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ARTICLE INFO ABSTRACT

Keywords: Sedimentary rocks can provide important insights regarding the evolution of Earth’s surface environments
Ge°Chr°".°1°gY through deep time. Such sequences are pervasive through the geological record and currently cover >70% of the
Geochemistry planet’s surface. They are also a key repository for energy and mineral resources. However, absolute chronology
:Eji:lemary geology of sedimentary rocks can be difficult to constrain using conventional methods due to their typically low abun-
Carbonate dances of radiogenic elements. Establishing chronology is particularly challenging for Precambrian sedimentary

rocks, where the lack of a diverse fossil record makes biostratigraphic correlations ambiguous. In this study, we
use shale and carbonate samples from the Proterozoic greater McArthur Basin in northern Australia as a case
study to demonstrate two emerging in-situ laser-based methods that have the potential to quickly and accurately
resolve the minimum depositional age of a sedimentary package. The first method provides a tool to constrain
the formation of authigenic clay minerals in shales using in-situ laser ablation Rb—Sr geochronology. The second
method demonstrates an approach for dating carbonate sedimentation using U—Pb geochronology via a laser
isotopic mapping approach. Laser rasters are compiled into isotopic maps, and this spatial and geochemical
information is used to target representative subdomains within the sample. Detrital or altered regions can be
avoided by monitoring chemical signatures and pixels, and to the most authigenic domains are then subdivided
that give the best spread of data on an isochron. Both approaches provide the key advantage of preserving, and
through the mapping approach further resolving, sample petrographic context, which together with comple-
mentary geochemical data can be triaged to yield a more appropriate age and interpretation.

1. Introduction

Sedimentary rocks are important repositories of evidence to help
reconstruct past biogeochemical cycles on the Earth’s surface (Lyons
et al., 2021). Their geochemical signatures have been used to track the
oxygenation of ancient oceans and atmospheres (Cox et al., 2022;
Holland, 2006; Lyons et al., 2014), evolution and productivity of early
life (Mukherjee and Large, 2020), and the formation and subsequent
break-up of supercontinents (Chen et al., 2022). Furthermore, sedi-
mentary sequences host significant and vital economic resources. These
successions are commonly the source and/or trap for hydrocarbons as
well as other naturally-occurring gases such as helium and hydrogen
(Hunt, 1995; Levorsen and Berry, 1967). Additionally, they can also be
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prospective for mineral systems; hosting base-metals and critical min-
erals such as Cu, Pb, U, and Zn (Lyons et al., 2006) as well as rare earth
element (REE) deposits (Spandler et al., 2020).

Despite their importance, establishing absolute geochronology of
sedimentary rock formations has often proven challenging. This is
especially true for successions in the Precambrian, where biostratig-
raphy is impractical due to the lack of biodiversity in the fossil record
(Gradstein, 2012). Dating interbedded tuffaceous layers still remains the
most precise and accurate method to obtain the depositional age of a
sedimentary unit due to the presence of rapidly crystalized minerals
analysed for traditional high-precision geochronology (McDougall,
2013; Page et al., 2000), however, such tuffs are not ubiquitous in all
basin systems or packages. Consequently, demand for alternative
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methods for directly dating sedimentary units has become paramount,
with a number of emergent novel techniques providing options to
address these shortcomings.

The first method applied in this study is the in-situ Rb—Sr dating of
authigenic clays in shales. In-situ Rb—Sr geochronology has recently
been made possible due to advancements in the Laser Ablation
Inductively-Coupled Plasma Tandem Mass-Spectrometry (LA-ICP-MS/
MS) technique (Zack and Hogmalm, 2016). Isobaric 87Rb and ¥Sr iso-
topes can be separated online by introducing an oxide gas into a reaction
cell which is located between two quadrupoles in an ICP-MS/MS set-up
(Hogmalm et al., 2017; Redaa et al., 2021; Zack and Hogmalm, 2016).
This approach removes the need for whole-rock digestion and column
chemistry to separate the isobaric interference between the two isotopes
(Nebel, 2014). The use of quadropole MS/MS instruments also allows
the user to benefit from quicker and easier sample preparation, high
spatial control on their sample, faster analysis time, and the simulta-
neous collection of other elemental data to help interpret their
geochronological results with this novel technique (Hogmalm et al.,
2017; Redaa et al., 2021; Zack and Hogmalm, 2016). This method has
recently been used to date K-rich (and therefore Rb-bearing) minerals in
shales and other sedimentary rocks to directly constrain their deposi-
tional history (Drake et al., 2023; Lan et al., 2024; Laureijs et al., 2021;
Lloyd et al., 2023; Rafiei, 2023; Rafiei et al., 2023; Redaa et al., 2023;
Rosel et al., 2023; Scheiblhofer et al., 2022; Subarkah et al., 2022;
Subarkah et al., 2022; Subarkah et al., 2023; Wu et al., 2023).

