +24.1 and +26.4‰, respectively (Table 1). The seawater
was fully oxic (ORP: 200 mV) at the time of sampling (roughly mid-
day), as expected from the diurnal cycle of high oxygen concentra-
tions in the daytime due to high photosynthesis rates and lower
oxygen concentrations at night (Jahnert and Collins, 2012; Wong
et al., 2015). In contrast to seawater samples, the groundwater
sample was less saline (3.6 PSU, i.e., brackish), more reduced
(ORP = 93 mV), and had a lower d18O (�5.3‰), which is typical
for meteoric groundwaters draining carbonate aeolianite (Tamala
Limestone) aquifers in Western Australia (Bryan et al., 2016). The
total alkalinity of the seawater samples (130 and 132 mg/l) were
higher than open marine seawater (�120 mg/l). This may be attrib-
uted to the inflow of high-alkalinity groundwater (214 mg/l) from
the carbonate aquifer around Shark Bay.
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The U concentrations in the two Shark Bay seawater samples
and the collected groundwater sample were 10.9, 11.1 and
6.2 lg/l, respectively (Table 1). Adopting an average seawater
value of 3.3 lg/l (U/Cl = 0.2 lg/g; Weyer et al., 2008), the U concen-
tration in Shark Bay seawater (U/Cl = 0.3 lg/g) is slightly higher
than would be expected for the conservative enrichment of U by
evapo-concentration effects. This may be because the seawater
was sampled from the shoreline in Hamelin Pool. Moreover, the
relatively high U concentration in the brackish groundwater sam-
ple (U/Cl = 3.0 lg/g) might point toward carbonate dissolution
within the Tamala Limestone aquifer as an additional, local source
of U via submarine groundwater discharge, in addition to alkalinity
that facilitates stromatolite growth. Constraining the dynamics of
groundwater–seawater interactions would require additional sam-
pling and is beyond the scope of this study, but these data support
arguments that stromatolite occurrence is linked to carbonate sea-
water chemistry.

Shark Bay seawater exhibited d238U values of �0.36 ± 0.02 and
�0.37 ± 0.02‰ (Table 1), which are similar to the global average for
open seawater (�0.39 ± 0.04‰; 1 s.d.; see our literature compila-
tion in Table A.1). Likewise, the Shark Bay seawater samples exhib-
ited similar d234U values (+146.8 ± 1.4 and + 143.5 ± 1.0‰) relative
to open seawater (+146.7 ± 3.6‰; Table A.1). The groundwater
sample exhibited both higher d238U and d234U (�0.19 ± 0.03‰
and + 732.8 ± 0.8, respectively) compared to the seawater samples,
likely due to increased water–rock interactions in the aquifer.

5.2. Mineralogical, organic carbon, and stable isotope composition of
Shark Bay stromatolites

Qualitative XRD data for the modern stromatolite crusts show
that they primarily comprise aragonite with minor proportions of
calcite and quartz (Fig. S1). Quantitative XRD data for SBS-1 and
SBS-2 reveal that the major aragonite component represents
�90 wt% of the stromatolite material (Table 3). These data are con-
sistent with previous findings that microbial carbonate (micrite)
precipitated in Shark Bay stromatolites is predominantly aragonite
(Reid et al., 2003; Jahnert and Collins, 2012; Suosaari et al., 2016).
Table 3
Organic carbon and quantitative XRD mineralogy data for stromatolites SBS-1 and
SBS-2.

Sample ID Organic C Mineralogy

Aragonite Quartz Calcite

(wt.%) (wt.%) (wt.%) (wt.%)

SBS-1A (top) 0.8 94 1 5
SBS-1B 0.6 94 2 4
SBS-1C 0.6 94 2 4
SBS-1D 0.5 91 2 7
SBS-1E 0.5 92 2 6
SBS-1F 0.4 91 2 7
SBS-1G (sub.) 0.1 0 0 100

SBS-2A (top) NA 90 3 8
SBS-2B NA 90 2 8
SBS-2C NA 92 4 4
SBS-2D NA 93 4 4
SBS-2E NA 91 4 4
SBS-2F NA 91 5 4
SBS-2G NA 91 3 6
SBS-2H (sub.) NA 91 3 6

Where ‘‘top” and ‘‘sub” indicate the top and substrate of each stromatolite, with
results displayed in sequential order from the uppermost lamina to the base. TOC
analyses by Amdel Laboratory, Adelaide, 1984. XRD mineralogy at Research School
of Earth Sciences, Australian National University. Small amounts of kaolinite and
mica (�1%) were detected by XRD, but were too low to be reliably quantified. NA:
not analysed.
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The organic carbon (OC) content of SBS-1 ranged from 0.8 to 0.1%,
with the lowest OC found in the substrate, SBS-1-G (Table 3).

The seven modern stromatolite crusts exhibited d18O values
from +2.9 to +3.4‰ (Table 4), which is consistent with the highly
evaporative conditions in modern Shark Bay and the range of pre-
vious measurements (+3.1 to +3.9‰; Jahnert and Collins, 2012).
The d18O of the older stromatolite material from SBS-1 and SBS-2
ranged from +0.5 to 3.6‰ and +1.2 to +3.2‰, respectively. The
anomalously low value for SBS-1-G (+0.5‰) is expected because
this sample represents indurated substrate material (a dense car-
bonate pebble) upon which the stromatolite grew. Excluding this
substrate material, the higher d18O of the other samples demon-
strate that the evaporative conditions found in the modern envi-
ronment have persisted throughout the growth history of SBS-1
and SBS-2 (�1 ka; Chivas et al., 1990).

