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Geology of the Hardey Syncline — the key
to understanding the northern margin
of the Capricorn Orogen
by
DMcB Martin

Abstract
The geological evolution of the Hardey Syncline in the southern Hamersley province provides important insights into the understanding
of the northern margin of the Capricorn Orogen, and the tectonic history of the Ophthalmia Orogeny in particular. The significance of the
area stems from its near-complete stratigraphic record of the Mount Bruce Supergroup and overlying strata, and the relative and absolute
age of Ophthalmian deformation events that can be determined by reference to well-preserved field relationships and isotopically dated
rock units. This Report places previous work within the context of a revised stratigraphic framework for the upper part of the Neoarchean
to Paleoproterozoic Mount Bruce Supergroup, and the overlying Wyloo Group. This revised nomenclature includes the formal naming
of unnamed units, and the recognition of several new units and regional disconformities. The formal recognition of eight unconformity
or disconformity bounded sequences and their relationship to the newly named c. 2208 Ma Balgara Dolerite allows tighter constraints to
be placed on the timing of formation of the Hardey Syncline during the 2215–2145 Ma Ophthalmia Orogeny. That orogeny is recognized
to be the product of five discrete, coaxial, west-northwest – east-southeast folding events, and one later northwest–southeast folding
event. In addition to its importance for understanding the tectonic evolution of the Ophthalmia Orogeny, the Hardey Syncline is now also
recognized as preserving a stratigraphic record of four Paleoproterozoic glaciations which are intimately associated with the global rise
of atmospheric oxygen during the Great Oxidation Event. Consequently, this area is also of global significance to the debate surrounding
a proposed chronostratigraphic revision of the Archean–Proterozoic boundary.
KEYWORDS: Capricorn Orogen, diamictite, dolerite sills, foreland basins, glaciation, Great Oxidation Event, Huronian Glacial Event,
Ophthalmia Orogeny, unconformity

Introduction

Section and Point (GSSP). However, the field relationships
that underpin these interpretations have been debated
for four decades, and are still controversial, suggesting
that a synthesis of the geology of this important region
is warranted. Furthermore, much of the stratigraphic and
structural nomenclature currently in use is informal, which
makes concise communication of the geology difficult and
confusing. The aim of this Report is, therefore, to document
comprehensively the geology of the Hardey Syncline and
environs, and to place it in a wider regional and global
context that will form the foundation for future studies.

The Hardey Syncline and adjacent Rocklea Anticline in the
southern Hamersley province record an almost complete
stratigraphic succession from Paleoarchean granites and
greenstones of the Pilbara Craton basement to the late
Paleoproterozoic Wyloo Group (Fig. 1). In this area, the
succession contains well-exposed records of a number of
important regional and global geological events including
Fortescue Group rifting, deposition of Hamersley Group
banded iron-formation (BIF), the Archean–Proterozoic
boundary, Great Oxidation Event (GOE), Huronian
Glacial Event (HGE), and the Ophthalmia and Capricorn
Orogenies. The Hardey Syncline is therefore a critical
area for studying and understanding these events, most
notably because this is the only area in the Hamersley
province where such a complete stratigraphic succession
is preserved.

Nomenclature
Over the years, there have been some changes in
nomenclature within the Geological Survey of Western
Australia (GSWA) that require discussion and clarification,
particularly with regard to lithostratigraphic and tectonic
units. For the purposes of this Report, wherever superseded
nomenclature is used in its original context, or as originally
defined, it is included in inverted commas to distinguish
it from the newer usage. The first change relates to the
stratigraphic definition of basins, in particular those that
constitute the Mount Bruce Supergroup. The ‘Hamersley
Basin’ was originally considered to be synonymous with
the entire ‘Mount Bruce Supergroup’, as initially defined
by Halligan and Daniels (1964). However, the subsequent

Of particular importance is the core of the syncline where
angular unconformities within the Turee Creek Group
and at the base of the Shingle Creek Group can be used
to interpret the relative age of folding, and to extrapolate
these fold events throughout the Hamersley province.
Also, the first glacial deposits of the HGE have recently
been proposed to mark the base of a revised Proterozoic
Eon (Van Kranendonk, 2012), and this area is likely to
contain a good candidate for a Global Boundary Stratotype
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recognition of unconformities and lateral facies changes
within the Mount Bruce Supergroup (Trendall, 1979;
Morris and Horwitz, 1983; Blake and Barley, 1992) has
led to the recognition of multiple basins, and although the
‘Hamersley Basin’ name persists, a clear definition of its
use is required. It is now common practice within GSWA
to equate groups roughly to basins or basin stages, although
the true extent of any particular basin from a tectonic
perspective may transgress lithostratigraphic boundaries.
To this end, the Hamersley Basin as used in this publication
refers exclusively to the deposits of the Hamersley Group,
as opposed to previous definitions that included one or
both of the Fortescue and Turee Creek Groups (e.g. Smith
et al., 1982; Trendall, 1990; Arndt et al., 1991; Thorne and
Tyler, 1996; Martin et al., 2000; Egglseder et al., 2017).
The Fortescue Basin is consequently recognized as a
separate rift basin (Blake and Barley, 1992; Thorne and
Trendall, 2001) that preceded the Hamersley Basin. In
keeping with the new approach to the naming of basins,
it is recommended that the name ‘McGrath Trough’
(e.g. Horwitz, 1982; Powell and Horwitz, 1994; Martin
et al., 2000) be abandoned in favour of the Turee Creek
Basin, which includes the Turee Creek and newly
named Shingle Creek (formerly ‘lower Wyloo’) Groups
(cf. Krapež, 1996; Krapež et al., 2017). The rationale for
including the Shingle Creek Group in the Turee Creek
Basin is presented in detail in this Report.

Granite-cored antiformal structures exposed along the
southern margin of the ‘Hamersley Province’ have
commonly been referred to as domes in previous work.
These include the Wyloo, Rocklea, Milli Milli and Sylvania
‘Domes’ (de la Hunty, 1964; Daniels and MacLeod, 1965;
Seymour et al., 1988; Thorne et al., 1991; Thorne and Tyler,
1996, 1997). The Bellary ‘Dome’ is an exception in that it
is cored by rocks of the Fortescue Group (Daniels, 1968;
Thorne et al., 1991; Thorne and Tyler, 1994). However,
domes are generally considered as antiformal structures
that are the product of upwarping due to processes such
as volcanism, granite intrusion, salt diapirism or tectonic
uplift (Neuendorf et al., 2005). Conversely, anticlines
are the product of tectonic shortening and folding by
buckling. Since the granitic rocks in the cores of the
previously named ‘domes’ are all significantly older than
the surrounding strata, and there is no evidence that they are
solely the product of uplift or diapirism, they are referred
to as anticlines in this Report. A natural consequence of
this interpretation is that the granite-cored anticlines must
overlie a major detachment fault or décollement at depth
that accommodates the necessary shortening. The granitic
cores of these anticlines are also commonly referred to as
inliers, as in Rocklea Inlier.