Another, complementary, technique applicable for establishing ab-
solute sediment chronology is the U—Pb dating of calcite and other
carbonate minerals, which commonly precipitate from the water-
column and incorporate uranium during their formation (Jahn et al.,
1990; Rasbury and Cole, 2009). Similar to the conventional Rb—Sr
method, the traditional technique requires whole-rock chemical disso-
lution to prepare for analyses, followed by isotopic measurements by
either Thermal Ionisation Mass Spectrometry (TIMS) or a solution ICP-
MS (Jahn et al.,, 1990; Rasbury and Cole, 2009). Li et al. (2014)
showed the potential for this method to be performed in-situ using an
LA-ICP-MS. The popularity of carbonate U—Pb geochronology via
microbeam analysis has expanded accordingly, as carbonates are pre-
sent in a wide-array of geological settings (Elisha et al., 2021; Roberts
et al., 2020; Roberts and Holdsworth, 2022). However, there are several
factors that can still inhibit the universal application of this method.
More so than other phases, carbonate minerals can readily experience
local open system behaviour as they are sensitive to diagenetic, hydro-
thermal, and metamorphic processes (Bau and Dulski, 1996; Rimstidt
et al., 1998; Sippel and Glover, 1964). These reactions can induce
geochemical heterogeneity or form multiple generations of carbonate
minerals, which may lead to unreliable or mixed-age results (Roberts
etal., 2021). Furthermore, high incorporation of common Pb and/or low
U concentrations within the sample can reduce age precision (Rasbury
and Cole, 2009; Roberts et al., 2020). As such, targeting one carbonate
generation with sufficient U and radiogenic Pb while avoiding detrital or
alteration components within a sample can prove challenging.

In order to help resolve these limitations, Drost et al. (2018)
demonstrated an image mapping approach to U—Pb LA-ICP-MS car-
bonate dating. The 2D maps generated combine geochemical,
geochronological, and petrographic information together in order to
help spatially resolve regions of interest within a sample. Regions within
the maps can be filtered by geochemical criteria to screen for non-car-
bonate or non-cogenetic phases and aid in selecting the most pristine
carbonate with enough U for a successful analysis (Chew et al., 2021;
Drost et al., 2018). Pixels within these regions can then be pooled and
subdivided into individual analytical points that provide the best spread
along an isochron to yield precise geochronological results (Chew et al.,
2021; Drost et al., 2018; Hoareau et al., 2021). This technique has been
shown to reliably date carbonates with complex histories in other
geological settings by systematically isolating a particular, dateable,
cogenetic phase (Chew et al., 2021; Drost et al., 2018; Hestnes et al.,
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2023; Kim et al., 2023; Monchal et al., 2023).

This study demonstrates the complementary application of both
emerging Rb—Sr and U—Pb techniques to double date sedimentary
successions and directly constrain their depositional history, targeting
shale and carbonate lithologies within complex sedimentary sequences
to maximise stratigraphic coverage. Samples from the Amos Formation
and the Balbirini Dolostone from the Proterozoic greater McArthur Basin
in northern Australia were used as a case study (Fig. 1). The in-situ
Rb—Sr dating method was applied to K-rich, clay bearing, shale sam-
ples whilst the U—Pb mapping approach was used to analyse carbonate
beds within the same measured section to independently verify each
respective isotopic system.

2. Geological background

The greater McArthur Basin is a Palaeo-Mesoproterozoic intra-
continental basin system overlying the North Australian Craton. It en-
compasses rocks from the McArthur Basin sensu stricto (Fig. 1), the
Birrindudu Basin, and the Tomkinson Province (Close, 2014). These
individual basins have been interpreted as laterally continuous in the
subsurface based on geophysical, geochemical, geochronological, and
sedimentological correlations (Ahmad and Munson, 2013; Close, 2014;
Collins, 2019; Cox et al., 2022; Page et al., 2000). The units of the
greater McArthur Basin are subdivided into five basin-scale packages
based on their age, lithostratigraphy, igneous composition, and basin-fill
geochemistry (Ahmad and Munson, 2013; Close, 2014). Samples from
the Amos Formation and the Balbirini Dolostone (Fig. 1) from the Glyde
Package are the focus of this study (Ahmad and Munson, 2013; Close,
2014; Jackson et al., 1987; Munson, 2019).

The lower section of the Amos Formation consists of clastic red-beds
interpreted to have been deposited under terrestrial conditions (Pietsch,
1991). The unit conformably transitions into stromatolitic dolostone and
dolarenite interbedded with siltstone and intraclast-rich conglomerate
up stratigraphy (Jackson et al., 1987; Munson, 2019; Pietsch, 1991).The
upper section of the Amos Formation is interpreted to have been
deposited in a shallow-marine or peritidal environment (Jackson et al.,
1987; Pietsch, 1991). Previous Sensitive High-Resolution Ion Micro-
probe (SHRIMP) U—Pb geochronology of zircons from tuff beds in the
formation gave an age of 1614 + 4 Ma (Page et al., 2000).

The Balbirini Dolostone type section was divided into three informal
units by Jackson et al. (1987). The stratigraphically lower ‘evaporitic
unit’ consists of red beds interbedded with fine-grained sandstone, pink
tuffaceous beds, and shale with minor dolostone components (Jackson
et al., 1987; Kositcin and Munson, 2020; Munson, 2019). Evaporitic
indicators observed in this section include halite casts, gypsum pseu-
domorphs, as well as anhydrite casts (Kositcin and Munson, 2020). The
formation transitions into the ‘stromatolitic unit’ in its medial section,
characterised by cyclic dolostones, extensive stromatolitic markers, and
algal-laminated dolomudstone (Jackson et al., 1987; Kositcin and
Munson, 2020). The top ‘recrystallised unit’ comprises of thickly bedded
stromatolite and silicified dolarenite with ripple structures and cross-
bedding (Jackson et al., 1987; Kositcin and Munson, 2020; Munson,
2019). The red beds in this formation were interpreted to represent a
continental sabkha and the carbonate successions were possibly depos-
ited in a lacustrine or shallow-marine environment (Jackson et al., 1987;
Pietsch, 1991). Samples previously analysed for geochronological con-
straints on the Balbirini Dolostone were sourced from this type section,
which is also the same locality in which tuff beds from the Amos For-
mation were sampled. Note that the shale and carbonate samples of the
Balbirini Dolostone in this study were also collected from the same
measured section. SHRIMP U—Pb geochronology of zircons from two
tuff beds in the lower ‘evaporitic unit’ of the formation gave ages of 1613
+ 4 Ma and 1609 + 3 Ma (Page et al., 2000). Sandstone samples from
the basal ‘evaporitic unit’ and the medial ‘stromatolitic unit’ were also
analysed for SHRIMP U—Pb detrital zircon geochronology and yielded
maximum depositional ages of 1625 + 14 Ma and 1607 £ 6 Ma,
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Fig. 1. A. Location of McArthur Basin in Northern Territory, Australia following Ahmad and Munson (2013). 1B—C. Localities of samples in this study along with
previous geochronological constraints for the Amos Formation and the Balbirini Dolostone (Kositcin and Munson, 2020; Page et al., 2000).