The d13C values from modern stromatolite crusts (+5.2 to
+6.0‰; Table 4) overlap with strongly positive d13C values of
SBS-1 and SBS-2 (+3.8 to +5.9‰) that were previously measured
by Chivas et al. (1990) – excluding the substrate sample SBS-1-G
that displays a lower d13C (�1.5‰). The correlation between d13C
and d18O values (r = 0.69) is a common feature of shallow carbon-
ate platforms, such as Shark Bay and the Bahamas (Geyman and
Maloof, 2019).

5.3. Leaching experiments on modern stromatolites

A range of acids, similar to those tested by Clarkson et al.
(2020), were reacted with a Shark Bay stromatolite powder
(SB19-2-2x) at room temperature for 1 or 24 h (see Table 2 for
details). The use of 1 M NH4Ac was also tested but excluded from
further U isotope investigations on this basis of the low amount of
U extracted. The optimum acid for selectively leaching the micro-
bial carbonate fraction in modern stromatolites was evaluated in
terms of the concentrations of elements associated with detrital
silicates (Al and Th) and Fe oxy(hydroxides) (Fe and Mn) in lea-
chates, which should ideally be minimised.

Leaching using 0.2 M AcOH yielded the lowest concentrations of
Al, Th and Fe in the leachates compared to HCl and HNO3 (Table 2).
For instance, compared to 0.2 M AcOH, leaching using 0.5 M HCl
increased the Al, Fe and Th concentrations by factors of �2.5, �5,
and �2.5, respectively. This could be attributed to the lower pH
of strong acid solutions at both the start and end of experiments,
e.g., a pH < 1.2 for HNO3 and HCl solutions compared to pH > 2.3
for 0.2 M AcOH (Table 2). Interestingly, however, there was no dif-
ference in Mn concentrations between AcOH, HCl and HNO3 lea-
chates. The use of a 1 M NaOAc/AcOH solution buffered at pH 5
yielded similar concentrations of Al and Fe compared to 0.2 M
AcOH (Table 2). This might suggest the use of a buffer is unneces-
sary when leaching carbonate materials, e.g., stromatolites, due to
the strong buffering effect of released CO3

2–, as demonstrated by the
relatively high final pH (>5.6) of all AcOH leaching solutions.

More U was generally extracted in experiments conducted for
24 h compared to 1 h without any concomitant increase in Al or
Fe concentrations for 0.2 M AcOH (Table 2). The greater amount
of starting material dissolved after 24 h suggests that a longer reac-
tion time may be preferable for the slow reaction kinetics when
dissolving carbonates using weak dilute acids, such as 0.2 M AcOH.
Similarly, longer reaction times when using HCl and HNO3

extracted more U, but, unlike for AcOH, this was associated with
a �50% increase in Al and Fe concentrations (Table 2).

Despite clear differences in the elemental concentrations found
in leachates, the U isotope composition of leachates were similar,
ranging from �0.31 ± 0.03‰ to �0.33 ± 0.01‰ for d238U and +14
8.1 ± 0.1‰ to +150.6 ± 0.2‰ for d234U (Table 2). Although all mea-
surements yielded identical results within analytical error, the
average d238U for the AcOH leachates (�0.32 ± <0.01‰, 2.s.d,



Table 4
Trace element, stable isotope and U isotope composition of stromatolites from Shark Bay.

Sample ID Tidal zone Al Mn Fe U Th/U d13CVPDB d18OVPDB d238U 2 s.e. d234U 2 s.e.
lg/g lg/g lg/g lg/g wt./wt. ‰ ‰ ‰ ‰ ‰ ‰

SB19-1-2 Intertidal 11.7 1.6 3.5 0.31 0.02 5.2 3.4 �0.32 ± 0.01 150.9 ± 0.6
SB19-1-3a Intertidal 14.6 3.2 5.1 0.28 0.02 5.6 3.4 �0.30 ± 0.11 149.2 ± 0.4
SB19-1-3b Intertidal 13.9 10.4 13.8 0.53 0.01 5.6 3.2 �0.33 ± 0.10 149.3 ± 0.9
SB19-1-4 Intertidal 13.1 1.2 2.1 0.36 0.02 5.8 3.5 �0.33 ± 0.06 151.1 ± 1.0
SB19-2-2x Subtidal 13.3 5.8 7.5 0.57 0.02 6.0 3.4 �0.30 ± 0.07 150.0 ± 0.4
SB-3-1 Supratidal 14.9 3.2 4.2 1.10 <0.010 5.3 2.9 �0.43 ± 0.03 156.7 ± 2.6
SB19-3-2 Supratidal 12.8 2.3 6.2 0.64 0.012 5.8 3.1 �0.16 ± 0.04 156.1 ± 0.1