The study area is generally considered to be located within
a larger geographical region commonly referred to as the
‘Hamersley Province’, which was originally defined as the
‘Hamersley Iron Province’ by MacLeod et al. (1963). This
region was considered to be the area of exposed ‘Mount
Bruce Supergroup’ rocks and their contained iron ore
deposits in the Chichester, Hamersley and Ophthalmia
Ranges in Western Australia (Fig. 1). However, current
GSWA use of the term ‘province’ is restricted to tectonic
subdivisions of orogens, such as the Gascoyne Province of
the Capricorn Orogen. It is therefore recommended that the
terms ‘Hamersley Province’ and ‘Hamersley Iron Province’
be used informally. Thus, the Hamersley province is
defined and expanded here to include the outcrop extents
of the Mount Bruce Supergroup, and overlying ‘Wyloo’,
Capricorn, Mount Minnie and Bresnahan Groups that also
overlie concealed Pilbara Craton basement, as well as the
Boolaloo Granodiorite and any basement inliers within this
area (Fig. 1). The area occupied by the groups that overlie
the Mount Bruce Supergroup has previously been referred
to as the ‘Ashburton Province’, but use of this formal term
is now also discouraged.

The Hardey Syncline is located within the southern
Hamersley province (Fig. 1), along the extensively faulted
contact between the Shingle Creek and Wyloo Groups. The
roughly east–west trending syncline is located between
the Wyloo Anticline to the west and the Bellary Anticline
to the east, and is bound to the north by the Mount Wall
and Rocklea Anticlines. The syncline is cut by a complex
northwest-trending fault system that is commonly referred
to as the Nanjilgardy Fault (e.g. Thorne and Tyler, 1996;
Johnson et al., 2013), but is now recognized to consist
of a number of discrete fault strands of varying age and
kinematics (Dalstra, 2014). The Nanjilgardy Fault was
originally defined by Thorne et al. (1991) as the major fault
southeast of Mount Maguire that separates the Ashburton
Formation (Wyloo Group) from older units, but it can
possibly be extended to the eastern closure of the Hardey
Syncline (Fig. 1).

Regional geology

The currently accepted interpretation of the geological
evolution of the Hamersley province (Fig. 2) is that it
records continental rifting of the Pilbara Craton that
ultimately led to the formation of an oceanic basin during
deposition of the Fortescue Group (Blake and Barley,
1992; Blake, 1993; Thorne and Trendall, 2001). Thermal
subsidence of this basin, and the establishment of a passive
continental margin (Morris and Horwitz, 1983), is recorded
by Jeerinah Formation and lower Hamersley Group (Marra
Mamba Iron Formation to Mount Sylvia Formation).
This passive continental margin was then converted to
an active margin (Blake and Barley, 1992; Krapež, 1997)
during deposition of the upper Hamersley Group (Mount
McRae Shale to Boolgeeda Iron Formation). Active margin
deposition is reflected in an increased flux of volcaniclastic
material to the basin, and by the presence of an interpreted
bimodal igneous province (Alibert and McCulloch, 1993;
Barley et al., 1997). Convergence during active margin
evolution ultimately resulted in the establishment of a
foreland basin, formerly known as the ‘McGrath Trough’

Another area of nomenclature that has changed in recent
times is in the distinction between fold belts and orogenies.
Earlier workers identified a number of fold belts within the
Capricorn Orogen that were interpreted to be the product of
specific orogenies (Gee, 1979; Tyler and Thorne, 1990b).
Since folding is not the only manifestation of an orogeny,
the naming of fold belts has been abandoned within
GSWA in favour of identification of the orogenic events
responsible for a particular deformation (see Martin et al.,
2015). Some fold belt names have been abandoned entirely
(e.g. Ashburton Fold Belt), whereas others have been
adopted for the orogenic event (e.g. Ophthalmia Orogeny).
The Ophthalmia Orogeny is commonly incorrectly referred
to as the ‘Ophthalmian Orogeny’. This adjectival usage is
here restricted to the description of specific features, as in
‘Ophthalmian cleavage’.
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(Horwitz, 1982), during deposition of the Turee Creek
Group (Blake and Barley, 1992; Powell and Horwitz, 1994;
Krapež, 1996; Powell et al., 1999; Martin et al., 2000;
Martin and Morris, 2010; Krapež et al., 2017). Recently,
this part of the succession has been reinterpreted as the
product of failed rifting or intracontinental subsidence
(Van Kranendonk et al., 2015b; Mazumder, 2017).
The tectonic setting of the ‘Wyloo Group’, as defined
by Trendall (1979), is controversial owing mainly to
disagreements regarding the age and significance of the
unconformity at the base of the Beasley River Quartzite
(now assigned to Shingle Creek Group; Fig. 2). The most
common interpretation for the ‘Wyloo Group’ is that it
records a series of extensional events that were ultimately
overprinted by compressional tectonics related to the
Capricorn Orogeny (Tyler and Thorne, 1990b; Thorne
and Seymour, 1991; Cawood and Tyler, 2004; Johnson
et al., 2013; Krapež et al., 2015; Krapež et al., 2017),
although the lower part of the ‘group’ has also been
tectonogenetically linked to the underlying Turee Creek
Group (Horwitz, 1982; Powell and Horwitz, 1994; Powell
et al., 1999; Martin et al., 2000; Martin and Morris, 2010).

relative timing of fold events with respect to the formation
of angular unconformities.
However, it was not until a series of unpublished Honours
studies was conducted at The University of Western
Australia in the early to mid-1990s that further advances
in the understanding of the geology of the Hardey Syncline
would be made. The earliest of these studies (Goddard,
1992) produced the first detailed map of the syncline
since that of Trendall (1979) and established a structural
and stratigraphic framework that formed the basis of
subsequent sequence stratigraphic studies in the region
(Krapež, 1996, 1997, 1999; Krapež et al., 2017). This early
study was the first to recognize the regional unconformity
at the base of the Beasley River Quartzite in the core
of the syncline, west of Cajuput Yard (Fig. 3). Trendall
(1979) had assigned all the rocks above the distinct
angular unconformity to his ‘unnamed quartzite unit 3’,
but Goddard (1992) recognized two unconformities in this
area, with the core of the syncline occupied by the Beasley
River Quartzite above a very low-angle unconformity
within ‘unnamed quartzite unit 3’ (Fig. 3). Goddard (1992)
referred to the succession between the two unconformities
as ‘sequence 4’ (here the Anthiby Formation), and also
recognized that an area to the west, which was considered
by Trendall (1979) to consist of his ‘unnamed quartzite
units 2 and 3’, comprised four unconformity-bound
depositional sequences below the Beasley River Quartzite.
Further studies by Horwitz and Powell (1992) and Powell
and Horwitz (1994), and their students, investigated various
aspects of the local geology, including the provenance
of the Beasley River Quartzite (Worth, 1995), basin
analysis of the ‘McGrath Trough’ (Twist, 1995), igneous
geochemistry of the Cheela Springs Basalt (Dow, 1996),
and the sedimentology, stratigraphy and paleogeography
of the Mount McGrath Formation (Keenan, 1996). Much
of this work identified a tectonogenetic link between the
Turee Creek Group and the ‘lower Wyloo Group’, and is
summarized in Martin et al. (1998), Powell et al. (1999),
and Martin et al. (2000). However, many of the key field
relationships have remained contentious (e.g. Müller et al.,
2005; Van Kranendonk et al., 2015b; Krapež et al., 2017).
In particular, the unconformity-bound interval within
‘unnamed quartzite unit 3’ identified by Goddard (1992)
was not recognized during mapping of the Rocklea
1:100 000 Geological Series map sheet (Thorne et al.,
1995; Thorne and Tyler, 1996), although these authors
did formally name two of Trendall’s (1979) informal
stratigraphic units as the Koolbye and Kazput Formations
(Fig. 4). A study of the Cheela Springs Basalt (Müller,
2005; Müller et al., 2005) has also questioned the tectonic
relationship between the Turee Creek Group and the ‘lower
Wyloo Group’, although the field relationships on which
this interpretation is based are contentious (Martin, 2006;
Müller et al., 2006; Martin and Morris, 2010; Krapež et al.,
2017) and are the subject of this Report.