respectively (Kositcin and Munson, 2020).

3. Methods

Balbirini Dolostone used in this study were collected from their
respective type-sections (Fig. 1). A brief summary of samples analysed in

this study can be found in Table 1.

Shale and carbonate samples from the Amos Formation and the
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Table 1
Summary of samples used in this study. Eastings and northings correspond to the
Map Grid of Australia 1994 (MGA94) Zone 53.

Sample Unit Name Rock Type Easting Northing

No. (mE) (mN)

BS20-02 Amos Very fine-grained 578,990 8,146,605
Formation siltstone

BS20-11 Amos Massive dolostone 578,995 8,146,475
Formation

BS20-56 Balbirini Fine-grained 578,712 8,147,448
Dolostone siltstone

BS20-75 Balbirini Massive dolostone 578,547 8,147,676
Dolostone

3.1. Backscatter electron and mineral mapping

Samples from the Amos Formation and the Balbirini Dolostone were
first imaged for mineralogical and petrographic information prior to
laser ablation analysis (Fig. 2-5). Maps were produced from backscatter
electron (BSE) imaging and Mineral Liberation Analysis (MLA) using a
Hitachi SU3800 automated mineralogy scanning electron microscope
(SEM) at Adelaide Microscopy following Subarkah et al. (2022). BSE
image tiles were collected at a working distance of 10 mm and 15 kV
acceleration voltage. MLA maps were completed by stitching together
consecutive linear raster analysis. MLA maps of carbonate samples were
collected at 2.5 um/pixel while shale samples were mapped at a higher
spatial resolution of 0.8 pm/pixel to better define the mineralogy of the
finer-grained sediments. Data were processed using the BRUKER AMICS
Automated Mineralogy System processing software for SEM.

3.2. In-situ Rb—Sr geochronology by LA-ICP-MS/MS

In-situ Rb—Sr geochronology and trace element analysis of samples
in this study was conducted at Adelaide Microscopy using an Agilent
8900x ICP-MS/MS coupled to a RESOlution ArF Excimer 193 nm laser
ablation system following Redaa et al. (2021) and Redaa et al. (2023).
The laser conditions and analytical parameters used in this study are
summarised in Table 2. Laser ablation data were processed using LADR
software package version 1.1.07, with Mica-Mg as the primary reference

|
-
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material for the 8Rb/%7Sr ratios (Hogmalm et al., 2017) and NIST610 as
the primary reference material for 86Sr/%”Sr ratios and elemental data
(Hogmalm et al., 2017; Jochum et al., 2011). The granulated texture of
the nano-powder Mica-Mg have been interpreted to make an appro-
priate matrix analogue for fine-grained clays in sedimentary rocks
(Subarkah et al., 2022). This is discussed in Subarkah et al. (2022),
where Mica-Mg, a powdered illite-separate sample, and fine-grained
clays in shales were shown to have similar laser-ablation pit profiles
and down-hole fractionation patterns. These findings indicate that these
materials have comparable ablation characteristics and no further
correction factors were needed to calculate an accurate age result. This
is also evidenced by other studies which have yielded accurate age data
from in-situ Rb—Sr geochronology of clay minerals while using Mica-Mg
as a primary standard without any additional secondary matrix correc-
tions (Lan et al., 2024; Laureijs et al., 2021; Lloyd et al., 2023; Rafiei,
2023; Rafiei et al., 2023; Rosel et al., 2023; Scheiblhofer et al., 2022;
Subarkah et al., 2022; Subarkah et al., 2023; Wu et al., 2023).

The phlogopite MDC is the natural flake source mineral of Mica-Mg
(Hogmalm et al., 2017; Redaa et al., 2021; Redaa et al., 2023) and was
used as a secondary standard along with the glauconite GL-O (Der-
kowski et al., 2009; Redaa et al., 2023). Trace element signatures of Zr,
Si, and Ti were monitored to assess the detrital component of each
analysis during data reduction (Subarkah et al., 2022). Isotopic signals
that were not stable during an ablation period were removed to ensure
spot homogeneity of each analytical point (Redaa et al., 2021; Subarkah
etal., 2022). Ages were calculated using inverse isochrons (Nebel, 2014;
Nicolaysen, 1961) following Li and Vermeesch (2021) using the IsoplotR
processing package (Vermeesch, 2018). Reported uncertainties are
provided at the 2SE level and includes propagated reference material
and decay constant uncertainties.