SBS-1A (top) Subtidal 46.3 3.5 5.6 0.90 0.10 5.0 1.9 �0.29 ± 0.01 152.9 ± 1.3
SBS-1B Subtidal 32.8 3.1 4.0 0.97 0.10 5.1 1.8 �0.31 ± 0.08 154.6 ± 0.1
SBS-1C Subtidal 22.9 3.8 4.4 1.00 0.11 5.3 2.8 �0.22 ± 0.07 153.8 ± 0.5
SBS-1D Subtidal 34.3 4.3 6.5 0.85 0.10 5.3 3.6 �0.19 ± 0.05 151.6 ± 0.5
SBS-1E Subtidal 15.8 4.8 5.3 0.77 0.11 4.3 0.9 �0.18 ± 0.02 150.6 ± 1.2
SBS-1F Subtidal 34.4 5.2 5.6 0.92 0.12 5.2 3.8 �0.21 ± 0.07 148.5 ± 0.5
SBS-1G (sub.) Subtidal 19.7 52.9 18.0 1.80 0.05 �1.5 0.5 +0.11 ± 0.12 157.1 ± 1.0

SBS-2A (top) Intertidal 23.7 5.4 5.4 0.89 0.09 5.0 3.2 �0.15 ± 0.02 148.1 ± 0.5
SBS-2B Intertidal 29.7 5.5 7.1 0.96 0.09 4.7 2.5 �0.15 ± 0.05 147.4 ± 1.3
SBS-2C Intertidal 51.0 4.1 5.2 1.02 0.09 4.4 1.9 �0.29 ± 0.04 148.5 ± 1.9
SBS-2D Intertidal 16.1 2.8 1.8 0.63 0.09 5.0 3.2 �0.30 ± 0.13 148.9 ± 0.4
SBS-2E Intertidal 24.3 3.8 4.4 0.91 0.09 5.0 3.2 �0.33 ± 0.10 147.7 ± 0.9
SBS-2F Intertidal 19.5 4.6 4.1 0.88 0.10 4.7 2.0 �0.32 ± 0.03 148.3 ± 0.4
SBS-2G Intertidal 46.3 4.6 4.7 0.97 0.10 4.1 1.1 �0.29 ± 0.09 148.8 ± 0.4
SBS-2H (sub.) Intertidal 32.8 3.3 2.3 0.59 0.09 4.8 3.1 �0.33 ± 0.12 147.9 ± 0.7

Where ‘‘top” and ‘‘sub” indicate the top and substrate of each stromatolite, with results displayed in sequential order from the uppermost lamina to the base. The d13C and
d18O data for stromatolites SBS-1 and SBS-2 derive from Chivas’ laboratory at the Australian National University.
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n = 4) were significantly lower (p = 0.03, two-tail t test) than for the
HCl and HNO3 leachates (�0.34 ± 0.00‰, 2 s.d., n = 6). In our study,
the use of 0.2 M AcOH was preferred to 1 M NaOAc/AcOH solution
due to the anomalously high Th/U ratio for NaOAc/AcOH leachates
compared to AcOH (Th/U: 1.36 vs 0.04; Table 2), and the increased
load of Na on the resin during column chromatography for 1 M
NaOAc/AcOH leachates. A 24 h reaction duration was preferred
to 1 h for 0.2 M AcOH because the proportion of starting material
dissolved increased from 53 to 64 wt% with no concurrent increase
in Al, Fe and Th concentrations, and the 0.2 M AcOH leachates
yielded identical d238U values. Thus, all stromatolite samples were
leached using 0.2 M AcOH for 24 h at room temperature. It is
expected that the U in the AcOH leaches is sourced from both
the primary crystal lattice framework of aragonite crystals and
any secondary carbonate cements present.

5.4. Trace element compositions of modern stromatolites

The trace element and U isotope data for the leached modern
stromatolite crusts, and older stromatolite material from SBS-1
and SBS-2 are given in Table 4 (see Table S2 for correlation matri-
ces). Student’s t-test method (two-tail assuming unequal variance
of sample observations) was used for all statistical significance
tests to calculate p-values. A p-value threshold of 0.05 was taken
to reject the null hypothesis in favour of the alternative hypothesis.

The U concentrations of the modern stromatolite crusts ranged
from 0.28 to 1.13 lg/g, with an average of 0.55 ± 0.29 lg/g (1 s.d.,
n = 7; Fig. 3A), whereas the U concentrations of the older material
from SBS-1 and SBS-2 ranged from 0.59 to 1.82 lg/g (average: 0.
94 ± 0.35 lg/g) and were significantly higher than the modern
crusts (p = 0.01). However, there was no significant difference
between the U concentrations in SBS-1 and SBS-2 (p = 0.25). All
Th/U ratios were very low (<0.12) relative to the crustal average
(Th/Ucrustal � 4) and all Al concentrations were also low (<50 lg/
g; Fig. 3B). These parameters are both indicators for detrital con-
tamination in carbonates and Th/U ratios and Al concentrations
correlate in all samples (r = 0.65). Interestingly, this correlation
was much stronger in the modern stromatolite crusts (r = 0.96)
than in SBS-1 (r = 0.27) and SBS-2 (r = 0.12). Despite the lack of cor-
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relation between Th/U and Al in the older stromatolite material,
both Th/U ratios and Al contents were significantly higher
(p < 0.01) for SBS-1 and SBS-2 compared to the modern stromato-
lite crusts.