The Hamersley province is widely considered to have
been affected by two main deformation events (previously
recognized as ‘fold belts’), namely the Ophthalmia and
Capricorn Orogenies (Gee, 1979; Tyler and Thorne, 1990b;
Powell and Horwitz, 1994; Martin et al., 2000; Taylor
et al., 2001; Morris and Kneeshaw, 2011). These orogenies
were responsible for producing the west-northwesterly to
northwesterly trending structural grain along the northern
margin of the Capricorn Orogen. However, an event known
informally as the ‘Panhandle folding’ (Taylor et al., 2001;
Dalstra, 2014) has been interpreted as the product of a
separate orogenic event correlated with the Glenburgh
Orogeny in the southern Capricorn Orogen (Dalstra,
2005). An obvious problem with this interpretation is
that the c. 2002–1947 Ma Glenburgh Orogeny is younger
than undeformed northwest-trending dykes that clearly
post-date the ‘Panhandle folds’, which must therefore
be older than c. 2008 Ma (Müller et al., 2005). The field
relationships and geochronology described in this Report
provide a greater understanding of the tectonic evolution
of the Ophthalmia Orogeny, but the Hardey Syncline is not
an ideal study area to resolve the existence or timing of the
proposed ‘Panhandle Orogeny’.

Previous work
The Hardey Syncline has been the focus of numerous
studies over the last half century, although a significant
body of that work remains unpublished. The first mention
of the Hardey Syncline is in MacLeod et al. (1963) but it
was not until the late 1970s that the first detailed map and
description of the geology of the area appeared (Trendall,
1979). Trendall (1979) was the first to recognize and
subdivide the Turee Creek Group as a separate entity to
the ‘Wyloo Group’ of MacLeod et al. (1963), resulting in
the current definition of the Mount Bruce Supergroup. This
seminal work is the basis of the stratigraphic and structural
framework that is still in use today (e.g. Martin et al.,
2000; Krapež et al., 2017). Subsequent work throughout
the Hamersley province by Horwitz (1978, 1980, 1982)
built on this framework, and recognized the importance
of the Hardey Syncline, in particular for determining the

More recently, the Hardey Syncline has become the
focus of detailed sedimentological and geochemical
studies related to understanding the Australian record of
the GOE and HGE (Mazumder and Van Kranendonk,
2013; Caquineau et al., 2015; Martindale et al., 2015;
Mazumder et al., 2015; Van Kranendonk et al., 2015a,b;
Van Kranendonk and Mazumder, 2015; Caquineau et al.,
2016, 2018), with a view to revising the definition of
the Archean–Proterozoic boundary (Van Kranendonk,
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2012). These globally important events are recorded
in the uppermost Hamersley Group and lower Turee
Creek Group, and have recently been the target of
three diamond drillholes drilled during the Turee Creek
Drilling Project (TCDP) by the Auguron Institute in Paris
(Fig. 5), to acquire fresh material for geochemical and
geochronological studies. Cores from all three holes are
stored in the Perth Core Library, and results published
to date relate mainly to the depositional age of glacial
diamictites (Caquineau et al., 2015; Caquineau et al.,
2016, 2018), geochemical and petrological studies
(Thoby et al., 2017; Philippot et al., 2018; Warchola et al.,
2018), and the magnetic properties of the Boolgeeda Iron
Formation (Carlut et al., 2015). In addition, there have
been recent studies on the metamorphic history of the
syncline (Shibuya et al., 2010), the depositional age of the
Boolgeeda Iron Formation (Simonson et al., 2014) and
Meteorite Bore Member (Takehara et al., 2010; Philippot
et al., 2018), and the zircon provenance and basin evolution
of the Turee Creek Group and ‘lower Wyloo Group’
(Krapež et al., 2015, 2017; Caquineau et al., 2018).

as well as the location and number of Paleoproterozoic
glacial diamictite units and their regional correlations.
Structural relationships within the core of the Hardey
Syncline and the relative timing of c. 2.2 Ga mafic
magmatism are also discussed. These data underpin a
coherent interpretation of the geological history of the
Hardey Syncline that has relevance to understanding the
geological evolution of the entire northern margin of
the Capricorn Orogen, as well as to a better constrained
global correlation of the stratigraphic records of the
GOE and HGE.

Lithostratigraphy
The Hardey Syncline and adjacent area preserves an
almost complete stratigraphic record of the Mount
Bruce Supergroup and lower part of the ‘Wyloo Group’
deposited on the Archean Pilbara Craton between c. 2.8 and
1.8 Ga. The stratigraphic relationships and nomenclature
in this region are very well established (Figs 2, 4), but
recent fieldwork has identified previously unrecognized
relationships, as well as some new stratigraphic units that
necessitate minor revisions to existing units, as described
below. Descriptions focus primarily on the uppermost
Mount Bruce Supergroup and lower part of the ‘Wyloo
Group’ since revisions are mainly confined to this part
of the succession (Fig. 4). These revisions also bring the
stratigraphic nomenclature into line with international
standards (Salvador, 1994).

Aims
The main objective of this Report is to summarize previous
work, clarify new and existing terminology, including
the formalization of lithostratigraphic nomenclature, and
to accurately document critical field relationships that
underpin the geological understanding of this important
region. New and redefined stratigraphic units are described,

Beasley River Quartzite

Anthiby Formation

Kungarra Formation

DMM65

Figure 3.

23.04.19

Hinge zone of the Hardey Syncline, west of Cajuput Yard (Fig. 5), showing the unconformities at the
base of the Anthiby Formation and Beasley River Quartzite in a cliff face that was originally mapped as
consisting entirely of ‘unnamed quartzite unit 3’ (Trendall, 1979) or ‘Beasley River Quartzite’ (de la Hunty
and Jones, 1964; Thorne et al., 1995)
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Evolution of previous lithostratigraphic nomenclature within the Hardey Syncline. Van Kranendonk and co-workers (2013 onwards)
refers to interpretations of the local stratigraphy presented as a consequence of the Turee Creek Drilling Program (TCDP)
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Pilbara Craton basement

siltstone, mudstone, volcaniclastic rock, basalt and chert,
and is intruded by up to 500 m of dolerite and layered
pyroxenite sills (Thorne and Tyler, 1996). There are no
member-level lithological subdivisions of the Hardey
Formation currently recognized in the study area,
although Blight (1985) did recognize a distinctive unit
of volcaniclastic rock which he named the Madang Tuff
Member, which is present in the eastern and western
closures of the Rocklea Anticline.