3.3. U-Pb and trace element mapping by LA-ICP-MS

Laser mapping of samples in this study were performed at Adelaide
Microscopy using an Agilent 8900x ICP-MS/MS coupled to a RESOlu-
tion ArF Excimer 193 nm laser ablation system following Drost et al.
(2018). A 4 mm outer diameter nylon tubing was used to connect the
ablation chamber and the ICP-MS instrument. The laser conditions and

BS20-02 Amos Formation
Albite
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Biotite
Calcite
Glauconite
Hematite

lllite

T

Muscovite

Quartz

Pores

Fig. 2. Mineralogy and petrography of shale sample BS20-02 from the Amos Formation. Note that illite here form a fine-grained matrix cementing larger detrital

minerals. White bar = 100 pm.
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BS20-56 Balbirini Dolostone
Albite

Pyrite
Biotite
Calcite
Glauconite
Hematite
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Quartz

7l Pores

Fig. 3. Mineralogy and petrography of shale sample BS20-56 from the Balbirini Dolostone. Illite morphology here looks mottled and can be observed nestling

detrital grains. White bar = 100 pm.

analytical parameters used for the mapping analysis are summarised in
Table 3. Successive raster scans were programmed with no overlaps or
gaps between each line to produce a coherent region of analysis. Each
unknown sample is bracketed by two analyses of NIST612 (Jochum
et al., 2011), two analyses of WC-1 (Roberts et al., 2017), and two an-
alyses of Mexican Tank (Hill et al., 2016). In addition, eleven raster
analyses of Duff Brown Tank were also analysed as a secondary check of
a known age (Hill et al., 2016). Each Reference Material raster analyses
consist of 30 s ablation time. Data were processed following Drost et al.
(2018) using Iolite 4’s Trace Element Data Reduction Scheme (DRS) and
the U—Pb Geochronology DRS (Paton et al., 2011; Petrus et al., 2017). A
stoichiometric Ca value for dolomite were used to calculate quantitative
trace element data after samples were screened for detrital and sec-
ondary mineral phases. Laser maps are smoothed using Iolite 4’s built in
box smoothing, Gaussian 2D, and median filters. Regions enriched in
proxies for detritus (e.g. Al, Si, Rb, Zr, and Th) were discounted from
further investigations. In addition, proxies for post-depositional alter-
ation in carbonates (e.g. Mn/Sr ratios, Fe, and Y) were also avoided (Bau
and Dulski, 1996; Brand and Veizer, 1980; Rimstidt et al., 1998; Sippel
and Glover, 1964). The cut-off criteria (processed in Counts Per Second)
used and the geochemical raster maps for the samples in this study are
reported in the Supplementary Material.

The pixels which pass the screening criteria demonstrate character-
istics of a single, unaltered carbonate phase; with similar geochemistry
and petrographic features. While this cannot be completely verified
using a combination of spectral phase mapping (e.g. MLA) and element
and isotope mapping via LA-ICP-MS, such criteria provide significantly
more robust tests than may be commonly applied to single-spot dating
and interpretation. Hence, pixels which passed these criteria have been
interpreted as components of an unaltered, non-detrital carbonate of
monogenetic affinity. These regions nonetheless exhibit heterogeneity
in 228U/298p that are harnessed to create an isochron. These pixels were
then pooled and subdivided into a set of U—Pb analytical points based
on their 233U/2%8pb ratios in order to maximise ratio spread and produce
an optimised isochron (Chew et al., 2021; Drost et al., 2018; Hoareau
et al., 2021). However, caution needs to be taken when grouping pixels
by their 28U/2%®pb ratios as it can incorporate pixels from spatially
distant regions of a sample and may remove the information about the
spread of data that feeds into each analytical point. As such, we have

reported the U—Pb age results of both samples as a function of pixels
pooled by their surrounding nearest neighbours in order to simulate
pseudo-spot analysis (see Supplementary Material). Another approach
that could be done is to group pixels by a geochemical proxy that is
independent of the U—Pb isotopic system in order to establish a
geochemical control on the spread of radiogenic Pb within a sample
(Drost et al., 2018). A minimum of 30 pixels comprise one analytical
point which approximately equates to an area of a ~ 100 pm spot size.

A secondary matrix-dependent fractionation correction done in Excel
was then separately applied to the 2%3U/2°°pb ratios of individual
analytical points from the processed data based on the offset between
the carbonate standard WC-1 age from the respective analytical session
and its reported age (Drost et al., 2018; Roberts et al., 2017). The matrix-
corrected (MC) ratios are then plotted as a mixing line between common
Pb and radiogenic Pb in the Tera-Wasserburg space using IsoplotR, with
the age of the sample interpreted as the lower Concordia intercept
(Chew et al., 2014; Ludwig, 1998; Vermeesch, 2018). Reported un-
certainties here are provided as 2SE and includes propagated reference
material and decay constant uncertainties.

3.3.1. Imaging of laser raster pits

Systematic inaccuracies may result from differing matrix ablation
characteristics between calibration materials and the samples analysed
in this study (Guillong et al., 2020; Guillong and Giinther, 2002). To
investigate this potential issue, the ablated topography of laser raster
pits of the samples and standards were imaged using an Olympus LEXT
OLS5000 Profilometer at Adelaide Microscopy. These images have been
used to assist in constraining the different ablation properties between
the analysed ‘dirty’ dolostone unknowns, the NIST612 glass, the calcite
neptunian dyke WC-1, and the lacustrine limestones Duff Tank and
Mexican Tank.

