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ARTICLE INFO ABSTRACT

Keywords: The Mount Bruce Supergroup (MBS) in Western Australia has been central to debates surrounding Precambrian
Archean ) stratigraphic subdivision and is one of the few relatively conformable successions that records both the chro-
Proterozoic nometric Archean-Proterozoic boundary (APB) and the Great Oxidation Event/Episode (GOE) which has pre-
Precambrian . . . . . .
re-Cryogenian viously been proposed as the most practical basis for a chronostratigraphic boundary. Current understanding of
ghroangetric the lithostratigraphy, chemostratigraphy, and geochronology of the MBS supports the placement of a chro-
Chronostratigraphic nostratigraphic APB in the vicinity of the contact between the Hamersley and Turee Creek Groups, although a

GOE precise boundary awaits the generation and integration of more detailed chemostratigraphic records of the GOE
with the physical record. The chronometric APB as presently defined at 2500 Ma will suffice until consensus is
reached regarding a revised definition based on the GOE, and reconciliation of the physical and proxy records of
this event. However, the Australian stratigraphic record suggests placement of the APB either at the base of the
first glacial diamictite, or at the top of the last banded iron formation (BIF) below the GOE. The first option
would exclude some BIF from the Siderian, which in both cases would be the terminal period of the Archean,
whereas the second option places all diamictite in a new period at the start of the Paleoproterozoic. It is further
proposed that this new period be named to primarily reflect this glacial influence, rather than for the influence of
the GOE which relies on less obvious laboratory-based proxies for its identification.

1. Introduction Van Kranendonk et al., 2012). The latter approach is presently imple-

mented via the definition of Global Stratotypes Sections and Points

The Archean-Proterozoic boundary (APB) has long been interpreted
to reflect a fundamental change in Earth surface processes and envi-
ronments, although its precise definition and assigned age have changed
as understanding of the geological evolution of Earth has matured. Much
of this improvement in understanding has been driven over the last three
decades by an explosion in precise U-Pb zircon ages, supported more
recently by a similar expansion of novel geochemical and isotopic data.
One consequence of the improved geochronological constraints on the
physical stratigraphic record has been to highlight the limitations and
impracticalities of current Global Standard Stratigraphic Ages (GSSAs)
for the Precambrian. This has led to increasing calls either for alternative
stratigraphic approaches, or revisions that would more closely align
individual GSSAs with the physical rock record (Bleeker, 2004; Cloud,
1987; Condie and O’Neill, 2010; Robb et al., 2004; Shields et al., 2022;
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(GSSPs) for the post-Cryogenian (Cohen et al., 2013).

The chronometric APB at 2500 Ma has served the Precambrian
geoscience community adequately for over thirty years; however, it has
not been without its critics who have advocated for a chronostrati-
graphic boundary that is better aligned with the rock record. The In-
ternational Commission for Stratigraphy has embraced this approach in
defining the terminal periods of the Precambrian, the Cryogenian and
Ediacaran, and is in the process of extending chronostratigraphic sub-
division throughout the pre-Cryogenian. The pre-Cryogenian Sub-com-
mission is currently focused on subdivision of the Archean, and
definition of its boundary with the Hadean. Definition of a chro-
nostratigraphic APB is a critical element of this effort that has not yet
been formally debated or ratified, although this boundary is arguably of
equal or greater geological significance to the base Phanerozoic and
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Archean.

The Australian stratigraphic record has always been important in
informing the debates surrounding Precambrian stratigraphy (e.g. Dunn
et al., 1966; Plumb and James, 1986; Trendall, 1984). Specifically, the
Mount Bruce Supergroup (MBS) in Western Australia has special rele-
vance to the definition of the APB since it is one of the few conformable
successions globally to contain the 2500 Ma chronometric boundary
(Fig. 1). For this reason and following the proposed revisions to the
Precambrian timescale by Van Kranendonk et al. (2012), a dedicated
session and associated fieldtrip to examine the Archean-Proterozoic
transition were held at the 6th International Archean Symposium
(6IAS) in Fremantle, Western Australia (25-27th July 2023). Unfortu-
nately, this session did not attract the anticipated level of participation,
no doubt exacerbated by delays due to the COVID-19 pandemic. How-
ever, this paper summarises some of the key observations from the
conference that are relevant to the debate surrounding proposals for a
revised APB, along with relevant recent advances in geological
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understanding of the MBS that were presented on the associated post-
conference fieldtrip (Martin and Howard, 2023) and may be signifi-
cant to any considerations of a revised global definition of the APB. The
implications of important new studies that have been published since
the field excursion (Havsteen et al., 2023; Senger et al., 2023; Uveges
et al., 2023) have also been considered in the global correlation

2. The rationale for change

Debate surrounding appropriate approaches to the subdivision of
Precambrian time, including recognition of discrete Archean, Protero-
zoic and Hadean Eons, has a long pedigree most recently summarized by
Shields et al. (2022). The current approach of the International Com-
mission on Stratigraphy (ICS) for subdivision of Precambrian time that
uses a combination of ratified and informal GSSAs to define chrono-
metric intervals, that in turn delimit interpreted major episodes of
sedimentation, orogeny and magmatism (Fig. 2), has been in use for
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Fig. 1. Geological setting of the Mount Bruce Supergroup, that contains both the 2500 Ma chronometric and the chronostratigraphic Archean—Proterozoic boundary
(APB?) proposed by Van Kranendonk et al. (2012) in the context of the Australian bedrock age map. The main named Archean cratonic nuclei are also shown (after
Tyler, 2005; Cawood and Korsch, 2008), as well as two unnamed cratons inferred from limited outcrop. The lithostratigraphic and sequence stratigraphic location of
the chronometric APB and its age constraints is shown by reference to a section at Giles Point (simplified after Krapez et al., 2003). Ages are from 1) Trendall et al.