Basement granite–greenstone rocks of the Archean Pilbara
Craton are confined to the core of the Rocklea Anticline,
which is exposed in the northeastern corner of the study
area (Figs 1, 5). The core of the Rocklea Anticline consists
predominantly of metamorphosed biotite monzogranite
that intruded a greenstone succession of metabasalt and
metamorphosed pyroxene spinifex-textured basalt that
occupies the central and southern part of the anticline.
Quartzofeldspathic and quartz–chlorite schist and
chert, that make up the northern flank of the anticline,
are separated from the granitic and mafic rocks by the
Mithgoondy Well Shear Zone, which pre-dates deposition
of the Hardey Formation in the lower part of the overlying
Fortescue Group (Thorne and Tyler, 1996).

The Boongal Formation is the southern equivalent of
the Kylena Basalt. It conformably overlies the Hardey
Formation and consists of about 1 km of massive basalt and
pillow basalt with minor hyaloclastite breccia and mafic
volcaniclastic rock (Thorne and Tyler, 1996). The Pyradie
Formation conformably overlies the Boongal Formation
and is the correlative of the Tumbiana Formation in the
north Pilbara. It is about 1 km thick in the study area and
consists of pyroxene spinifex-textured basalt and pillow
basalt interbedded with hyaloclastite breccia, volcaniclastic
rock, mudstone and chert. A prominent serpentinized
komatiite flow is present in the middle of the Pyradie
Formation around the southeastern and northwestern
limbs of the Rocklea Anticline. In contrast, the Tumbiana
Formation is commonly less than 200 m thick and
consists of carbonate and siliciclastic sedimentary rocks
(Thorne and Trendall, 2001). The Bunjinah Formation
is the southern equivalent of the Maddina Formation,
and is about 900 m thick in the study area. This unit is
lithologically similar to the Boongal Formation, except that
the upper parts are characterized by highly vesicular basalt
interbedded with hyaloclastite breccia.

Fortescue Group
The Fortescue Group is the lowermost stratigraphic
subdivision of the Mount Bruce Supergroup (Fig. 1) and
unconformably overlies deformed granite–greenstone
basement throughout the Hamersley province, as well as
occupying synclinal keels between granite domes on the
Pilbara Craton, north of the Fortescue Valley. Stratigraphic
terminology within the Fortescue Group, above the Hardey
Formation, differs between areas north of the Fortescue
River valley and those south of it (Fig. 6). The thickness
and lateral persistence of units below the Hardey Formation
are highly variable in outcrop south of the Fortescue River
valley. In particular, most of the Mount Roe Basalt and all
of the basal Bellary Formation are missing in the study
area. A complete synthesis of the Fortescue Group has been
presented by Thorne and Trendall (2001), consequently
this Report is only concerned with units exposed in the
eastern closure of the Hardey Syncline and in the Rocklea
Anticline.

The Jeerinah Formation is the uppermost unit of the
Fortescue Group, and conformably overlies the Bunjinah
Formation. It has an estimated depositional thickness
of about 400 m in the study area, but has been intruded
by a significant thickness of dolerite and gabbro sills
that inflate the unit to a maximum thickness of 1.8 km
(Thorne and Tyler, 1996). In the study area, the Jeerinah
Formation consists of massive to pillowed basalt, basaltic
breccia, sandstone, siltstone, mudstone and chert, and is
conformably overlain by the Marra Mamba Iron Formation
at the base of the Hamersley Group. The presence of large
volumes of mafic extrusive and intrusive rocks within
the Jeerinah Formation in the study area represents a
marked change in facies compared with areas north of
the Fortescue River where the formation is dominated by
100–500 m of shallow- to deep-marine sedimentary rocks
(Thorne and Trendall, 2001). The thickness of the Jeerinah
Formation is significantly affected by late-stage normal
and reverse faulting along the northern limb of the Hardey
Syncline (Fig. 5), but is about 1.5 km thick on the southern
limb of the synclinal closure, where it is moderately well
exposed.

The Mount Roe Basalt unconformably overlies basement
metabasalt and metamorphosed pyroxene spinifex-textured
basalt in a narrow 8 km-long belt along the southeastern
flank of the Rocklea Anticline. In this area, basalt flows
are interbedded with thin beds of basaltic breccia and
locally overlie a thin, coarsening-upwards unit of sandstone
and conglomerate preserved near the base (Thorne
and Trendall, 2001). Individual basalt flows are about
3–30 m thick, and the entire succession has a maximum
thickness of about 100 m in this area. North-trending
dolerite dykes that intrude the granite–greenstone terrain
are unconformably overlain by the Hardey Formation,
and have been dated at 2770 ± 4 Ma (Wingate, 1999),
indicating that they are likely feeders to the c. 2772 Ma
Mount Roe Basalt (Wingate, 1999). Despite their age, these
dykes are remarkably undeformed, and are characterized by
two well-developed, anastomosing, east-trending joint sets
of indeterminate relative age (Fig. 7). They also display
relative dextral offset along the Mithgoondy Shear Zone,
as well as dextral offset along north-northwesterly trending
minor faults.

Hamersley Group
The stratigraphy of the Hamersley Group, which
conformably overlies the Fortescue Group (Fig. 1), is
very well constrained, although some minor revisions are
proposed to the definition of the uppermost units. The
formation-level subdivisions of the Hamersley Group
(Fig. 8) were first recognized by MacLeod et al. (1963)
and later described in detail by Trendall and Blockley
(1970), along with many member-level subdivisions that

The Hardey Formation unconformably overlies granite–
greenstone basement around most of the Rocklea
Anticline, and disconformably overlies the Mount Roe
Basalt on the southeastern limb. The Hardey Formation
attains a maximum thickness of about 1.8 km in this area
and consists predominantly of conglomerate, sandstone,
8
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form a well-defined stratigraphy that can be correlated
throughout the region. In the Hardey Syncline, many
of these subdivisions have been structurally attenuated
through flexural slip during folding or later faulting.

DMM58

Figure 7.

The Marra Mamba Iron Formation (Blockley et al., 1993)
is the basal unit of the Hamersley Group and conformably
overlies the Jeerinah Formation at the top of the Fortescue
Group. It is in turn conformably overlain by the Wittenoom
Dolomite, but all three units are significantly attenuated
on both limbs of the Hardey Syncline (e.g. Horwitz
and Ramanaidou, 1993), and the Wittenoom Dolomite
(Simonson et al., 1993) is largely absent in the eastern half
of the syncline. Similarly, the Mount Sylvia Formation
and overlying Mount McRae Shale are strongly attenuated
and in fault contact with underlying units throughout
much of the study area. The Brockman Iron Formation
(Trendall, 1966; Trendall and Blockley, 1970), and
overlying Weeli Wolli Formation, Woongarra Rhyolite
(Trendall, 1995) and Boolgeeda Iron Formation, are the
least attenuated units of the Hamersley Group in the study
area, and are well exposed in a creek section along the
Beasley River at Woongarra Pool. The Brockman Iron
Formation consists of the Dales Gorge, Whaleback Shale,
Joffre, and Yandicoogina Shale Members, all of which are
easily recognizable despite the tight folding in the core

03.05.19

Black Range Dolerite dyke exposed in the Rocklea
Anticline, 3 km east of the study area. Marked
anastomosing joints are roughly east–west trending,
and the joint aligned in the plane of the hammer is
parallel to the dyke margin (strike 160°). Note the
lack of a penetrative foliation
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Lithostratigraphy and interpreted tectonic settings of the Hamersley Group (modified
after Thorne et al., 2012)

of the Hardey Syncline. The Brockman Iron Formation
is locally significantly attenuated by faulting along the
northern limb of the Hardey Syncline (Fig. 5), but is
conformably overlain by the Weeli Wolli Formation that
has been intruded by several thick dolerite sills in the study
area. The overlying Woongarra Rhyolite has previously
been interpreted as an intrusive unit (Trendall, 1995)
with a largely peperitic upper contact with the overlying
Boolgeeda Iron Formation. However, new observations of
this contact have necessitated a revision to the stratigraphic
definition of the latter, documented in detail below, and
reinterpretation of a mixed extrusive and minor intrusive
origin for the former (Doyle et al., 2001).