The Mn and Fe contents of all stromatolites ranged from 1.6 to
10.4 lg/g and 1.8 to 13.8 lg/g, respectively, excluding the sub-
strate material (SBS-1G) that contains anomalously high Mn and
Fe contents of 52.9 and 18 lg/g, respectively (Fig. 3C). The Mn
and Fe contents correlate highly in all samples (r = 0.84). There
were no significant differences between the modern crusts and
SBS-1/SBS-2 in terms of their Mn (p = 0.81) and Fe concentrations
(p = 0.33). The U contents also correlated with the Mn (r = 0.69;
Fig. 3D) and Fe contents (r = 0.84).

5.5. Uranium isotope compositions of modern stromatolites

The d238U of all stromatolite samples ranged from –0.43 ± 0.03
to +0.11 ± 0.12‰ (Table 4; Fig. 4A). The stromatolite crusts from
the intertidal and subtidal sites (SB19-1 and SB19-2) exhibited
indistinguishable d238U values (�0.30 ± 0.07 to �0.33 ± 0.10‰,
n = 5), which are slightly higher than the average value for Shark
Bay seawater (�0.37 ± 0.02‰; Table 1). More variable d238U values
from �0.16 ± 0.04 to �0.43 ± 0.03 were found for the supratidal
microbial pavement samples (SB19-3–1 and SB19-3–2; Table 4).
The d238U of older, deeper laminae from SBS-1 and SBS-2 varied
from ca. �0.3‰ up to �0.2‰ in SBS-1 and SBS-2. These d238U val-
ues are significantly higher than Shark Bay seawater (Table 1), and
modern crusts from the subtidal and intertidal zones (p = 0.01).
The substrate material upon which stromatolite SBS-1 grew (SBS-
1G) exhibited the highest d238U value (+0.11 ± 0.12‰) in our study.
This is unsurprising as this material is not likely related to stroma-
tolite growth, as evidenced by the lower d13C and d18O values and
the calcitic versus aragonitic mineralogy of this sample compared
to stromatolite material (Chivas et al., 1990). Relative to d238U, less
variation was found in the d234U of stromatolite samples (Fig. 4B),
with an average of +150.8 ± 3.1‰ (1 s.d.), which is similar to – but
slightly higher than – the average d234U of seawater (+146.7 ± 3.
6‰; Table A.1). Similarly high d234U up to +157.1 ± 1.0 were also
measured in SBS-1, but not SBS-2 (Table 4).



Fig. 3. Plots of (A) Th/U vs U contents, (B) Th/U vs Al contents, (C) Fe vs Mn contents, (D) Mn vs U contents in Shark Bay stromatolites. Modern crusts, SBS-1 and SBS-2 samples
are shown by black open circles, purple open squares, and green open triangles, respectively. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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When considering all data from modern stromatolite crusts and
SBS-1/SBS-2, there was a correlation between d238U and Mn
(r = 0.75), Fe (r = 0.65) and U concentrations (r = 0.58), and an
apparent negative correlation with d13C (Table A.2; Fig. S2). No cor-
relations were found between d238U and d234U (Fig. 4C), or any
other parameter when considering all stromatolite data. However,
there was a correlation between d234U and the U content for the
modern stromatolite crusts (r = 0.75) and SBS-1 (r = 0.76).
6. Discussion

6.1. Variations of d238U in modern aragonitic crusts of stromatolites
from the subtidal and intertidal zones in Hamelin Pool

The low gradient of Hamelin Pool provides a variety of tidal
environments for stromatolite development and although the
microbial habitats in Hamelin Pool are highly variable, they may
be broadly simplified into three main zones: subtidal, intertidal
and supratidal. The role of tidal environment in controlling the
trace element and U isotope composition is discussed in the
following.

Modern stromatolite crusts from the subtidal and intertidal
zones exhibited a very narrow range of d238U (average: �0.32 ± 0.
02‰; 1 s.d.) that appear to be systematically offset from seawater.
This range is slightly higher than other primary carbonate precip-
itates that form in shallow-marine environments, which typically
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yield d238U closer to modern seawater (Fig. 5; Stirling et al.,
2007; Weyer et al., 2008; Romaniello et al., 2013; Tissot and
Dauphas, 2015; Chen et al., 2018b; Kipp et al., 2022a). The excep-
tion to this is molluscs, which can be distinguished by their low U
concentrations (ca. 0.05 lg/g) and calcitic mineralogy in contrast
to aragonitic corals (2.5–3.5 lg/g U) and modern aragonitic crusts
of stromatolites (0.3–1.1 lg/g).

The higher d238U value measured for the modern stromatolite
crusts is closer to the predicted value for the precipitation of arag-
onite from seawater (aCaCO3-SW: 1.00009–1.00013) and we explore
if this mechanism could explain the observed seawater offset in
modern stromatolite crusts from Shark Bay in the following.
Chen et al. (2016) proposed that equilibrium fractionation among
different aqueous U species and preferential incorporation of iso-
topically heavy U species into aragonite is the most likely mecha-
nism driving U isotope fractionation, rather than a change in
coordination state of U during aragonite precipitation. Based on
the general observation that species with lower coordination num-
bers and shorter bond lengths typically favour the incorporation of
heavier isotopes, Chen et al. (2016) also predicted that the dis-
solved U species Ca2UO2(CO3)3 and UO2(CO3)34- are likely to be iso-
topically lighter than CaUO2(CO3)32– and MgUO2(CO3)32– (see
Table S3 for bond lengths and coordination numbers of aqueous
U species). Thus, the key variables controlling the U isotope com-
position of precipitated aragonite are the proportion of dissolved
U present as the aqueous species Ca2UO2(CO3)3 and MgUO2(CO3)32–.