(2004), 2) Anbar et al., (2007), and 3) Rasmussen et al. (2005).
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Fig. 2. Comparison of the current ICS geological timescale with recently proposed revisions for the Precambrian: a) current geological timescale (after Cohen et al.,
2013; Strachan et al., 2020); b) proposed Precambrian revisions of Van Kranendonk et al. (2012); ¢) proposed Precambrian revisions of Shields et al. (2022). Yellow
golden spike symbols represent ratified (bold) and potential (pale) GSSPs. Clock symbols represent ratified Proterozoic and recommended Archean GSSAs. Proposed
era and period ages in b) and c) are approximate and are likely to change in any ratified chronostratigraphic scheme; proposed informal period names are listed in
inverted commas. Figure modified after Shields et al. (2022). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

many decades (Plumb, 1991; Plumb and James, 1986). However, re-
visions to this primarily chronometric approach to Precambrian subdi-
vision have recently been suggested in an effort to more closely align
temporal subdivisions with the available and preserved rock record (e.g.
Shields et al., 2022; Van Kranendonk et al., 2012). Such a chro-
nostratigraphic approach has been proposed in response to the signifi-
cant recent advances in understanding early Earth history, and the more
detailed and precise geological, geochronological, and geochemical
constraints that are now available.

Objections to the recommended chronometric approach of the ICS
(Plumb and James, 1986) were soon raised by Cloud (1987), but after
initial ratification (Plumb, 1991) the GSSP approach used for the
Phanerozoic rock record was subsequently extended into the Precam-
brian following ratification of the boundaries of the Ediacaran (Knoll
et al., 2004) and Cryogenian (Shields-Zhou et al., 2016) Periods.
Consequently, the pre-Cryogenian Sub-commission (formerly Sub-
commission on Precambrian Stratigraphy) of the ICS is now consid-
ering extending chronostratigraphic sub-division throughout the pre-
Cryogenian. Although this approach was explicitly rejected by Plumb
and James (1986), current understanding of Earth history has precipi-
tated a reconsideration.

The APB was originally chosen as an arbitrary whole number at
2500 Ma, although this choice was informed by known geological his-
tory at the time to avoid splitting major cratonization events (James,
1978). This definition was subsequently ratified (Plumb and James,

1986; Plumb, 1991), and later finer subdivision of the Precambrian also
involved this mixed approach in which boundaries were assigned GSSAs
that in turn delimit major episodes of sedimentation, orogeny, and
magmatism. The age chosen for the APB was originally based on K-Ar
ages, later revised with U-Pb and Rb-Sr ages (James, 1978) and re-
flected temporal constraints on regional metamorphism in the Northern
Hemisphere at the time of proposal by Plumb and James (1986). The
extensive Precambrian geochronological database that has been
amassed since, that covers a wide range of geochronometers, warrants a
re-evaluation of the age of this boundary along with its chronostrati-
graphic definition based on current geological understanding.

The current approach to Precambrian subdivision has many limita-
tions and has been the subject of repeated criticism over the years (e.g.
Bleeker, 2004; Cloud, 1987; Crook, 1989; Hofmann, 1990) that has led
to the recent push towards more precise chronostratigraphic definitions
via extension of GSSP definitions into the pre-Cryogenian. The two most
common approaches to Precambrian chronostratigraphic subdivision
relate to units based either on changes to the physical Earth (e.g.
orogenic episodes or tectonic style) or to changes in surface conditions
or processes (e.g. fundamental biospheric changes). These each have
their merits, but the consensus for an APB definition seems to have
swung away from the former (e.g. Blake and Groves, 1987; Condie and
O’Neill, 2010; Plumb and James, 1986) and towards the latter (e.g.
Shields et al., 2022; Van Kranendonk et al., 2012).

Regardless of the approach taken, the event chosen to demarcate the
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APB should have a physical manifestation similar in magnitude or sig-
nificance to the explosion and preservation of macroscopic life at the
Cambrian-Precambrian boundary. Furthermore, the APB and the finer
subdivisions of the pre-Cryogenian need to have practical mapping
application such that analytical data are not the primary basis for unit/
boundary identification and correlation. This includes absolute time
constraints, such that radiometric ages should calibrate events and
boundaries rather than define them, as originally proposed by Cloud
(1987, 1976). As pointed out by Plumb and James (1986), the need for a
Precambrian timescale relates more to effective communication than
necessity, and to this end the subdivisions and their boundaries should
carry clear geological meaning. This was the intent of the original def-
initions, but significant improvements in geological understanding and
calibration of the rock record since then has diminished their effec-
tiveness for communication.

2.1. Limitations of the current approach

The primary criticism of the ratified ICS approach to pre-Cryogenian
stratigraphic subdivision is that it mixes chronometry (division ac-
cording to time alone) and chronostratigraphy (division into time-rock
units), via selection of boundaries based on cycles of sedimentation,
orogeny and magmatism but defined in years without reference to any
rock bodies (Plumb and James, 1986). A full account of the criticisms of
this aspect of the Plumb and James (1986) approach is beyond the scope
of this contribution, and has already been reviewed elsewhere (e.g.
Cloud, 1987; Gradstein et al., 2004; Van Kranendonk et al., 2012;
Shields et al., 2022). However, there are two practical limitations that
have particular relevance to the Mount Bruce Supergroup (MBS). First is
the fact that the chronometric APB (i.e. 2500 Ma) in the MBS is located
within a relatively monotonous lithostratigraphic unit (Fig. 1), the
practical implication of which is that in Australia the Archean and
Proterozoic Eonothems cannot be accurately mapped without splitting
the Mount McRae Shale. This may be considered a relatively minor
limitation compared to the significance of the 2500 Ma boundary to
current understanding of geological evolution across an interpreted
Archean-Proterozoic transition or boundary. Secondly, the concept of a
‘transition’ in Earth history between the Archean and Proterozoic Pe-
riods is well established (Cloud, 1987; Gradstein et al. 2004; Condie and
O’Neill, 2010) but is not readily apparent in the MBS (Trendall, 1984).
Definitions of this transition have changed over time (e.g. Plumb and
James, 1986; Cloud, 1987; Gradstein et al., 2004; Condie and O’Neill,
2010) and depend on the perspective from which it is viewed. The
boundary was originally defined based on a solid earth perspective,
whereas more recent proposals have tended to lean more towards a
boundary defined by changes to surface conditions. The stratigraphic
record of the MBS provides critical insight for both these perspectives.