4. Results
4.1. Mineralogy and petrography
High resolution BSE and MLA mapping of shale samples from the

Amos Formation (Fig. 2) and the Balbirini Dolostone (Fig. 3) in this
study indicate that samples BS20-02 and BS20-56 comprise of at least
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Fig. 4. A Mineralogy and petrography of dolostone sample BS20-11 from the Amos Formation. Non-carbonate phase can be observed in by MLA analysis and
highlighted by elevated Al content. White bar = 100 pm. 4B. Elevated Mn/Sr ratio here corresponds to low U content, suggesting that a post-depositional alteration
event have removed Sr and U here. Note that the linear feature with elevated U corresponds to the bedding plane shown in Fig. 4A.
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Fig. 5. Mineralogy and petrography of dolostone sample BS20-75 from the
Balbirini Dolostone. Non-carbonate phases can be also observed in by MLA
mapping of this sample. Another important feature is a pyrite vein cross-cutting
the region, which corresponds to the elevated Fe content. White bar = 100 pm.

76.5% and 67.2% illite, respectively. Other K-rich aluminosilicate
minerals identified in both samples include biotite, muscovite, and
glauconite. However, these components make up a relatively minor
component within BS20-02 (11.6%) and BS20-56 (12.1%). Other trace
minerals identified in the shale samples include albite, calcite, hematite,
quartz, rutile, and dolomite, which in total make up 11.9% in BS20-02
and 20.7% in BS20-56. The abundant clay minerals in both samples fill
pore spaces or form a massive matrix in which larger detrital minerals
are either cemented or ‘float” within (Figs. 2 and 3). The orientations of
illite and other clay minerals are random and do not follow a particular
bedding plane. Particularly fine illite flakes concentrate in mottled do-
mains, with individual grains difficult to distinguish. Additionally, these
clays preserve their compaction features, wrapping around detrital
quartz and albite (Figs. 2 and 3). Larger aluminosilicate minerals show
evidence for transportation, showing textural maturity and appearing
subangular with fragmented boundaries with grains aligned in a planar
orientation. The illite components of samples BS20-02 and BS20-56
here are targeted for in-situ Rb—Sr geochronology.

The mineralogy of the dolostone samples comprise almost entirely of
dolomite (BS20-11 = 94.8%, BS20-75 = 91.6%). Detrital minerals in
BS20-11 (Fig. 4A) make up 5.2% and includes albite, quartz, rutile,
illite, and montmorillonite. A non-carbonate phase can be observed
following a bedding plane across a region of this sample. Similar detrital
components are also found in BS20-75 (Fig. 5) and comprise 5.8% of the
sample analysed. Notably, a pyrite vein can be observed cross-cutting
the carbonate matrix in BS20-75 (Fig. 5). Regions including detrital
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beds in BS20-11 and the sulphide vein in BS20-75 were targeted for
laser ablation mapping in this study, to confirm the method’s ability to
be able to identify and discern the most pristine carbonate phase within
mineralogically heterogeneous and partially altered sample. The total
mineralogical make-up of each sample is provided in the Supplementary
Information.

4.2. In-situ Rb—Sr geochronology

When anchored to an initial 86Sr/%Sr; ratio of 1.3773 + 0.0013
(Hogmalm et al., 2017), the phlogopite MDC analysed in the session
resulted in an age of 534 + 6 Ma (MSWD = 0.45, N = 20). Although this
is ~2% older than the mean age of 519.4 + 6.5 Ma for its nano-powder
equivalent Mica-Mg (Govindaraju, 1979; Hogmalm et al., 2017), pre-
vious investigators have reported similar variability in age between
pellet to pellet (Redaa et al., 2021; Redaa et al., 2023). The glauconite
GL-O was dated 96 + 4 Ma (MSWD = 0.81, N = 20), accurate to its mean
age of 95.4 + 4.6 Ma (Derkowski et al., 2009; Redaa et al., 2023).

Sample BS20-02 from the Amos Formation gave an age of 1604 +
60 Ma (MSWD = 1.9, N = 50), while sample BS20-56 from the Balbirini
Dolostone yielded a 1598 + 34 Ma age (MSWD = 1.44 + 0.04, N = 45).
Their calculated 86Sr/87Sri ratio are 1.49 + 0.09 and 1.44 + 0.04,
respectively. These values overlap with the expected 6Sr/%7Sr signature
of Proterozoic palaeoseawater ca. 1600 Ma at ~1.42 (Chen et al., 2022).

4.3. U—Pb geochronology and trace element mapping

U-Pb geochronology of calcite cement standard WC-1 gave an age of
229 + 3 Ma when first corrected to glass reference material NIST612.
This is younger than its reported age of 254.4 & 6.4 Ma (Roberts et al.,
2017). A secondary correction factor based on this variance is calculated
and applied to the unknowns and secondary age checks in this study in
order to account for the matrix difference between the glass and car-
bonate materials (Drost et al., 2018; Roberts et al., 2017; Roberts et al.,
2020). The matrix corrected results of Duff Brown Tank defined an age
of 59 4+ 6 Ma (MSWD = 2.6, N = 11) while Mexican Tank was dated at
61 + 4 Ma (MSWD = 3.1, N = 25). Hill et al. (2016) have noted that low
proportions of secondary cements are present in both samples and may
explain the dispersion in data from this study (i.e. MSWD >2). Never-
theless, these results are within uncertainty of their expected age of
64.04 4 0.67 Ma (Duff Brown Tank) and 60.5 + 4.6 Ma (Mexican Tank),
respectively (Hill et al., 2016).

Data from Amos Formation sample BS20-11 were filtered to select
the most pristine carbonate regions devoid of detrital input and diage-
netic alteration by monitoring Ca and Al counts as well as Mn/Sr ratios.
The area of the sample that successfully passed these criteria were 3483
pixels out of a possible 9275, and yielded an age of 1611 + 19 Ma
(Fig. 7, MSWD = 0.69, N = 99). Similarly, data from Balbirini Dolostone
sample BS20-75 were also screened for detritus by monitoring Al
counts. In addition, Fe and Y counts were also assessed to screen for the
pyrite vein and possible hydrothermal alteration caused by it. Out of
12,261 possible pixels, 2974 met these criteria, and this was dated at
1608 + 78 Ma (Fig. 7, MSWD = 1, N = 99).