Rhyolite by MacLeod et al. (1963) and Trendall (1995),
and the latter also interpreted the upper contact of the
rhyolite with the Boolgeeda Iron Formation to be intrusive.
No convincing exposures of the peperites described by
Trendall (1995), and considered evidence of the intrusive
nature of the Woongarra Rhyolite, have been found at this
contact anywhere in the Hardey Syncline, or regionally.
The thickness of this basal epiclastic-dominated unit is
highly variable and thins to less than 2 m in the western
part of the syncline and is absent in the closure of the
syncline (Fig. 10c). Elsewhere, such as at Fish Pool in
the Turee Creek Syncline (Fig. 1) where this unit is also
present, it appears to disconformably overlie a variety of
lithologies in the upper Woongarra Rhyolite (Fig. 10d,e).
Krapež et al. (2017) have documented northeasterly
directed paleocurrents from tool marks and primary
current lineation in this unit at Woongarra Pool, but
these observations have not been replicated. Rather, the
dominant feature at this site is a well-developed, southwestplunging intersection lineation between joints and bedding
(Fig. 10f). In areas where this unit is absent, the basal iron
formation of the Boolgeeda Iron Formation disconformably
overlies the Woongarra Rhyolite. The overall lithology,
contact relationships and thickness variations suggest
that this basal epiclastic unit has closer affinity with the
Boolgeeda Iron Formation, and most likely records a period
of erosion and submarine topographic infill following
eruption of the Woongarra Rhyolite, prior to the onset of
renewed deposition of iron formation.

Boolgeeda Iron Formation (revised)
The Boolgeeda Iron Formation was originally defined by
MacLeod et al. (1963) and is generally subdivided into
lower and upper units of iron formation, separated by a
middle unit of shale (Thorne and Tyler, 1996). Trendall and
Blockley (1970) considered the Boolgeeda Iron Formation
to be distinctly different to other Hamersley Group BIF.
At Woongarra Pool, the basal iron formation is separated
from the uppermost rhyolite of the underlying Woongarra
Rhyolite by a 30 m-thick interval of interbedded shale,
chert, iron formation, and volcaniclastic sandstone
(Fig. 9) that overlies the rhyolite with apparent conformity
(Fig. 10a,b). This interval was assigned to the Woongarra
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Figure 10. Outcrop photos of the basal Boolgeeda Iron Formation and contact relationships with the Woongarra Rhyolite:
a) paraconformable basal contact (at hammer point) between autoclastic rhyolite breccia (left) and shale with minor
chert (right) at Woongarra Pool; b) thin epiclastic unit between Woongarra Rhyolite and BIF in the basal Boolgeeda
Iron Formation at Woongarra Pool. Basal contact featured in (a) is at the arrowed rhyolite outcrop. Sample GSWA
94739 of Trendall et al. (2004) is located within the sandstone unit exposed behind the person; c) BIF disconformably
overlying coherent Woongarra Rhyolite at 518341E 7463876N in the far eastern closure of the Hardey Syncline.
Note absence of the basal epiclastic unit in this area; d) disconformable contact between the basal shale of the
Boolgeeda Iron Formation and various lithologies within the Woongarra Rhyolite at Fish Pool in the Turee Creek
Syncline (see Figure 1 for location); e) detail of the disconformable shale–rhyolite contact at Fish Pool. Contact at
base of scale bar; f) intersection lineations (arrowed) on bedding in the basal epiclastic unit of the Boolgeeda Iron
Formation at Woongarra Pool
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Cave Hill Member (new)

the base of the Turee Creek Group overlies the lowermost
30–100 m of the Boolgeeda Iron Formation (Fig. 13).
Clasts within the Cave Hill Member consist predominantly
of quartz-phyric rhyolite (Fig. 12c) with minor dolomite
and sandstone (Martin, 1999). Probability density plots
of detrital zircon data from samples at Woongarra Pool
(GSWA 201734, Wingate et al., 2018a) and the TCDP1
drillhole (Caquineau et al., 2018) show a dominant age
component at c. 2.45 Ga, which when combined with
unpublished ages of faceted and striated rhyolite clasts
(Martin, 1999), clearly indicates derivation via glacial
erosion of the Woongarra Rhyolite. The absence of any
terrestrial unconformities of the correct age in the exposed
Hamersley province indicate that this erosion must have
occurred to the south of the present-day exposures (Martin
1999; Martin et al., 2000).

A thin interval containing glacigenic diamictites overlain
by about 10 m of iron formation was first identified in
the uppermost Boolgeeda Iron Formation by Martin
(1999) in an area north of a line between the Wyloo
and Rocklea Anticlines, but at the time could not be
found within the Hardey Syncline. Consequently, the
diamictites were correlated with the Meteorite Bore
Member in the overlying Kungarra Formation of the Turee
Creek Group because they were viewed as a distinctive
chronostratigraphic marker. This interpretation has been
adopted by some recent workers, although the stratigraphic
assignment of diamictite to the Boolgeeda Iron Formation
has been disputed (Williford et al., 2011; Van Kranendonk
et al., 2015b; Van Kranendonk and Mazumder, 2015).
However, differences in the mass fractionation of
sulfur isotopes in pyrite between these units suggested
that the diamictite in the Boolgeeda Iron Formation is
indeed older than the Meteorite Bore Member (Swanner
et al., 2013; Philippot et al., 2018). These discrepancies
necessitated a re-evaluation of the presence of diamictites
in the uppermost Boolgeeda Iron Formation in the Hardey
Syncline. As a result, at least four outcrop occurrences
have now been found in the syncline and it is proposed that
the diamictites and overlying iron formation and shale be
named the Cave Hill Member in order to aid description
and correlation, and to distinguish this interval from the
Meteorite Bore Member. Caquineau et al. (2018) have also
recently recognized this diamictite interval in the TCDP1
drillhole in the western part of the syncline (Fig. 5).

Turee Creek Group
The approximately 4 km-thick Turee Creek Group was
originally considered to be a formation within the ‘Wyloo
Group’, as defined by MacLeod et al. (1963), but was
elevated to group status by Trendall (1979) as part of
his revision of the Mount Bruce Supergroup (Fig. 4).
According to this definition, and by consensus of all
subsequent workers, the Turee Creek Group conformably
overlies the Boolgeeda Iron Formation at the top of the
Hamersley Group. The contact between the basal unit,
the Kungarra Formation, and the underlying Boolgeeda
Iron Formation is commonly considered to be gradational
(e.g. Thorne and Tyler, 1996; Martin et al., 2000; Van
Kranendonk et al., 2015b; Krapež et al., 2017). However,
new evidence demonstrating the local absence of the Cave
Hill Member at the top of the Boolgeeda Iron Formation
in the Hardey Syncline indicates that this contact is
locally erosional, and probably regionally disconformable
(Fig. 13), as originally proposed by Daniels (1970).