2.2. Solid Earth changes

Since the accretion of Earth from the protoplanetary disc, the geo-
sphere has experienced many long-term changes such as bulk cooling,
extraction of the continental crust from the mantle, and stabilisation of
major cratons that have in turn affected processes such as tectonic style
(Bédard, 2018; Cawood et al., 2013; McCoy-West et al., 2019). Such
changes to the solid Earth have formed the basis of many schemes of
Precambrian stratigraphic subdivision, including that of Plumb and
James (1986) who designated the Archean as a rock unit characterised
by granite-greenstones and high-grade gneiss terranes, with 2500 Ma
marking the beginning of a major tectono-magmatic lull that followed a
period of extensive cratonization (James, 1978). However, cratonization
has since been shown to be diachronous (Blake and Groves, 1987;
Cawood et al., 2018; Cheney et al., 1990; Cloud, 1976; Young, 1978) and
the consequences of the interpreted tectono-magmatic lull after 2500
Ma are not clear in the MBS (Trendall, 1984). On the contrary, from the
Australian perspective, this period is characterised by active tectonism
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and magmatism in an interpreted back-arc setting (Barley et al., 1997;
Blake and Barley, 1992; Trendall, 1995).

2.3. Changing surface conditions

Most recent proposals for a change in the criteria used to define the
APB focus on changes to the atmosphere, biosphere and hydrosphere
that are more likely to be globally synchronous on geological timescales
because of their faster homogenisation rates. A suite of geochemical
proxies, using both conventional and in-situ techniques, have been
developed over the years to track atmosphere-ocean redox conditions,
particularly during the Archean-Proterozoic transition (Lyons et al.,
2021). Unfortunately, these changes are difficult to pinpoint in the rock
record because they rely on analytical proxy records that are inevitably
incomplete and therefore difficult to correlate such as the sulfur isotope
record discussed below. Furthermore, different proxies yield different
results and by extension varied interpretations. For instance, some
studies advocate for a sharp rise of atmospheric oxygen (O2) at c. 2.33
Ga (Farquhar et al., 2011; Farquhar et al., 2000; Lyons et al., 2014)
while some have suggested the rise in O was more gradual and occurred
over an extended period of time (Large et al., 2022; Ostrander et al.,
2021). This rise in atmospheric O is commonly referred to as the Great
Oxidation Event/Episode (GOE; Holland, 2002; Poulton et al., 2021)
and is characterised by the disappearance of S-isotope mass independent
fractionation (S-MIF) signals in the rock record. Evidence for a major
change in the oxidation state of the atmosphere at c. 2.3 Ga was first
outlined by Roscoe (1969, 1973) and later refined by Holland (1999),
but it was the discovery and confirmation of the variation of S-MIF with
time (Farquhar et al., 2000; Holland, 2006; Pavlov and Kasting, 2002)
that has led to the adoption of this proxy as the best indicator of the GOE.
The S-MIF signal, manifest as non-zero A%* S values, is produced in the
upper atmosphere via oxygen-free photochemical reactions, and its
presence in the multiple sulphur isotope (MSI) record is now widely
accepted as a reliable geochemical fingerprint of an anoxic atmosphere.
Conversely, the loss of S-MIF between c. 2.45 and 2.30 Ga reflects the
development of an oxygenated atmosphere with a pO, < 10 times
present atmospheric level (PAL), but its precise timing and tempo are
vigorously debated (Bekker et al., 2004; Gumsley et al., 2017; Izon et al.,
2022; Philippot et al., 2018; Poulton et al., 2021; Uveges et al., 2023;
Warke et al., 2020). Furthermore, while lower limits of O3 required to
remove S-MIF signals from the rock record can be modelled, the up-
permost limits are not known. Therefore, the peak of an oxygenation
event cannot be derived from the S-MIF technique but only the first rise
of atmospheric Oy (Luo et al., 2016). There are also questions regarding
the provenance of the sea water sulphate that preserves the S-MIF signal.
It may be possible the signal was developed in the sulphate before being
made available as sea water sulphate (Reinhard et al., 2013).

Without necessarily discounting the strong S-MIF signals at c. 2.33
Ga, some studies have suggested there may have been oxygenation
events of varying intensities prior to 2.3 Ga (Anbar et al., 2007; Kaufman
et al., 2007; Lyons et al., 2014; Ohmoto et al., 2006). These include
significantly older Mesoarchean ‘O, oases’ inferred from Mn-enriched
BIF and shale in the Pongola and Witwatersrand Supergroups (Albut
et al., 2018; Planavsky et al., 2014). Regardless of the nature of the rise
of oxygen in the atmosphere-ocean system, the timing, magnitude, and
duration of the peak is still controversial. This is problematic especially
if the first ever increase in atmospheric O concentrations is expected to
help define the APB. Large et al. (2022) attempted to compare several
geochemical proxies with other geological records such as temporal
trends in black shale and evaporite occurrences (Condie et al., 2001;
Golden, 2019), mineral evolution and fossil size (Payne et al., 2009).
The main objective was to resolve conflicting interpretations of atmo-
spheric and hydrospheric oxygenation obtained from different
geochemical proxies such as variations in redox-sensitive elements (i.e.
affected by oxidative weathering) in marine black shales (Mo, U) and
sedimentary pyrite (Se, Co, Se/Co), as well as whole-rock isotopes (Cr,



D. McB Martin et al.

N, C, Mo, S). Despite incomplete records in these proxies, the study
concluded that atmospheric O, may have gradually increased from
around 2700 Ma, peaking around 1900 Ma. These findings were
consistent with the various geological records mentioned above.
Another similar study by Ostrander et al. (2021) also proposed an in-
crease in oxygen well before the c. 2.33 Ga GOE and that peak O levels
were not achieved until well into the Paleoproterozoic.

While understanding that atmosphere-hydrosphere conditions are
important, trends in the biosphere can provide useful insights into major
changes in geological environments. Undoubtedly, the biosphere has
played a role in manipulating atmosphere-ocean redox conditions
(including their subsequent manifestations) and continues to do so
today. But much of the focus on understanding biosphere evolution is
centred around the Ediacaran-Cambrian boundary, owing to the
abundance of macroscopic fossils. The APB on the other hand has
received very limited attention in comparison, perhaps because the
biosphere was microbial and prokaryotic in nature. Additionally, the
lack of interest could be attributed to the age of the rocks, metamorphic
effects and lack of preservation. Lepot (2020) summarised the origins of
various prokaryotic metabolisms and their potential timing, and while
pinpointing exact timing proved tricky, the study used bulk-rock
geochemistry and petrography to demonstrate that most prokaryotic
metabolisms were established by c. 2500 Ma. Another study by Battis-
tuzzi et al. (2004) detailed the prokaryote genomic timescale using
molecular clocks (a local clock method) and datasets of amino acid se-
quences, and also concluded that most metabolic pathways were well
established by 2500 Ma with an increased concentration of nodes
(branching point in a phylogenetic tree) leading up to this time. How-
ever, it should be noted that times of divergence estimates may change
with maximum-minimum calibration constraints. For instance, changes
in time estimates have been observed when a 2.7 Ga minimum and 2.3
Ga fixed calibration point was changed to 2.3 Ga minimum calibration
point. Perhaps the geochemical trends observed in the rock record are a
manifestation of a more well-equipped (in terms of cellular machinery)
biosphere. Any changes in favour of the biosphere are bound to influ-
ence organic matter production and burial, directly impacting oxygen
production.