4.3.1. Glass and carbonate laser ablation characteristics

Laser raster pits of glass standard NIST610 were approximately 12
pm deep (Fig. 6Ai-ii), while carbonates analysed in this study were
consistently ablated deeper than 20 pm. In some cases such as the
Mexican Tank carbonate, craters reached a depth of >30 pm (Fig. 6
Ci-ii). The bottom-crater profile of the NIST610 pit also differs in shape
when compared to the carbonates. The glass left a relatively smooth,
classical convex-shaped raster path while noisier craters were observed
in the calcite standard WC-1 (Fig. 6Bi-ii). This is also seen in the lime-
stone Duff Brown Tank and the Mexican Tank (Fig. 6ci-ii and 6di-ii,
respectively), and dolostone samples BS20-11 (Fig. 6Ei-ii) and BS20-75
(Fig. 6Fi-ii). However, it should be noted that the ablation surfaces of
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Table 2
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Laser ablation and ICP-MS/MS operating parameters following Redaa et al. (2023);

(Redaa et al., 2021).

Laser Parameters Value Unit

Ar carrier gas 880 ml/min
Fluence 3.5 J/em?
He carrier gas 380 ml/min
N, addition 3.5 ml/min
Repetition rate 5 Hz
Spot size 67 pm
ICP-MS/MS Plasma Parameters Value Unit
RF plasma power 1350 w
ICP-MS/MS Lens Parameters Value Unit
Lens extract 1 -2.0 v
Lens extract 2 —140 v
Omega bias 80 A%
Omega lens 7 \Y
Q1 entrance 1.5 A%
Q1 exit -2 v
Cell focus -2 \Y
Cell entrance -90 v
Cell exit -120 v
Deflect -11 A%
Plate bias -80 v
ICP-MS/MS Q1 Parameters Value Unit
Q1 bias -2 \%
Q1 prefilter bias -10 v
Q1 postfilter bias -7 A%
ICP-MS/MS Cell Parameters Value Unit
N20 flow rate 0.35 mL/min
OctP bias -23 A%

Axial acceleration 2 \Y

OctP RF 180 \Y
Energy discrimination -8 v
ICP-MS/MS Q2 Parameters Value Unit
Q2 bias -31 v

Elements analysed and dwell time parameters

Value  Unit

Na, Mg, Al Si, P, K, Ca, Ti, Cr, Mn, Fe 2 ms

V, Cr, Cu, Y, Zr, Nb, Mo, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, 5 ms
Lu, Th, U

Rb 10 ms

88gr 20 ms

878r, 86Sr 50 ms

these carbonates were comparatively noisier with higher amplitude than
WC-1. Nevertheless, similarity in ablation characteristics between the
WC-1 standard and the other carbonates would suggest that WC-1 would
be an appropriate matrix-match analogue for this study.

5. Discussion
5.1. In-situ Rb—Sr dating of authigenic clay minerals in shales
High resolution MLA mapping were conducted prior to the laser

ablation analysis in order to categorise the mineralogy and petrography
of all samples in this study (Fig. 2-5). For shales, the finest-grained,

homogeneous, black laminations were targeted to avoid obvious alter-
ation overprints, veining, and incorporation of detrital minerals (Sub-
arkah et al., 2022; Subarkah et al., 2023). Authigenic clay mineral
assemblages were identified in both BS20-02 and BS20-56 and pre-
dominantly consist of illite, with minor glauconite present (Fig. 2-3).
For BS20-02, these clays are commonly finer grained, filling pore spaces
or forming a matrix or cement in which larger, detrital grains such as
quartz are suspended in (Fig. 2). In BS20-56, sections of the sample
contain illite flakes that are too fine to distinguish individually (Fig. 3).
These mottled domains can wrap around detrital grains or preserve their
initial compaction features. Such assemblages are interpreted to form in
sediment, precipitating soon after deposition during the early diagenetic
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Table 3

Laser ablation and ICP-MS operating parameters following Drost et al. (2018).
Laser Value Unit
He carrier gas 350 ml/min
Fluence 6-8 J/em?
Ar carrier gas 1 L/min
Scan speed 40 pm/s
Repetition rate 40 Hz
Spot size 80 pm square
Elements analysed and dwell time parameters Value Unit
Al Si, P, Ca, Mn, Fe, Rb, Sr, Y, Zr, Ba, Ce 2 ms
Hg 15 ms
204Pb 20 ms
206pp 40 ms
207pp 50 ms
208pp, 10 ms
Z32Th 10 ms
35y 20 ms
38y 20 ms

process (Deepak et al., 2022; Han et al., 2022; Rafiei, 2023; Rafiei et al.,
2020; Rafiei et al., 2023; Rafiei and Kennedy, 2019; Subarkah et al.,
2022). As such, they were targeted for in-situ Rb—Sr geochronology in
order to determine their minimum depositional window.