Fig. 4. Plots of (A) d238U vs U contents, (B) d234U vs U contents and, (C) d238U vs d234U in Shark Bay stromatolites. Modern crusts, SBS-1 and SBS-2 samples are shown by black
open circles, purple squares, and green triangles, respectively. The blue dashed line shows the average d238U and d234U values for modern seawater whereby the shaded blue
area represents 1r standard deviation around the mean, except in (C) where these data are represented by a marker and error bars (compiled data in Table S1). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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To quantitatively assess the potential effect of Ca2UO2(CO3)3
and MgUO2(CO3)32– species on U isotope fractionation during arag-
onite precipitation from hypersaline Shark Bay seawater, we mod-
elled the speciation of U compared to open marine seawater using
PHREEQC version 3 (Parkhurst and Appelo, 2013). Following Chen
et al. (2017), we used the PHREEQC database ‘‘sit.dat” to employ
the specific ion interaction theory (SIT) that is appropriate for high
salinity, NaCl-dominated solutions and includes updated thermo-
dynamic data for U (Grenthe et al., 1992; Guillaumont and Mom-
pean, 2003). We supplemented this database with updated
thermodynamic data for Ca2UO2(CO3)3, CaUO2(CO3)23–, and
MgUO2(CO3)23–, which are important aqueous U species in seawater
(Dong and Brooks, 2006). Indeed, our aqueous speciation mod-
elling results confirm that there is a higher proportion of U present
as Ca2UO2(CO3)3 in hypersaline Shark Bay seawater relative to
open marine seawater (58 vs 42%; Table S3).

The higher fraction of neutrally charged U species in Shark Bay
seawater should lead to a larger U isotope fractionation factor for
aragonite precipitation, however, the modern aragonitic crusts of
stromatolites did not exhibit more U isotope fractionation than
the abiotic aragonite coprecipitation experiments. To further
explore this quantitively, we estimated the isotope fractionation
factor (a) for aragonite precipitation in Shark Bay seawater using
the speciation-dependent isotope fractionation equation derived
by Chen et al. (2016), given as:

a ¼
238U2�1

1000
f neutralð Þ2

f neutral � 1
1þ K1

K2
� 1
cUO2 CO3ð Þ4�3 cCa2þ Ca2þ½ �

 !
þ 1 ð3Þ

where ci is activity coefficient of chemical species and chemical
species in square brackets represent the concentration of those spe-
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cies (e.g., [Ca2+] is the Ca2+ concentration). The proportion of neutral
U species in Shark Bay seawater was calculated in PHREEQC as pre-
viously described (fneutral = 0.58; Table S3). Following Chen et al.
(2016), the activity coefficient of the neutral U species Ca2UO2(-
CO3)3(aq) is assumed to be 1 and the value of D238U2-1 is inferred
to be 0.32 ± 0.06‰, where Group 1 refers to the aqueous U species
UO2(CO3)34- and Ca2UO2(CO3)3 and Group 2 refers to CaUO2(CO3)32–

and MgUO2(CO3)32–. The respective equilibrium constants, K1 and
K2, for the aqueous U species UO2(CO3)34- and Ca2UO2(CO3)3 are
given as (Chen et al., 2016):

K1 ¼
cUO2ðCO3Þ4�3 ½UO2ðCO3Þ4�3 �

ðcUO2þ
2

UO2þ
2

h i
Þ cCO2�

3
CO2�

3

h i� �3 ð4Þ
K2 ¼
cCa2UO2ðCO3Þ3 ½Ca2UO2ðCO3Þ3�

ðcUO2þ
2

UO2þ
2

h i
Þ cCO2�

3
CO2�

3

h i� �3
ðcCa2þ Ca2þ

h i
Þ

ð5Þ

where all parameters are defined the same as those in Eqs. (3) and
(4) and Chen et al. (2016). Following this approach, the isotope frac-
tionation is predicted to be a = 1.00026. Assuming that eA-B = (aA-

B � 1)�1000 and eA-B � dA � dB, the offset of +0.05 to +0.07‰ in mod-
ern aragonitic crusts of stromatolites is much less than would be
predicted for primary aragonite precipitation in Shark Bay seawater.
As suggested by Chen et al. (2016), the limited expression of U iso-
tope fractionation in primary marine carbonate precipitates may be
related to the local concentrations of Mg2+, Ca2+, and CO3

2–, and/or
pH at biologically (microbially) mediated or influenced calcification
sites.



modern seawater (average)

Fig. 5. Box plots showing the distribution of d238U values for primary carbonate precipitates from modern shallow-marine environments. Markers represent individual
sample measurements including data from this study and the literature (Stirling et al., 2007; Weyer et al., 2008; Romaniello et al., 2013; Chen et al., 2018b; Tissot et al., 2018)
Romaniello et al. (2013) and Chen et al. (2018b). The blue dashed line shows the average d238U value for modern seawater and the shaded blue area represents 1r standard
deviation around the mean (compiled data in Table S1). The dashed black line shows the predicted value for an aragonitic carbonate that is abiotically precipitated from
modern seawater according to experimental data from Chen et al. (2016) where the grey shaded area indicates the uncertainty according to the propagated error. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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6.2. Is microbial pavement a reliable archive of d238U?