However, there are also some physical criteria, such as glacigenic
diamictites, continental red beds and the presence or absence of redox-
sensitive detrital minerals, that either directly or indirectly imply the
existence of atmospheric Oz and hold the most potential for a practical
and widely applicable definition of an APB related to the development of
an oxidising atmosphere. As discussed below, there is evidence within
the MBS for an increase in free O, related to a broader GOE that spans
both the Hamersley and Turee Creek Groups, although the proxy records
are incomplete.

3. The Archean-Proterozoic boundary in Australia

The western two-thirds of the Australian continent preserves an
extensive record of Precambrian rocks, developed on three main
Archean cratonic nuclei centred on southern, western and northern
Australia (Fig. 1). In the Pilbara region of Western Australia, this record
comprises granite-greenstones of the 3800-2830 Ma Pilbara Craton that
are overlain along its southern margin by the 2780-2208 Ma Mount
Bruce Supergroup (MBS). In stratigraphic order the MBS consists of the
2775-2629 Ma Fortescue Group, the 2629-2420 Ma Hamersley Group
and the 2420-2208 Ma Turee Creek Group (Fig. 1). The Fortescue Group
is a 6.5 km-thick volcanic sequence of Archean mafic and felsic volcanic
rocks with associated sedimentary units (Blake, 2001; Thorne and
Trendall, 2001) and is conformably overlain by the 3 km thick
Hamersley Group, that is composed of extensive banded iron formation
(BIF), chert and carbonates, interbedded with siliciclastic and volcani-
clastic sedimentary rocks with lesser mafic and felsic igneous rocks
(Kepert, 2018; Trendall and Blockley, 1970). The Hamersley Group
spans the Archean-Proterozoic boundary and is paraconformably
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overlain by the Turee Creek Group, a siliciclastic succession of approx-
imately 4.5 km thickness interrupted by at least three unconformities
and intruded by c. 2208 Ma dolerite sills (Martin, 2020).

The MBS is a relatively continuous stratigraphic record of the
opening and closing of a Neoarchean to earliest Paleoproterozoic ocean
and marginal sea (Blake and Barley, 1992) on the southern margin of the
Pilbara Craton. The MBS was later deformed during the Paleoproter-
ozoic Ophthalmia Orogeny (Martin, 2020; Martin et al., 2000; Ras-
mussen et al., 2005b) along the northern margin of the Capricorn
Orogen (Fig. 1). Significant recent advances have been made in the
geological understanding of this region that include lithostratigraphic
revisions and identification of new field relationships in the upper part
of the MBS, new geochronological and geochemical results throughout
the succession, and more detailed understanding of the stratigraphic
record of the GOE and associated Huronian glaciations in the Turee
Creek Group.

In Western Australia, the chronometric APB is located in the upper
Mount McRae Shale of the Hamersley Group (Fig. 1), based on a multi-
sample whole rock Re-Os isochron age of 2501.1 + 8.2 Ma for samples
above a middle marker zone of pyrite nodules (Anbar et al., 2007), and a
SHRIMP zircon 27Pb/2%5ph age of 2504 + 5 Ma of a tuff unit from lower
in the formation (Rasmussen et al., 2005a). A candidate for a GSSP
marking the APB that is related to the GOE and associated Huronian
Glacial Event (HGE) has been proposed by Van Kranendonk et al. (2012)
in the type section of the recently named Cave Hill Member of the
Boolgeeda Iron Formation (Martin, 2020) close to the contact between
the Hamersley and Turee Creek Groups (Fig. 1). Most work relevant to a
revised APB in the MBS has focussed on proxies that record the oxidation
state of the atmosphere-hydrosphere system, specifically the loss of S-
MIF, but the details of related redox-sensitive isotopic and trace element
systems, the record of terrestrial red beds and sedimentary manganese
and other redox proxies are less well-documented. In this section we
summarize significant recent changes to the geological understanding of
the MBS that are specifically relevant to considerations of a revised
placement of the APB in the vicinity of the contact between the
Hamersley and Turee Creek Groups (Fig. 1), and to definition and
naming of the adjacent periods (Fig. 2).

3.1. Stratigraphic revisions in the Mount Bruce Supergroup

Any proposed change to the placement of the APB, especially one
that involves a chronostratigraphic definition tied to the rock record,
needs to be cognizant of recent revisions to stratigraphic nomenclature,
and important new stratigraphic relationships in the upper part of the
MBS (Martin, 2020). The MBS was originally defined by Halligan and
Daniels (1964) and later revised by Trendall (1979), who left several
units within the upper-most Turee Creek Group un-named. This situa-
tion persisted until Thorne and Tyler (1996) named the Koolbye and
Kazput Formations (Fig. 3), although Martin et al. (2000) later divided
the Kazput Formation into informal lower, middle, and upper units.
However, usage of the un-named units of Trendall (1979) has persisted
(e.g. Krapez et al., 2017). To aid communication of the geology of this
important part of the MBS, all formerly un-named stratigraphic units
and significant markers in the Turee Creek Group have now been
formalized (Martin, 2020) and registered in the Australian Stratigraphic
Units Database.