Sample BS20-02 from the Amos Formation yielded an age of 1604 +
60 Ma. This is within uncertainty of its depositional age of 1614 + 4 Ma
(Page et al., 2000), as constrained by tuffaceous zircons. Furthermore,
sample BS20-56 sample from the Balbirini Dolostone was dated at 1598
+ 34 Ma, also consistent with the tuff ages from the unit aged 1613 + 4
Ma and 1609 + 3 Ma (Page et al., 2000). Notably, the Rb—Sr age of
BS20-56 is also in agreement with the maximum depositional ages of
the section dated by detrital zircons at 1625 + 14 Ma and 1607 + 6 Ma
(Kositcin and Munson, 2020). Consequently, the Rb—Sr ages are inter-
preted to record the depositional age of the Amos Formation and the
Balbirini Dolostone (Fig. 1). This is further corroborated by the petro-
graphic evidence of each sample (Fig. 2-3), as the illite morphology
targeted for laser ablation suggest that they are authigenic or early
diagenetic in nature (Deepak et al., 2022; Han et al., 2022; Rafiei, 2023;
Rafiei et al., 2020; Rafiei et al., 2023; Rafiei and Kennedy, 2019; Sub-
arkah et al., 2022). In addition, the calculated initial 0Sr/%’Sr compo-
sition of the samples analysed also overlap with the estimated
palaeoseawater 865r/87Sr ratios ca. 1600 Ma (Chen et al., 2022). These
observations indicate that the ablated minerals precipitated out of the
coeval water-column and hence record a primary seawater isotopic
signature, as opposed to reflecting detrital or later-stage alteration
signatures.

It should be noted that the difference of precision between the two
samples can be attributed to the spread in 8Rb/®’Sr ratios and uncer-
tainty associated with each individual analysis (Nebel, 2014). Sample
BS20-56 has a spread of ¥’Rb/%Sr ratios between 5 and 30 and yielded a
2SE precision of 2.1%. On the other hand, BS20-02 had a relatively
limited spread in 87Rb/%7Sr ratios of 22-32 and resulted in 3.7% preci-
sion. Nevertheless, the accuracy of the shale in-situ Rb—Sr geochro-
nology results here in relation to their expected depositional ages further
shows that the use of Mica-Mg nano-powder as a primary reference
material for dating fine-grained clays does not induce any significant
matrix-related age offsets.

5.2. Image mapping approach for U—Pb geochronology and geochemistry
of carbonates

The difference in matrix and related ablation properties between the
unknowns and the standards used during an analytical session will cause
an offset on the resulting calculated carbonate U—Pb geochronology
(Rasbury et al., 2021; Roberts et al., 2017). This is accounted for by a
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correction factor applied to the unknowns that depends on the offset
between the published age of the Reference Material used (in this case,
WC-1) and its observed age in the corresponding analytical session
(Roberts et al., 2017). Ablation pit craters from the standards and un-
knowns in this study were mapped (Fig. 6) in order to assess the varying
characteristics between the glass standard NIST612, calcite WC-1,
lacustrine limestone Duff Brown Tank and Mexican Tank, and the
dolostone samples BS20-11 and BS20-75. The raster pits of glass stan-
dard NIST612 (Fig. 6Ai-ii) were convex, more stable, and around 50%
shallower than those observed in the carbonates from this study. On the
other hand, all of the craters in both the carbonate standards and un-
knowns were ablated to between 20 and 30 pm deep, likely a conse-
quence of their similar mineralogy. Their bottom-hole raster craters are
also noisier in comparison to the NIST612 glass. However, WC-1, Duff
Brown Tank, and the Mexican Tank all display less variability in
amplitude of noise when compared to the craters in BS20-11 and
BS20-75 (Fig. 6). Such dissimilarities likely reflect the difference in
matrix related ablation properties between calcite and dolomite. How-
ever, the correction factor based on WC-1 appears viable for both min-
erals and yield data consistent with previous age constraints of the
respective dated samples, as would be expected for minerals which
exhibit no clear characteristics of post-depositional alteration or over-
print (Fig. 7). Consequently, we suggest that despite not being a perfect
match, it is still appropriate to normalise dolomite samples to WC-1. We
also note that this matrix difference may also result in session-to-session
variability of results from Duff Brown Tank and Mexican Tank, as they
may not be as crystalline and homogeneous in comparison to WC-1.
Nevertheless, it is important to develop a dolomite standard for U—Pb
geochronology in order to reduce the uncertainties of the dated material
(Elisha et al., 2021). Furthermore, the precision in the age data can also
be improved by a better spread in radiogenic Pb, as well as smaller
uncertainties on the individual data points (Jahn et al., 1990; Rasbury
and Cole, 2009). For the image mapping approach, this can be a factor of
how many pixels pass the selection criteria and then pooled for U—Pb
geochronology; as uncertainties on individual points can be reduced by
incorporating more pixels into them (Drost et al., 2018; Hoareau et al.,
2021; Kim et al., 2023; Roberts et al., 2020). Drost et al. (2018) have
noted that this is also particularly beneficial for young (Cenozoic)
samples or those with low U concentration (<0.5 ppm). The advantage
of increasing the numbers of pixels pooled into an analysis observed in
this study, as each analytical point in BS20-11 contain 40 pixels and
gave uncertainties of 1.2% while BS20-75 had 30 pixels for every data
point and yielded age uncertainties of 4.8%. Notably, this difference
occurs despite the samples having a similar spread in 233U/2%6Pb ratios
(Fig. 7).