Microbial pavement is an important feature in Hamelin Pool
and covers over 200 km2 of the present subtidal surface (Jahnert
and Collins, 2012), but the wide range of d238U values (�0.43 ± 0.
03 and �0.16 ± 0.04‰) for the two microbial pavement samples,
which are now exposed in the supratidal zone, suggest that these
microbial deposits are not a reliable archive of d238U. This could
be because the microbial pavement currently found in the modern
supratidal zone likely began forming when the sea level was higher
between 2,000 and 1,100 years ago (Chivas et al., 1990; Jahnert and
Collins, 2012). Thus, these microbial carbonate precipitates are
likely much older than the modern aragonitic crusts of stromato-
lites and have likely undergone some diagenesis in shallow-
marine and subaerial environments. A role for authigenic U accu-
mulation is supported by twofold higher average U contents of
microbial pavement samples compared to modern aragonitic
crusts of stromatolites (0.9 vs 0.4 lg/g) and the higher d234U of
the microbial pavement samples (+156‰ vs +150‰). Interestingly,
U enrichment occurred in both samples without any concurrent
enrichment in Fe, Mn, Al or Th (Table 4), which are typical markers
of diagenetic alteration or detrital contamination. Likewise, no cor-
relation was found between d238U with U concentrations, or other
common diagenetic indicators, in carbonate sediments from the
Bahamas (Romaniello et al., 2013; Chen et al., 2018a). Moreover,
assuming that the primary d238U signature of the supratidal micro-
bial pavement was similar to that of the modern aragonitic crusts
of stromatolites, their d238U have been modified in different direc-
tions from ca. �0.32‰ to �0.43‰ and �0.16‰, respectively. Given
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the preferential reduction of 238U, the d238U value of �0.16‰might
suggest that authigenic U in the sample was accumulated under
reducing conditions, whereas authigenic U accumulation occurred
under oxic conditions in a microbial pavement sample with a
seawater-like value of �0.43‰. Further work and a larger dataset
is clearly required to better understand U accumulation and U iso-
tope fractionation processes in microbial pavement.
6.3. The evolution of d238U in older stromatolite laminae

The higher d238U of the older (sub-recent) laminae from SBS-1
and SBS-2 (up to �0.15 ± 0.05‰) suggest that the near-primary
d238U signature of seawater recorded in modern aragonitic crusts
of stromatolite (see Section 6.1) is rapidly altered (<1 ka) due to
the preferential accumulation of 238U under reducing conditions
in the more-cemented, older stromatolite laminae. Firstly, the pref-
erential reduction of 238U relative to 235U caused by the nuclear
field shift effect is well established (Stirling et al., 2007; Weyer
et al., 2008; Andersen et al., 2017; Brüske et al., 2020b). Moreover,
the oxic zone in microbial mats on stromatolite surfaces at Shark
Bay is limited to the upper 0 to 4 mm depth, where the majority
of cyanobacteria reside and oxygenic photosynthesis occurs, i.e.
the photic zone, whereas anoxic conditions prevail below �5 mm
depth (Wong et al., 2015). This yields an inverse relationship
between oxygen and sulfide concentrations, whereby the latter
increases to around 250 lM below 5 mm depth and similar sulfide
concentrations were measured in carbonate platform core sedi-
ments in the Bahamas, which also exhibited significant U isotope
offsets from seawater (Romaniello et al., 2013). We propose that
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the host phase for authigenic U precipitated from reducing pore
fluids is the micritic cement that infills porosity present within
the primary stromatolite structure, which is expected for SBS-1
and SBS-2 as they are laminated calcarenite stromatolites that
formed in the subtidal-intertidal zone at Shark Bay (Reid et al.,
2003). A similar process would be expected to occur in laminated
calcarenite stromatolites from the Bahamas that exhibit a similar
structure. Radiocarbon dating reveals that this U alteration process
has occurred within 690 ± 60 and 490 ± 115 cal years BP for SBS-1
and SBS-2, respectively (Chivas et al., 1990). As many U isotope
studies of stromatolites are interested in million-to-billion-year
timescales, the onset of this alteration process within 1,000 years
can essentially be considered syndepositional.

Similarly high d238U values were found in bulk carbonate sedi-
ments from the Bahamas, which were also offset from seawater by
+0.2 to +0.4‰ (Romaniello et al., 2013; Chen et al., 2018b). In this
setting, the offset was attributed to the development of sulfidic
porewaters (up to 1,500 lM) associated with the degradation of
organic matter and the precipitation of authigenic U. As previously
discussed, the microbial mats at Shark Bay are anoxic below 5 mm
depth with sulfide concentrations of up to 250 lM. The lower sul-
fide concentrations at Shark Bay appears to result in less accumu-
lation of authigenic U. For instance, the U concentrations in
primary carbonate precipitates from the Bahamas were �1.5 lg/
g, which increased to �4 lg/g in the carbonate core sediments,
whereas the U concentrations in modern aragonitic crusts of stro-
matolites from Shark Bay ranged from 0.3 to 1.1 lg/g and U in
older materials from SBS-1 and SBS-2 ranged from 0.6 to 1.8 lg/
g. Thus, it appears that the net increase of authigenic U in carbon-
ates from the Shark Bay is smaller than that in the Bahamas.