There are two critical observations that are relevant to any APB
definition related to the GOE. Firstly, the nature of the contact between
the Woongarra Rhyolite and the Boolgeeda Iron Formation, which is
now considered to be a paraconformity to low-angle unconformity
(Martin, 2020), in contrast to previous interpretations of an intrusive
(Trendall, 1995) or conformable (e.g. Krapez, 1996; Van Kranendonk
et al., 2015b) relationship. This has important implications for the
interpretation of geochronological data that might constrain a revised
APB. The second important new stratigraphic observation relates to the
contact between the Hamersley and Turee Creek Groups, which is
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Fig. 3. Proposed global correlation of key stratigraphic records containing candidates for an Archean-Proterozoic GSSP related to the GOE and HGE (see text for
discussion and definitions). Modified after Martin and Howard (2023). Stratigraphic columns do not accurately represent either thickness or age, but the sections
hang on two well-constrained timelines (purple) that are present in most sections. Huronian Supergroup stratigraphic units (North America): Li = Livingstone Creek
Formation, Th = Thessalon Formation, Ma = Matinenda Formation, McK = McKim Formation, RL = Ramsay Lake Formation, Pe = Pecors Formation, Mi = Mississagi
Formation, Br = Bruce Formation, Es = Espanola Formation, Se = Serpent Formation, Lo = Lorrain Formation, GL = Gordon Lake Formation, BR = Bar River
Formation. Mount Bruce Supergroup stratigraphic units (Australia): MM = Marra Mamba Iron Formation, WD = Wittenoom Dolomite, Sy = Mount Sylvia Formation,
McR = Mount McRae Shale, Br = Brockman Iron Formation, WW = Weeli Wolli Iron Formation, WR = Woongarra Rhyolite, Bo = Boolgeeda Iron Formation, (CHM)
= Cave Hill Member, Ku = Kungarra Formation, (MBM) = Meteorite Bore Member, (CM) = Calgra Member, Ko = Koolbye Formation, Ka = Kazput Formation, (WM)
= Wonangara Member, Mu = Munder Formation, An = Anthiby Formation, BRQ = Beasley River Quartzite, CSB = Cheela Springs Basalt. SCG = Shingle Creek
Group. Transvaal Supergroup stratigraphic units (Southern Africa): Griqualand West stratigraphic units: Sc = Schmidtsdrift Subgroup, Ku = Kuruman Iron For-
mation, Gr = Griquatown Iron Formation, Kg = Koegas Subgroup, (Dd) = Doradale diamictite, Mk = Makganyene Formation, On = Ongeluk Formation, Hz =
Hotazel Formation, (Hd) = Hotazel diamictite, Mo = Mooidraai Formation. Note the two lesser known diamictites in this region, below and above the Makganyene
Formation (Polteau et al., 2006). Transvaal stratigraphic units: BR = Black Reef Formation, MD = Malmani Dolomite, P = Penge Formation, Rh = Rooihoogte
Formation, (Bd) = Bewaarkloof diamictite, LTH = lower Timeball Hill Formation, UTH = upper Timeball Hill Formation, (Rd) = Rietfontein diamictite, Bo =
Boshoek Formation, He = Hekpoort Formation. Northern Transvaal stratigraphic units: BR = Black Reef Formation, MD = Malmani Dolomite, P = Penge Formation,
To = Tongwane Formation, L Dui = lower Duitschland Formation, U Dui = upper Duitschland Formation, TH = Timeball Hill Formation. OG = Olifantshoek Group.
Units in parentheses are informal or member-level units. Outcrop areas in Southern Africa are separated by two distinct structural features, the Vryburg Arch (VA)
and Thabazimbi-Murchison Lineament (TML). The Griquatown-Poonda Fault (GPF) marks the relative position of the faults interpreted to separate platform and
basinal facies in the Chuniespoort/Ghaap and Hamersley Groups respectively and are commonly considered as strike equivalents within a Vaalbara reconstruction
(Fig. 4). A revised Archean-Proterozoic transition is also shown, bound by the first appearance of glacigenic diamictite and last occurrence of Superior-style platform
BIF. (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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generally paraconformable but locally weakly angular (Martin, 2020).
This will have important implications for selecting a GSSP for a revised
APB at this stratigraphic level, especially if such diastems are to be
avoided in the selection of a boundary (Salvador, 1994). An additional
problem relates to the identification of bed-level erosional surfaces in
the uppermost Boolgeeda Iron Formation (Martin, 2020) where a
revised APB might be placed.

3.2. Changing tectonic style

Early debates surrounding recognition and definition of an APB were
centred on the interpretation that this boundary could be defined in
terms of a diachronous transition related to a change in tectonic style (e.
g. Windley, 1984). The Archean was primarily thought to be charac-
terized by highly deformed granite-greenstone belts, whereas the Pro-
terozoic was characterized by relatively undeformed platform cover that
unconformably overlies successions of demonstrably ‘Archean’ char-
acter. The 2500 Ma chronometric boundary was therefore chosen such
that it delimits the Archean, rather than defining it (Plumb and James,
1986). Gradstein et al. (2004) later proposed an Archean-Proterozoic
transition from 2600 to 2300 Ma defined by the onset of giant BIF
deposition and terminated by the first appearance of continental red
beds. In the MBS this age range equates chronologically to the
Hamersley Group and the bulk of the Turee Creek Group. However, as
highlighted by Trendall (1984), there is no evidence for any transition
related to the chronometric ABP in Australia or Southern Africa. The
change in tectonic style as originally envisaged occurs much earlier in
Australia, (c. 2780 Ma as represented by the unconformity at the base of
the Fortescue Group; Trendall, 1984). Subduction-like signatures are
observed in the early evolution of the Pilbara Craton (Hickman, 2004;
Hickman and Van Kranendonk, 2012; Van Kranendonk et al., 2007);
however, their origins remain debated and this does not necessitate
horizontal tectonics being active (e.g. Gardiner et al., 2017; Johnson
et al., 2017). Locally, some form of vertical tectonics was active at least
until late into the deposition of the Fortescue Group (Van Kranendonk,
2003), and possibly later as reflected in the “Rocklean movement” of
Kepert (2018). A global plate tectonic shut down has also been proposed
during the Paleoproterozoic (e.g. Pehrsson et al., 2014; Spencer et al.,
2018) although this is not particularly evident in the MBS (e.g. Barley
et al., 1997; Blake and Barley, 1992). Changing tectonic style is there-
fore not a good basis for defining the APB on the Pilbara Craton or
globally.

However, differences in interpretation of tectonic setting, particu-
larly of the Turee Creek Group, and the timing of orogenesis (e.g. Krapez
etal., 2017; Van Kranendonk et al., 2015b) have strongly influenced the
most recent attempt at global stratigraphic correlation of the main
relevant successions (Bekker et al., 2020). Whilst the geological basis for
some of these interpretations has since been questioned, their resolution
is beyond the scope of this contribution, and the reader is referred to
Mazumder (2017), Philippot et al. (2021) and Martin (2020) for a
consideration of the issues. Correct interpretation of these aspects of
local geology are critical for the interpretation and global correlation of
the proxy records on which a revised APB definition will rely.