Laser ablation mapping of the sample BS20-11 from the Amos For-
mation was able to identify the non-carbonate bedding in the sample by
monitoring Al content (Fig. 4A). As such, low Al and high Ca were added
as the filtering criteria in order to avoid mixed signals from different
mineral assemblages (Drost et al., 2018). In addition, the Mn/Sr ratio of
the sample (Fig. 4B) was also highlighted to assess post-depositional
alteration (Banner and Hanson, 1990; Brand and Veizer, 1980; Jacob-
sen and Kaufman, 1999; Kaufman and Knoll, 1995). Diagenetic pro-
cesses can cause an enrichment of Mn and depletion of Sr in carbonates.
Consequently, carbonates that have experienced extensive alteration are
likely to have higher Mn/Sr ratios (Banner and Hanson, 1990; Brand and
Veizer, 1980; Jacobsen and Kaufman, 1999; Kaufman and Knoll, 1995).
Notably, regions in BS20-11 with high Mn/Sr ratios correspond to lower
U content, suggesting that alteration mobilised both Sr and U in the
sample (Fig. 4B). Therefore, areas with high Mn/Sr and low U are
filtered out from further investigations to exclude regions of post
diagenetic alteration. The pixels of the remaining unaltered carbonate
were subdivided by their 238U/2%Pb ratios and yielded anage of 1611 +
19 Ma. This agrees with previous estimates for the time of deposition
(Kositcin and Munson, 2020; Munson, 2019; Page et al., 2000), as well
as the in-situ Rb—Sr dating of a shale sample 22 m below this carbonate
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Fig. 6. Mapping of raster craters of NIST612 (6 A), WC-1 (6B), Mexican Tank (6C), Duff Brown Tank (6D), BS20-11 (6E), and BS20-75 (6F). Images shown in the ii
sections are the respective down-hole craters of raster trajectories shown by the black dashed lines. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

sample (Fig. 1). In addition, the same pixels which have passed the se-
lection criteria were also grouped by their gridded nearest neighbour in
order to replicate pseudo-spot analyses and gave a U—Pb age of 1614 +
30 Ma (Supplementary Information). This approach was taken in order
to verify the validity of splitting the pixels by their 238U/2%®pb ratios, as
it can remove the spatial context of the data despite inherently
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generating an isochron with good statistical fit. Both approaches gave
ages within uncertainties of each other and consequently, the most
pristine carbonate regions of BS20-11 are interpreted to record the
depositional age of the Amos Formation.

Elevated Fe in sample BS20-75 (Fig. 5) from the Balbirini Dolostone
was used to isolate the pyrite vein identified by prior BSE and MLA
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Fig. 7. Summary of geochronological results in this study. Note that samples with a better spread in radiogenic isotopic ratios and smaller uncertainties in each
analytical point will result in an improved age uncertainty in both dating techniques.

mapping. Furthermore, yttrium values were also monitored to assess
possible mobilisation of rare earth and trace elements related to hy-
drothermal input as they commonly fractionate in hydrothermal systems
(Bau et al., 1997; Bau and Dulski, 1995; Bau and Dulski, 1996). Lastly,
elevated Al values of this sample were also applied as a filter criterion to
minimise the effects of detrital input. The filtered, pristine, carbonate
yielded a U—Pb age of 1608 + 78 Ma, accurate to the previous age
constraints of the Balbirini Dolostone by SIMS U—Pb dating of tuffs
(Page et al., 2000), detrital zircons (Kositcin and Munson, 2020), and in-
situ Rb—Sr geochronology of authigenic illite in shales from this study,
which is 64 m stratigraphically below this sample (Fig. 1). In addition,
the carbonate phase in this sample was also grouped by their gridded
nearest neighbour pixels and gave an age within uncertainties of the
aforementioned geochronology constraints as well (1642 + 97 Ma,
Supplementary Material). As a result, BS20-75 also appears to retain the
depositional history of its corresponding unit.

This study demonstrates that the laser image mapping approach was
able to effectively isolate the most pristine carbonate phase of a sample
through its petrography and geochemistry. In addition, discrete het-
erogeneity within carbonate phases which may not be identified just
through mineral mapping can be highlighted by major and trace element
proxies. Furthermore, this approach benefits from the ability to pool the
cogenetic regions based on their U concentration and radiogenic
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isotopes. This improves the likelihood of capturing sufficient spread
required for robust isochron construction, an issue commonly associated
with spot ablation U—Pb dating of carbonates (Roberts et al., 2020).

6. Conclusions

In this case study we demonstrate that Rb—Sr and U—Pb techniques
are able to confidently constrain the primary depositional chronology of
lithologically diverse and complex Proterozoic sedimentary successions.
This is made possible by combining the petrographic, geochemical, and
geochronological data of a sample. Input from non-cogenetic phases
such as detrital or alteration minerals can be spatially avoided or filtered
through monitoring particular geochemical proxies. Consequently,
sedimentary units that are devoid of tuff beds or biostratigraphic cor-
relations may now be directly constrained through these avenues, with
multi-method chronology providing independent validation through
complementary isotopic systems. Potential sedimentary sequences to be
resolved through this approach include geologically significant succes-
sions such as stratigraphy exhibiting global geochemical excursions,
synchronous cap carbonates, or sediment-hosted mineral deposits.

Case study samples from the Proterozoic Amos Formation and the
Balbirini Dolostone in the McArthur Basin were dated within 1-5%
precision. This precision discrepancy is dominantly controlled by the
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spread in radiogenic ratios and the magnitude of individual un-
certainties on each analytical point (Drost et al., 2018; Hoareau et al.,
2021; Kim et al., 2023; Nebel, 2014; Roberts et al., 2020). For dolomite
U—Pb geochronology, this can likely be improved by developing a
matrix-matched standard. Nonetheless, results from in-situ shale Rb—Sr
geochronology and U—Pb carbonate laser mapping are consistent with
their depositional ages as constrained by dating of tuff beds and detrital
zircons sourced from the same locality of the unknown samples,
demonstrating the applicability of this combined methodology to sedi-
mentary carbonates devoid of such traditional chronological markers
such as tuff sequences or biostratigraphy. (Kositcin and Munson, 2020;
Munson, 2019; Page et al., 2000).
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