There appears to be an important role for organic matter rem-
ineralisation in controlling the local redox conditions in stromato-
lites at Shark Bay. This is indicated, for instance, in SBS-1 by the
strong inverse correlation of d238U with TOC (r = �0.91; n = 7;
p = 0.03) and a positive correlation with Mn contents (r = 0.95;
n = 7; p = 0.03; Fig. 6), which support a mechanism whereby authi-
genic U is accumulated under reducing conditions (Fig. 6) associ-
ated with preferential reduction of 238U. This is reasonable
considering reducing conditions prevail within a few mm of the
stromatolite surfaces at Shark Bay, resulting in large concentration
gradients of O2 and H2S (Wong et al., 2015). Importantly, the rela-
tively low TOC contents of stromatolites (<1 wt%) suggest that only
a small amount of organic C must be remineralised to strongly
modify d238U. One implication of the heavily modified d238U in
older stromatolite laminae is that the U system is unlikely to be
‘closed’ because this would result in quantitative U precipitation
and no U isotope fractionation from seawater.

The d238U value (+0.11‰) of the stromatolite substrate at the
base of SBS-1 is significantly higher than the stromatolite laminae
and not related to modern stromatolite development in Shark Bay.
This material has a minimum radiocarbon age of 14,850 ± 205 cal.
years BP and is likely derived from older basement rocks, e.g., the
Bibra Limestone of Late Pleistocene age, that were transported into
shallow water (Chivas et al., 1990). In addition to the high degree
of cementation relative to stromatolite laminae, clear evidence of
a different origin for this substrate is provided by the lower d13C
(�1.5‰) and TOC contents (Table 3), and higher Mn and Fe concen-
trations compared to SBS-1-A to -F (Table 4). These data support a
component-selective approach where substrate materials should
preferentially be avoided.

6.4. Considerations for reconstructing global redox conditions using
ancient stromatolites

Accurately reconstructing seawater d238U using carbonates is
essential for reconstructing seafloor anoxia using global U isotope
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mass balance models (e.g., Lau et al., 2016; Tostevin et al., 2019;
Zhang et al., 2019; Kipp and Tissot, 2022b). Here we contextualise
our results in terms of the two main approaches that might be use-
ful for using stromatolitic carbonates as archives of seawater
d238U: (1) detailed petrographic investigations targeting specific
components and (2) the application of a global offset factor to
account for carbonate alteration effects.

A key finding of our study is that modern stromatolite crusts
from the intertidal and subtidal zones preserve seawater-like
d238U signatures. This contrasts with previous studies suggesting
that the ‘depositional components’ of microbial carbonates, which
form during the initial carbonate precipitation stage, yield a more
variable d238U composition compared to marine (diagenetic)
cements and were not reliable archives of seawater d238U (Hood
et al., 2016). In fact, despite the large variability caused by post-
depositional alteration processes, the average d238U of depositional
micrites from dolomitic redbeds and peloidal grainstones, and
dolomite and limestone microbial framework components (ca.
�0.3‰) in Cryogenian marine carbonates analysed by Hood et al.
(2016) are remarkably similar to the average value of modern arag-
onitic crusts of stromatolite from the intertidal and subtidal zones
at Shark Bay (�0.32 ± 0.02, 1.s.d, n = 5; Fig. 7a). This may support a
probabilistic approach for reconstructing the history of seawater
d238U in ancient carbonates, requiring a detailed petrographic
approach for single samples rather than integrating data from
across large stratigraphic units. However, this approach should
ideally be combined with a large sample dataset together with
studies from multiple coeval sections.

In lieu of a detailed petrographic approach, a correction factor
(or offset) can be applied to account for diagenetic effects
(Romaniello et al., 2013; Chen et al., 2018a), but it remains to be
confirmed if this is applicable to all settings; our results provide
the first data for evaluating stromatolite records. Typically, a global
offset of +0.27 ± 0.14‰ (1 s.d.) is applied to carbonate records to
reconstruct seawater d238U, which is derived from bulk carbonate
sediments on the modern Bahamian platform (Romaniello et al.,
2013; Chen et al., 2018b; Tissot et al., 2018). Key evidence support-
ing the reliability of this approach derives from the consistency in
U isotope trends between coeval stratigraphic sections from differ-
ent basins globally (e.g., Zhang et al., 2018; McDonald et al., 2022).
However, this offset may vary across different depositional envi-
ronments and even within the same locality. For instance, analyses
of brachiopod shells and the bulk carbonate matrix from adjacent
beds in Silurian limestones showed that a +0.3‰ offset was appro-
priate for some samples, but others displayed no offset from the
inferred d238U value of Silurian seawater (del Rey et al., 2020),
but a study of fossil brachiopod shells from the early to late Per-
mian found that only �50% of the shells preserved a primary,
seawater-like d238U signature (Wang et al., 2022). Thus, some vari-
ations in carbonate d238U may reflect the variable degree of U(VI)
exchange between reduced porewaters and seawater rather than
global changes in redox state. At Shark Bay, stromatolite d238U val-
ues are offset from modern seawater by an average of +0.13 ± 0.1
1‰ (1 s.d.; Fig. 7B), which is on the lower end of the estimated off-
set from the Bahamas.