Excellent exposures of the Cave Hill Member can be
found in the vicinity of the Boolgeeda Iron Formation
reference section at Woongarra Pool (Fig. 9) and in the
TCDP1 diamond drillhole (Fig. 11; Caquineau et al., 2018).
The glacigenic component of the Cave Hill Member is
significantly thinner in the Hardey Syncline than at the
original discovery sites in the Duck Creek Syncline and at
Yeera Bluff (Martin, 1999), consisting in outcrop of three
sandstone beds with glacial dropstones separated by thin
shale intervals, with a total maximum thickness of about
60 cm (Fig. 11). However, the Cave Hill Member is defined
here as all strata between the lowermost sandstone in the
upper Boolgeeda Iron Formation and the first non-magnetic
shale that defines the base of the overlying Turee Creek
Group, a maximum total thickness of about 55 m. The
facies interpretations of Martin (1999) suggest deposition
of the Cave Hill Member by debris rainout from floating
ice in a distal setting with respect to the ice front, an
interpretation supported by later workers (Van Kranendonk
et al., 2015b; Van Kranendonk and Mazumder, 2015).

In addition to elevating the ‘Turee Creek Formation’
to group status, Trendall (1979) also recognized five
formation-level lithological subdivisions within it. He
named the basal unit the Kungarra Formation, but none
of the overlying units were formally named owing mainly
to uncertainties in stratigraphic relationships that have
persisted until now (Fig. 4). Trendall’s (1979) informal
units have since been formalized as the Koolbye and
Kazput Formations (Thorne and Tyler, 1996), with the
latter incorporating the upper three of the original unnamed
units. Stratigraphic relationships are further complicated
by the recognition of unconformity-bounded sequences
involving open folding or tectonic tilting between
subdivisions of the currently recognized Kazput Formation
(Goddard, 1992; Krapež, 1996; Martin et al., 2000; Martin
and Morris, 2010; Krapež et al., 2017), although these
unconformities are not universally recognized (e.g. Van
Kranendonk, 2010; Martindale et al., 2015). However,
detailed mapping in the Hardey Syncline has resolved
the stratigraphic relationships within and between the
original unnamed units to the extent that they can now
be established as formal stratigraphic units. It is hoped
that this new stratigraphic nomenclature will assist in the
description and correlation of this globally significant
succession.

The topographic expression of a complete Cave Hill
Member section (Fig. 12a,d) is characterized by a narrow,
recessive unit containing the diamictites and some
associated shale, sandstone (Fig. 12b) and minor iron
formation, overlain by a resistive iron formation unit
that ranges from 10 to 50 m thick (Martin, 1999). In the
Hardey Syncline, this iron formation interval is up to 10
m thick but appears to be absent along much of the strike
length of the Boolgeeda Iron Formation, suggestive of a
broadly disconformable relationship with the overlying
Turee Creek Group. A low-angle unconformable contact is
preserved between 500 m and 2 km east-northeast of the
TCDP1 drillhole (Fig. 5), where the Kungarra Formation at
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Figure 12. Outcrop photos of the Boolgeeda Iron Formation and Cave Hill Member in the Woongarra Pool area
(see Figure 5 for location): a) location of the Cave Hill Member in the Boolgeeda reference section, viewed to
the east (see Figure 9 for measured section); b) outcrop of sandstone beds in the basal Cave Hill Member, at
509998E 7469627N, west of the Boolgeeda reference section; c) rhyolite dropstone from locality in (b); d) field
expression of the Cave Hill Member 2.4 km southeast of the Boolgeeda reference section, at 512459E 7468324N.
Abbreviation: CHM, Cave Hill Member
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Figure 13. Disconformity at the base of the Turee Creek Group, west-northwest of Woongarra Pool (Fig. 5): a) approximately
30 m of Boolgeeda Iron Formation below the basal Kungarra Formation disconformity, adjacent to the Boolgeeda
Creek Fault at 480381E 7478125N. View to the northeast; b) significantly thicker Boolgeeda Iron Formation adjacent
to a minor fault 1.5 km to the west of (a). View to the west. Across the fault shown in (b), there is a complete
Boolgeeda section, including the Cave Hill Member in the TCDP1 drillhole, which is located behind the hills in the
middle distance. The basal epiclastic unit of the Boolgeeda Iron Formation is only about 2 m thick in the creek in
the foreground, and the Cave Hill Member is not present here
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Kungarra Formation (revised)

interval the Meteorite Bore Member (Trendall, 1979,
1981). However, the type section is on the northern limb of
the Hardey Syncline in the vicinity of the TCDP2 drillhole
(Fig. 5), starting at 486729E 74733886N. The Meteorite
Bore Member thins markedly between the type area
near Meteorite Bore on the southern limb of the syncline
(Fig. 5), where it has a measured thickness of about 438 m,
and the type section 7 km southwest of Kungarra Gorge,
where it is about 270 m thick (Martin, 1999). The strike
extents of the Meteorite Bore Member are difficult to
trace accurately due to poor exposure, but it appears to
be concordantly folded within the Hardey Syncline and
Meteorite Bore Anticline. Recent mapping has shown
that west of Cajuput Yard it is truncated by the southern
extension of the Pinarra Fault (Fig. 5), rather than by the
unconformity at the base of the newly defined Anthiby
Formation in the core of the syncline (cf. Martin et al.,
2000, fig. 4; Martin and Morris, 2010, figs 7, 8).

The Kungarra Formation was defined by Trendall (1979)
as the poorly exposed succession between the top of the
Boolgeeda Iron Formation and the base of a prominent
ridge-forming quartzite unit which he named ‘unnamed
quartzite unit 1’ (Fig. 4), but which was later named the
Koolbye Formation (Thorne and Tyler, 1996). The Kungarra
Formation is widely regarded as conformably overlying
the Boolgeeda Iron Formation, but this relationship is not
supported by new observations presented here that instead
confirm a disconformable contact at the base of the ‘Turee
Creek Formation’ as suggested by Daniels (1970). Trendall
(1979) considered the Kungarra Formation to be equivalent
to most of the rocks mapped as ‘Turee Creek Formation’
outside of the Hardey Syncline, an interpretation that has
been borne out with more detailed regional mapping and
stratigraphic correlation.

Detailed measured sections of the Meteorite Bore
Member indicate that diamictites are interbedded with
thin mudstone and fine-grained sandstone intervals
(Martin, 1999; Van Kranendonk and Mazumder, 2015;
Van Kranendonk et al., 2015b), although these are not
obvious in the core intersected in the TCDP2 drillhole
on the northern limb of the syncline (Fig. 14). There
is no conclusive evidence for primary ice-rafted debris
within the Meteorite Bore Member, and the glacigenic
interpretation of the diamictite clasts relies on the presence
of faceted and striated clasts in outcrop (Trendall, 1976;
Martin, 1999; Van Kranendonk and Mazumder, 2015;
Van Kranendonk et al., 2015b). These clasts are also
well preserved within the TCDP2 drillcore and display
a wide variety of compositions (Fig. 14a–c), in marked
contrast to those of the underlying Cave Hill Member of
the Boolgeeda Iron Formation, with which the Meteorite
Bore Member diamictites have generally been correlated
until now (Martin, 1999; Van Kranendonk and Mazumder,
2015; Van Kranendonk et al., 2015b). This correlation
can be clearly refuted on stratigraphic grounds, since the
Cave Hill Member has now been identified in the Hardey
Syncline beneath the Meteorite Bore Member at a number
of localities.