3.3. Sulfur isotopes

There is a growing consensus reflected in the proposals of Van Kra-
nendonk et al. (2012) and Shields et al. (2022) to re-define the APB
based on recognition of the GOE and related diamictites deposited
during the HGE. However, some of the key sticking points in this debate
surrounding recognition of the GOE relate to the age constraints and
regional to global correlation of critical S-isotope records (e.g. Bekker
etal., 2020; Gumsley et al., 2017), the significance of recycling of S-MIF
sulfides to produce what has been termed the crustal memory effect
(CME; e.g. Philippot et al., 2018; Reinhard et al., 2013; Uveges et al.,
2023), and spatial, temporal, and lithological biases in the global MSI
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database (Uveges et al., 2023). Recently, Uveges et al. (2023) attempted
to address some of these issues and demonstrated that the global
expression of the CME is barely detectable, and that rare post-2.3 Ga
instances of S-MIF are ephemeral and operated on sub-10* yr timescales.
The MSI record of the MBS is fragmentary, with very little data in the
immediate aftermath of the controversial ‘whiff of oxygen’ in the Mount
McRae Shale (Anbar et al., 2007; Slotznick et al., 2022) and a transient
S-MIF event in the basal Kazput Formation (Killingsworth et al., 2019;
Philippot et al., 2018; Uveges et al., 2023). Global correlation of this
fragmentary record is hampered by the persistence of a muted S-MIF
signal in the Turee Creek Group (Fig. 3) that is interpreted to reflect the
interplay between a weathering-derived component and a lithological
control (Uveges et al., 2023). Also, despite the best efforts of Uveges
et al. (2023) there are still biases and errors in the MSI database that can
only be addressed with new sampling and geological studies. The MBS
presents a unique opportunity in this regard in that it is a coherent and
mostly conformable stratigraphic succession with relatively good
geochronological constraints.

A detailed investigation of S-isotopes in the Mount McRae Shale
(MMS) was carried out by Williford et al. (2016) and special consider-
ation was given to identifying the S-MIF signals and explaining the
observed S-isotope compositions of whole rock and precise in-situ pyrite
analyses. The study noted large heterogeneities in S-isotope composi-
tions and that the production and preservation of S-MIF in the MMS may
be dependent on a variety of local factors. These include pore fluid S-
isotope chemistry, changes in S-MIF with regards to growth of a
particular texture (nodule), and metabolic recycling of S which may
render high A%S in a closed system. There is comparatively little S-
isotope data above the MMS in the Hamersley Group. S-isotope com-
positions in some samples from Slotznick et al. (2022) suggested that S-
isotope systematics do not necessarily show temporal trends but are a
product of processes such as later fluid flow or recrystallisation. A range
of A%3S values were observed in the different textures of pyrite with
early pyrites carrying negative A33S and the opposite for late pyrite
textures. This reinforces a point made by Gregory et al. (2019) that only
nodules that have grown via a pervasive growth mechanism involving
multiple nucleation sites, that results in chemical homogeneity across
the nodule and a lack of trace element and isotopic zonation, can be
reliably used for interpreting past marine conditions.

3.4. Glacigenic diamictites

Perhaps the most important new stratigraphic observation is the
recognition of four diamictite intervals in the upper MBS, which have
each been formally named at member level and described in detail to
improve geological communication (Martin, 2020). It is important to
note that all diamictites described in this paper are identified indepen-
dently of interpretations of depositional environment, although each
displays some evidence of the action of glacigenic processes. The
lowermost diamictite-bearing horizon of the MBS, the Cave Hill Mem-
ber, represents the uppermost 10 m of the Boolgeeda Iron Formation in
areas where it has not been eroded beneath the paraconformity at the
base of the Kungarra Formation of the Turee Creek Group. The dia-
mictite component forms the base of the member and is usually no more
than a few decimetres thick. It is also the diamictite with the most
convincing evidence for ice-rafted deposition (Martin, 1999; Van Kra-
nendonk et al., 2015b), although its glacial interpretation has recently
been questioned (Bekker et al., 2020). The second diamictite is the well-
known Meteorite Bore Member of the Kungarra Formation that was
named by Trendall (1979), and incorrectly correlated with the Cave Hill
Member by Martin (1999). For the sake of clarity of communication and
because it is about 500 m above the Meteorite Bore Member (Fig. 3), and
stratigraphically distinct, the third diamictite has been named the Calgra
Member. This diamictite was first explicitly recognized but not named
by Martin and Morris (2010) and Van Kranendonk et al. (2015),
although Krapez et al. (2017) included it in their depiction of the
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Meteorite Bore Member. It is apparent from his description of the
Meteorite Bore Member that Trendall (1979) was also not aware of the
existence of the Calgra Member. The fourth diamictite is in the lower
part of a fine-grained siliciclastic unit within the Kazput Formation that
has been named the Wonangara Member (Martin, 2020). The diamictite
in the Wonangara Member is characterized by faceted clasts that are like
those in the other diamictites, but due to the effects of weathering and
the discontinuity of outcrops its glacial origin is the least certain.
However, the recognition of potentially up to four stratigraphically
discrete Paleoproterozoic diamictite horizons within a relatively
coherent stratigraphic succession has important implications for global
correlations that will be discussed later.

3.5. Redox chemistry and other isotopes

Chemostratigraphy provides a powerful tool for studying the GOE
and establishing any potential APB (e.g. Gaucher and Frei, 2018; Ken-
dall, 2021), although the proxies used mainly track oxygenation of the
hydrosphere rather than the atmosphere. Whole rock and pyrite
geochemistry of the MMS were investigated by Gregory et al. (2015).
Both techniques yielded similar results, that show enriched concentra-
tions of redox sensitive trace elements such as Mo, Co, Cr, Cu and Zn in
the upper MMS. The enrichment typifies an intense oxygenation event,
which was also previously identified by Anbar et al. (2007). High Fe/Al
ratios were also observed during the deposition of the MMS implying
higher Fe?" availability in the oceans. The lower part of the MMS is
believed to have been deposited under relatively lower Fe?* conditions
compared to the upper part. Such variations may lead to opposite trends
in geochemical signals in whole rock versus pyrite during oxygenations
events. For instance, elements such as Ni, Co, Cu, Te, Au and Ag show
whole-rock enrichment in the MMS compared to pyrite geochemistry.
Gregory et al. (2015) attributed that enrichment to higher concentra-
tions of sulphate in the oceans due to oxidative weathering on land in an
FeZ* enriched ocean. Rocks with a higher degree of pyritization (>10 %
pyrite) impart an imbalance in trace metal partitioning in whole rock
and pyrite. Overall, the study revealed that the enrichment of redox
sensitive trace elements in the MMS was higher than all other sequences
in the MBS.