Key assumptions are required when applying a d238U offset to
Precambrian carbonates based on data from modern shallow mar-
ine carbonates. One is that the 238U-enrichment process only
occurs in shallow sediments and does not operate at depth. This
is largely supported by the near-zero U concentrations found in
the porewaters of deep Bahamian drill cores (Site 1006), which also
exhibit a closed-system behaviour for the 230Th-234U-238U radioac-
tive decay system (Henderson et al., 1999), and the narrow range
of d238U values for the corresponding sediment horizons (Chen
et al., 2018a). Thus, sediment porewaters can become closed to U
isotope exchange with increasing depth and there are no subse-



Fig. 6. Plots of d238U vs (A) TOC and (B) Mn contents in stromatolite SBS-1. The blue dashed line shows the average d238U value for modern seawater and the shaded blue area
represents 1r standard deviation around the mean (compiled data in Table S1). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 7. Histograms and fitted Gaussian curves of d238U measurements in: (A) marine cements and depositional framework of Cryogenian marine carbonates (Hood et al.,
2016), and modern stromatolite crusts from Shark Bay (histogram not shown due to narrow distribution); (B) sub-recent Shark Bay stromatolite laminae. The light blue
dashed lines and shaded areas represent 1r standard deviation around the mean for modern seawater (see compiled data in Table S1). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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quent effects associated with burial diagenesis following the initial
d238U offset of 0.2–0.4‰. This assumption might also apply to Pre-
cambrian carbonates, as it is likely that the U oceanic reservoir was
much smaller than that of the modern oxic oceans and much less U
would likely have been available to accumulate in carbonate sedi-
ments below a reduced/low-U water column. Thus, the expressed
U isotope fractionation associated with this limited amount of
authigenic U would be muted.

Another assumption is that carbonate sediment burial in mod-
ern settings from which the offsets are derived, e.g., the Bahamas,
is representative for Precambrian carbonate sediments, which
were mostly deposited in subsiding sedimentary basins on conti-
nental margins and experienced greater burial depths. Thus, the
diminished U pore-fluid argument may not be valid for these Pre-
cambrian systems where subsurface fluids derived from meteoric
waters may percolate through the basin and modify primary car-
bonate d238U signatures. As U is not generally considered a fluid-
mobile element, a significant redistribution of U is not expected
during burial and low-grade metamorphism. Moreover, metamor-
phic alterations effects can be minimised by limiting studies to
rocks at the sub-greenschist facies, as is the case for other more-
volatile isotopic systems, such as nitrogen (Bebout and Fogel,
1992). Finally, although our results provide insights into the poten-
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tial modification of d238U during stromatolite formation, robustly
interpreting Precambrian stromatolite records would benefit from
systematic studies into sedimentary diagenesis associated with
meteoric fluid flow in continental settings.

7. Conclusions

Our results show that modern stromatolite crusts from the sub-
tidal and intertidal zones around Shark Bay record a near-primary
U isotope signature of seawater and, thus, may be useful archives
for reconstructing early Earth oceanic and atmospheric redox evo-
lution and past changes in the areal expansion of seafloor anoxia.
We investigated whether this effect is caused by involving U iso-
tope fractionation effects between different dissolved U species
found in aragonite co-precipitation experiments by Chen et al.
(2016). This is because the restricted inflow of seawater into Shark
Bay and the high evaporation rates at Shark Bay yield hypersaline
seawater, which results in increased Ca concentrations and a
higher proportion of dissolved U present as Ca2UO2(CO3)3. How-
ever, it appears that the d238U offset of �0.05–0.07‰ from seawa-
ter for modern aragonitic crusts of stromatolites in Shark Bay
cannot be explained by the higher proportion of neutral U species
in Shark Bay seawater. Explaining this offset requires further inves-
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tigation into the local chemistry at calcification sites during micro-
bially mediated (or influenced) carbonate precipitation.

The seawater-like U isotope signature in modern aragonitic
crusts of stromatolites from Shark Bay appears to be modified over
relatively short timescales (<1 ka) in sub-recent stromatolite lam-
inae. This results in an additional d238U offset of +0.13 ± 0.11‰ (1 s.
d.) from seawater due to U addition under reducing conditions,
likely associated with the remineralisation of organic material. A
similar mechanism was proposed to explain a d238U offset from
modern seawater for bulk carbonate sediments on the Bahamian
platform (+0.27 ± 0.14‰; Romaniello et al., 2013; Chen et al.,
2018a). As the offset derived from the Bahamian data is lower than
– but within one standard deviation of – the offset based on the
Shark Bay stromatolites data, our data provide important con-
straints for reconstructing past changes in seawater anoxia using
d238U records from ancient carbonates, particularly stromatolitic
limestones and dolostones. Alternatively, the seawater-like d238U
signature of modern stromatolites suggest that targeting the pri-
mary depositional framework in ancient stromatolites, e.g., micri-
tic laminae rather than late-stage marine cements, may be a
viable approach for accurately reconstructing past changes in sea-
water d238U.
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