The Kungarra Formation is about 2.8 km thick in the
Hardey Syncline and consists predominantly of parallellaminated mudstone, parallel- and ripple-laminated
siltstone, normally graded quartz wacke, cross-stratified,
fine-grained quartz arenite, dolomitic quartz arenite,
dolomite (locally stromatolitic), and diamictite (Trendall,
1979; Thorne and Tyler, 1996; Martin et al., 2000; Van
Kranendonk et al., 2015b; Krapež et al., 2017). These
lithologies are arranged in shallowing-upwards cycles,
recording a change from deep-water shelf turbidites to
tidal-shoreline sedimentation; these cycles were first
recognized by Seymour et al. (1988) and interpreted to
be of potential glacial origin. The glacial interpretation of
the diamictites and their role in glacio-eustatic cyclicity
has been supported by recent detailed facies analysis in
the Hardey Syncline (Martin 1999; Van Kranendonk and
Mazumder, 2015; Van Kranendonk et al., 2015b) that
identified two falling-stage systems tracts associated with
glacigenic diamictite. Initially only one glacial horizon, the
Meteorite Bore Member (Trendall, 1979), was recognized
within the Kungarra Formation, but recent work has
identified two discrete glacigenic horizons separated by
at least 500 m (Krapež, 1996; Martin and Morris, 2010;
Van Kranendonk and Mazumder, 2015). The uppermost
of these glacigenic horizons is here formally named the
Calgra Member.

The presence in outcrop of a pervasive penetrative
cleavage at a low angle to bedding throughout the Hardey
Syncline, particularly in argillaceous rocks, significantly
obscures primary depositional fabrics and hinders detailed
paleoenvironmental interpretation. Nonetheless, outcropbased facies analysis of the Kungarra Formation as a whole
has led to the suggestion that glaciation initiated a fallingstage systems tract immediately prior to deposition of
diamictite in a transgressive systems tract (Van Kranendonk
and Mazumder, 2015; Van Kranendonk et al., 2015b). The
general lithological characteristics of the Meteorite Bore
Member support the facies interpretations of Martin (1999)
that suggest deposition of diamictite by sediment gravity
flows below storm-wavebase and relatively proximal to
the ice front.

The most volumetrically abundant facies of the Kungarra
Formation are those that constitute Facies Association 1
of Van Kranendonk et al. (2015b) that was deposited as
offshore turbidites below storm wavebase. Although this
facies constitutes the immediate footwall of the Meteorite
Bore Member, there is abundant evidence of shallowmarine, intertidal and emergent environments lower
in the Kungarra Formation, in the form of large-scale,
trough cross-stratified sandstone (Fig. 14e), stromatolites
(Fig. 14f), and interference and flat-topped ripples. Facies
deposited at, or above, wavebase are also common between
the Calgra Member and the base of the Koolbye Formation
(Fig. 15b,e).

Facies underlying the diamictite are interpreted to have
been deposited in a shallow-marine shoreface environment
characterized by longshore sand bars, as reflected by the
presence of hummocky cross-stratification, convolute
lamination, climbing ripple lamination, and wave-ripple
lamination with double mud drapes (Van Kranendonk
and Mazumder, 2015; Van Kranendonk et al., 2015b).

Meteorite Bore Member
Striated and faceted glacial clasts were first recognized
in Kungarra Formation pebbly mudstones near Meteorite
Bore (MGA 504332E 7464783N), and formally reported
by Trendall (1976). Trendall later named this stratigraphic
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Figure 14. Drillhole log of TCDP2 showing the stratigraphic setting of part of the Meteorite Bore Member intersected in
the cored interval. Photos a–c) show well-rounded and faceted glacigenic clasts (arrowed) within diamictite
of the Meteorite Bore Member; d) the immediate footwall of the Meteorite Bore Member is characterized by
normally graded dilute turbidites containing diagenetic pyrite; e) outcrop photo of relatively shallow-water
facies in the footwall of the Meteorite Bore Member, consisting of trough cross-bedded sandstone equivalent
to the sandstone at 220 m; f) domical stromatolites that are not present in the drillhole but are sporadically
preserved in outcrop
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This interval also contains three horizons of stromatolitic
carbonates (Van Kranendonk et al., 2015b; Caquineau
et al., 2018) that are best developed sporadically in outcrop
below a distinctive, 6 m-thick, cross-stratified sand sheet
(Fig. 14e,f). The 47 m of strata intersected in TCDP2
between the Meteorite Bore Member and this sandstone
are characterized by thin-bedded to laminated, normally
graded, fine-grained turbidite sandstones and mudstones
that are planar- to wavy-bedded with rare convolute
lamination (Fig. 14d); these are interpreted to have been
deposited in response to transgression.

site, and in the vicinity of 495913E 7466532N in the core of
the Meteorite Bore Anticline (Fig. 5), these sandstones and
shales in the upper Kungarra Formation are interbedded
with massive to planar- and ripple-laminated dololutite.
The presence of desiccation cracks, flat-topped ripples,
ladderback ripples and raindrop imprints (Van Kranendonk
et al., 2015a) in the uppermost Kungarra Formation,
immediately below the contact with the overlying Koolbye
Formation, is indicative of intermittent subaerial exposure
and tidal flat deposition.
The Calgra Member was interpreted to be truncated by the
Beasley River Quartzite in the type area (Van Kranendonk
and Mazumder, 2015; Van Kranendonk et al., 2015b).
However, earlier work (Martin et al., 2000; Martin and
Morris, 2010), and recent detailed mapping, shows that the
unconformably overlying unit is a remnant of the Anthiby
Formation beneath the Beasley River Quartzite, and
that this contact has been intruded by a Balgara Dolerite
sill (Fig. 15f) that further complicates the stratigraphic
relationships.

Calgra Member (new)
The map of the Hardey Syncline presented by Trendall
(1979) clearly shows that the Calgra Member was either
not recognized at the time, or else was included in the
original definition of the Meteorite Bore Member. The
first recognition of this unit as a separate interval was in
a stratigraphic section presented by Krapež (1996, fig.
17), who described it as a subaqueous debris-flow deposit,
and later by Martin and Morris (2010, Fig. 3); however, it
remained unnamed. The Calgra Member is now recognized
as a discrete unit of glacial diamictite that previously has
been considered as part of the Meteorite Bore Member
(e.g. Martin, 1999; Krapež et al., 2017, fig. 11). It was first
identified about 580 m above the top of the Meteorite Bore
Member, on the northern limb of the Hardey Syncline in
the vicinity of the TCDP2 drillhole (487135E 7473119N),
but has now also been found on the southern limb of
the syncline (503184E 7466424N). Van Kranendonk and
Mazumder (2015) and Van Kranendonk et al. (2015b)
recently described the Calgra Member in detail, but
did not name it. They also recognized that it forms part
of a second glacio-eustatic cycle within the Kungarra
Formation characterized by a falling-stage systems tract
that culminated in deposition of the overlying Koolbye
Formation. Recent mapping in the Hardey Syncline has
demonstrated that diamictite preserved beneath the Anthiby
Formation unconformity in the core of the syncline
(Fig. 15a) belongs to the Calgra Member, rather than the
Meteorite Bore Member as interpreted by Martin et al.
(2000, fig. 4) and Martin and Morris (2010, fig. 7).