Novel geochemical proxies provide additional evidence for redox
processes occurring in the lead up to the GOE, with numerous studies
suggesting that transient periods of enhanced O, occurred before the
main GOE (Anbar et al., 2007; Kurzweil et al., 2015; Wille et al., 2007).
Redox sensitive elements are the most promising archives with Cr, Mo
and U isotopes all showing significant excursions, which have been
interpreted to be the result of atmospheric or oceanic oxygenation
(Arting et al., 2023; Briiske et al., 2020; Frei et al., 2009; Kendall et al.,
2015; Koehler et al., 2018; Kurzweil et al., 2015). While other redox
sensitive elements such as Cu contemporaneously display limited fluc-
tuations over the period of interest (Thibon et al., 2019) highlighting the
complexity of interpretation of these records.

Recently, Slotznick et al. (2022) presented refined arguments against
evidence for oxygenation during the deposition of the MMS. The study
used a variety of in-situ analytical techniques to carefully explain and
argue against all previous enrichments normally attributed to higher
atmospheric O,. For instance, enriched Mo and organic matter in the
MMS would normally be considered a consequence of higher atmo-
spheric O,. However, Slotznick et al. (2022) explained higher Mo con-
centrations in the pyrite were originally sourced from volcanic glass, and
that later dissolution of the glass and remobilisation of Mo caused the
high values. While this may be a plausible explanation of Mo enrichment
in the rocks, it doesn’t explain the higher concentration of redox sen-
sitive trace elements in the MMS (see also Anbar et al., 2023). Likewise
high concentrations of organic matter would normally imply high
organic carbon burial, and by extension higher O, release due to the
burial of Cypg. Slotznick et al. (2022) interpret higher Cyg accumulation
in the MMS as the product of extremely slow sedimentation rates in an
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anoxic environment as opposed to high rates of organic matter pro-
ductivity. It is true that lower sedimentation rates coupled with lower Oq
may cause higher organic matter preservation, but if a rise from 5 % to
15 % total Corg in the samples is not due to an increase in Corg produc-
tivity, there can be two other possibilities. Either Coy production
remained the same and O3 exposure continued to decline, or Cyg pro-
ductivity did increase but at a lower rate than apparent (5 to 15 %). The
former implies higher O, concentration before the ‘whiff’, which is
unlikely. Also unlikely is that Corg production remained the same for 50
million years. The latter may be more plausible, where organic matter
productivity did increase but there wasn’t enough O, to decompose
organic matter, hence causing higher preservation. Either way, the MMS
is a more carbonaceous unit compared to under- and overlying
formations.

Widespread Mn precipitation such as that observed in the Mn-rich
horizons in southern Africa (Kirschvink et al., 2000; Warke et al.,
2020), requires large quantities of O5 at c. 2.4 Ga to facilitate shallow-
water Mn precipitation (e.g. Robbins et al., 2023), although this
requirement is disputed by Johnson et al. (2013). The observation of
distinct light U isotope compositions in similar Southern African hori-
zons has been explained by the onset of partial U mobilization during
slow oxidative weathering of uraninite shortly before and during the
GOE (Briiske et al., 2020). Turning specifically to the Australian strati-
graphic record, the MMS preserves several key indicators of increased
oxygenation prior to the GOE characterised by positive Mo, U and Se
isotope excursions (Anbar et al., 2007; Kendall et al., 2015; Stiieken
et al., 2015) and oxidative mobilization of Mo, Os and Re (Kendall et al.,
2015). Steadman et al. (2020) inferred a c. 2-10 % rise in Oy concen-
trations, derived using Se/Co values in sedimentary pyrite, moving up
stratigraphy in the MMS, although this observation was based on an
extremely limited sample set. Lantink et al. (2023) have recently iden-
tified sharp enrichments of redox sensitive elements in the Joffre
Member of the Brockman Iron Formation prior to the GOE that have
been interpreted as diagenetic redox fronts formed in response to pre-
cessional Milankovitch forcing. Overall, evidence from geochemical
proxies of oxidation at present remains limited from throughout the MBS
and further work is required to complete the record.

Closely associated with the GOE are two positive carbonate carbon
isotope excursions (5'3Car) that each follow closely after a glacial event
(Bekker et al., 2006). The origin and significance of these excursions to
the GOE are complex and debated, but the simplest interpretation is that
they reflect the burial of organic carbon that in turn allowed further
accumulation of atmospheric Oy (Fakhraee et al., 2023; Martin et al.,
2013; Prave et al., 2022). The oldest of these is only recorded in South
Africa and has been named the Duitschland event (Bekker et al., 2001),
but the younger event is more widespread and has been used for global
correlations (Bekker et al., 2020). This second event is known as the
Lomagundi event, but so far neither event has been recognised in the
Australian record. This is almost certainly a function of incomplete
sampling and the absence of carbonates at the correct stratigraphic level.
The first comprehensive C-isotope record for Australia was compiled by
Lindsay and Brasier (2002), and later expanded by Martindale et al.
(2015) who also corrected some stratigraphic errors in the original
compilation. However, there is a significant interval of carbonate above
the K2 section of Martindale et al. (2015) in the upper Kazput Formation
that is above the Wonangarra Member and has not been analysed for
carbon isotopes, probably because they misinterpreted the extent of the
Beasley River Quartzite (see Martin, 2020). There are also several un-
analysed carbonate horizons, some of which are stromatolitic, that cap
shallowing-upward progradational cycles below the Meteorite Bore
Member, and in the section between the Calgra Member and the Koolbye
Formation. Outcrop is poor in the main area of exposure, the Hardey
Syncline (Martin, 2020), and reliable expansion of any isotopic records
across this interval will likely require more targeted stratigraphic
drilling.
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3.6. Physical proxies of oxidation state

The MBS (and Turee Creek Group in particular) records several
physical proxies of atmospheric oxidation state that are presently poorly
documented in Australia, but may provide a complementary but more
practical means to identify global GOE-related successions (Cloud, 1976,
1972; Holland, 1999) compared to the isotopic and geochemical proxies
used to recognise the GOE discussed above. The earliest and longest
ranging of these proxies is the detrital pyrite and uraninite record pre-
sented by Bekker et al., (2020, Fig. 2), which extends from the middle
Boolgeeda Iron Formation to the Anthiby Formation. However, this re-
cord differs from previous pyrite studies (Philippot et al., 2018), and no
verifiable data was presented or referenced for the presence of uraninite,
or the full expanded stratigraphic range of detrital pyrite (not shown in
Fig. 3).

Instead, perhaps the most useful of the physical proxies is the pres-
ence of terrestrial red beds with hematite cements (Cloud, 1976;
Holland, 1999) that make their first appearance in tidal facies of the
Koolbye Formation (Mazumder et al., 2015), but are also present in
fluvial facies of the Munder Formation and basal units of the overlying
Wyloo Group (Fig. 1). In addition to hematite cements in sandstones,
conglomerates with microplaty hematite ore-clasts and hematite ce-
ments have recently been discovered at the base of the Munder For-
mation (Martin, 2020), further expanding the style and stratigraphic
range of terrestrial red bed sedimentary rocks in the TCG. Another
relevant potential indicator of marine redox conditions is the presence of
small manganese oxide nodules in dolomites of the lower Kazput For-
mation (see fig. 31 in Martin and Howard, 2023). These nodules appear
to be primary features but may reflect modern weathering of Mn-rich
carbonates. However, they also coincide with the transient S-MIF
values in the lower Kazput Formation (Fig. 3). Mn-rich ferruginous
mudstones are also known from the top of the Calgra Member (Van
Kranendonk et al., 2012; Van Kranendonk and Mazumder, 2015).
Further study of these physical proxies in the MBS and their significance
to the delineation of the GOE in the stratigraphic record is required.
Oxidised paleosols (Rye and Holland, 1998) are also closely correlated
with the presence of red beds in many successions containing the GOE,
and a potential example underlies the unconformity at the base of the
Munder Formation (Fig. 3; Martin, 2020). However, it is not yet clear
whether this is a more recent weathering effect, and confirmation of its
deep-time origins as suggested by karst dissolution of the Kazput For-
mation will require fresh sample material.

3.7. Geochronology

In addition to the stratigraphic revisions described above, recent
work has also significantly improved the geochronological constraints
on the MBS, compared to the seminal work of Trendall et al. (2004). This
has involved re-analysis of some of the key intervals, new data from
critical parts of the stratigraphy, and a re-evaluation of the stratigraphic
context of some existing dates. Accurate geochronological constraints
are critical for reliable time-series analysis of datasets such as the MSI
database (e.g. Uveges et al., 2023) that underpins the definition of the
GOE, and for global chronostratigraphic correlation. Geochronology
also supports the revised interpretations of stratigraphic relationships at
the contact between the Hamersley and Turee Creek Groups. Only the
most significant dates will be considered here; more detailed accounts of
the revisions are available in Martin (2020) and Martin and Howard
(2023).

The presence of the chronometric APB within the Mount McRae
Shale (MMS) is well constrained by published data and is supported by
new ages from the base of the Brockman Iron Formation of the MBS (see
fig. 7 in Martin and Howard, 2023). Rasmussen et al. (2005) did not
report the exact stratigraphic location of the 2504 + 5 Ma tuff bed that
they dated in the MMS. The lithological description of the sample,
combined with known stratigraphic variations, suggests that it comes
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from the lower two thirds of the MMS. This interpretation is corrobo-
rated by a well-located Re-Os isochron of 2501.1 + 8.2 Ma from the S1
subdivision in the upper half of the formation (Anbar et al., 2007). New
ages for the two lowermost shale macrobands in the Brockman Iron
Formation of 2485 + 9 Ma (Wingate et al., 2021a) and 2480 + 7 Ma
(Wingate et al., 2021b) can be used to estimate a compacted deposi-
tional rate for the intervening 6 m-thick BIF macroband that is between
0.3 and 2 m/my (mean 1.2 m/my), which is significantly slower than
previous estimates from the Brockman Iron Formation (Lantink et al.,
2022; Rodrigues, P. de O. C. et al.,, 2019; Trendall et al., 2004).
Numerous factors can account for these discrepancies including real
changes with time, different age constraints or thicknesses used in cal-
culations, differences in depositional rate for different lithologies, and a
lack of well-constrained depositional rates for non-BIF lithologies in the
Hamersley Group. Nonetheless, application of this new depositional rate
for the lower Brockman Iron Formation BIF, confirms the 2494 Ma
interpolated age for the base of the formation (Trendall et al., 2004).

Slotznick et al. (2022) presented new geochronological data that
suggest that the lower MMS is significantly older (2533 + 6 Ma) than the
interpolated 2505 Ma maximum age of Trendall et al. (2004), and that
the depositional rate of shale (1.03 to 1.76 m/my) is almost identical to
that calculated here for BIF. However, their rate calculation relies on
correlation between two drillholes (APDP9 and WLT10), the details of
which were not presented, and photomicrographs of the dated zircon
grains suggest from their shape that they may be detrital. If the ages of
Slotznick et al. (2022) are indeed magmatic, then this implies that the
ages used to calculate the BIF depositional rate described above are
likely detrital, and the rate calculations spurious. Resolution of such
discrepancies in the geochronological record and its interpretation are
imperative to any efforts to radiometrically constrain the APB, regard-
less of where it is placed.

Revised stratigraphic relationships in the uppermost Hamersley
Group have significant implications for interpreting geochronological
data related to the proposed APB of Van Kranendonk et al. (2012), or
any potential alternatives, because the 2445 + 5 Ma tuff bed dated by
Trendall et al. (2004) and interpreted to constrain igneous crystalliza-
tion of the uppermost Woongarra Rhyolite is now considered to be a
maximum depositional age for the basal Boolgeeda Iron Formation
(Martin, 2020). This interpretation is supported by a maximum depo-
sitional age of 2442 + 8 Ma (Wingate et al., 2020) from the same in-
terval approximately 100 km southeast of Trendall’s locality, and an
igneous crystallization age of 2444 + 4 Ma (Wingate et al., 2018a)
within the uppermost Woongarra Rhyolite. These ages, combined with
the presence of demonstrable Woongarra Rhyolite clasts in the Cave Hill
Member (Martin, 1999) indicate a significant hiatus at the base of the
redefined Boolg