Koolbye Formation
The Koolbye Formation has a maximum estimated
thickness of about 160 m, but is generally about 130 m
thick. It was first identified by Trendall (1979) who referred
to it as ‘unnamed quartzite unit 1’, and was later formally
defined by Thorne and Tyler (1996). Although not well
exposed, the basal contact was considered conformable
with the underlying Kungarra Formation (Thorne and
Tyler, 1996). In fact, this contact may be unconformable,
as evidenced by an erosional pebble lag about 2 m above
the base of the lowermost sandstone ridge that persists for
about 500 m east of 490791E 7471991N (3.8 km southeast
of TCDP2). Also, a prominent dolerite sill about 100 m
below the basal contact, within the Kungarra Formation
on the northern limb of the Hardey Syncline, appears to
be absent on the southern limb. The Koolbye Formation
is conformably overlain by the Kazput Formation, and
is locally truncated by unconformities at the base of the
overlying Munder and Anthiby Formations (Fig. 5).
A 105 m-thick measured section on the southern limb of
the Hardey Syncline (Fig. 16a) consists of four discrete,
medium- to fine-grained, quartz-rich sandstone horizons,
each separated by fine-grained sandstone and siltstone
(Mazumder et al., 2015). However, the number of discrete
sandstone horizons on this limb varies between two
and at least six. Discrete sandstone horizons are less
pronounced on the northern limb of the syncline. Previous
paleoenvironmental interpretations include predominantly
coastal to shallow-marine deposition for the entire Koolbye
Formation (Thorne and Tyler, 1996), and predominantly
fluvial deposition for the lower part (Martin et al., 2000).
Recent detailed facies analysis of a measured section on
the southern limb of the Hardey Syncline has identified an
upwards transition from tidal marine to fluvial deposition
(Mazumder et al., 2015, fig. 3). Mazumder et al. (2015)
interpreted the lower two sandstone horizons as tidal flat
deposits, the third as a beach deposit with eolian reworking,
and the upper horizon as fluvial (Fig. 16b–d).

The measured thickness of the Calgra Member is about
60 m in the type section on the northern limb of the Hardey
Syncline (Fig. 15b), with no internal lithological variation
recognizable. The basal contact is sharp and conformable
with planar- and ripple-laminated mudstones and siltstones
of the underlying Kungarra Formation (Van Kranendonk
and Mazumder, 2015; Van Kranendonk et al., 2015b). The
upper contact is diffuse and difficult to place accurately
(Fig. 15c), but is assigned at the last observable glacial
dropstone. Clasts in the Calgra Member tend to be smaller
and less abundant than those in the Meteorite Bore Member
(Fig. 15d), but the compositional variety is similar. The
Kungarra Formation above the Calgra Member consists
of planar-laminated mudstone that passes upwards into
ripple-laminated siltstone with fine-grained sandstone
beds that become more abundant upwards. Sandstone
beds are massive to hummocky and swaley cross-stratified
(Fig. 15e). About one kilometre north of the TCDP3 drill
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Figure 15. Field photos of the Calgra Member and associated lithologies in the upper Kungarra Formation: a) top contact of the
Calgra Member truncated by the Anthiby Formation unconformity in the core of the Hardey Syncline near WAROX
site 507631E 7467564N (Fig. 5); b) view west of measured Calgra Member type section. Section starts at marked
arrow (486933E 7472793N); c) diffuse upper contact of Calgra Member marked by the loss of glacigenic pebbles,
and in this case by a narrow zone of no exposure (hammer handle points up-section); d) typical Calgra Member
diamictite; note cleavage and small pebble size; e) hummocky cross-stratification (HCS) in sandstone above the
Calgra Member, as shown in (b); f) Balgara Dolerite sill intruding along the Anthiby Formation unconformity, and
into the overlying Beasley River Quartzite, above the Calgra Member type section. Abbreviations: BRQ, Beasley
River Quartzite; AF, Anthiby Formation; KF, Koolbye Formation sliver; CM, Calgra Member
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Figure 16. General outcrop view and lithofacies of the Koolbye Formation: a) view eastwards from the vicinity of 494903E
7466698N along strike on the south limb of the Hardey Syncline (Fig. 5). The approximate location of section K1 of
Martindale et al. (2015) in the Kazput Formation (arrow 1) is shown, as well as the approximate location (arrow 2) of
the measured Koolbye Formation section of Mazumder et al. (2015, fig. 3); b) trough cross-stratified quartz arenite
in the basal tidal facies association on the south limb of the Hardey Syncline at 505759E 7466879N: c) wave-ripple
lamination with mudstone drapes in tidal facies association sandstone on the south limb of the Hardey Syncline
at 496363E 7466750N; d) trough cross-stratified, fluvial facies sandstone on the south limb of the Hardey Syncline
at 496352E 7466871N. Abbreviations: BRQ, Beasley River Quartzite; KF, Koolbye Formation

A measured section through the lower 30 m of the
formation on the northern limb of the syncline (Mazumder
et al., 2015, fig.6) indicates that the tidal facies are absent in
this area, where the fluvial facies association predominates
(cf. Krapež, 1996; Martin et al., 2000; Krapež et al.,
2017). Previous interpretations of a predominantly fluvial
depositional environment for the formation were based on
observations in this area, including pebbly quartz arenites
with pebble lags demarcating large-scale scours that are
overlain by large-scale trough cross-stratified sandstones.
There is a wide range of paleocurrent directions with a
predominant northeasterly mode (Martin et al., 2000;
Mazumder et al., 2015).

(Fig. 4). Later recognition of unconformities within the
‘Kazput Formation’ (Goddard, 1992; Krapež, 1996;
Martin et al., 2000) led to the adoption of informal
‘lower, middle, and upper’ divisions (Martin et al., 2000;
Martin and Morris, 2010), with the upper two being
unconformity bound. However, some recent studies have
either disputed or not recognized these unconformities
(e.g. Van Kranendonk, 2010; Van Kranendonk et al.,
2015b; Mazumder et al., 2015; Martindale et al., 2015;
Caquineau et al., 2018). One of the objectives of this
Report is to document these unconformities in detail, and
formalize the lithostratigraphic subdivisions. To this end,
the Kazput Formation is revised here (Fig. 4) to consist
only of the ‘unnamed carbonate and shale unit’ of Trendall
(1979). The original stratigraphic section presented by
Trendall (1979, fig. 42) identified three discrete carbonatedominated and three shale-dominated units within his
‘unnamed carbonate and shale unit’, suggesting that further
detailed lithological subdivision of the Kazput Formation
is possible. However, only one member-level formal
subdivision is deemed necessary at this stage to assist

Kazput Formation (revised)
The ‘Kazput Formation’ as first defined by Thorne and
Tyler (1996) equated to a combination of Trendall’s
(1979) ‘unnamed carbonate and shale unit’, ‘unnamed
quartzite unit 2’ and part of ‘unnamed quartzite unit 3’
21
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Wonangara Member (new)

description and correlation of a newly identified fourth
diamictite horizon that is interpreted to be glacigenic.

Recent mapping has identified four separate outcrops of
diamictite within the lower 450 m of the Kazput Formation,
along the northern limb of the Hardey Syncline. This
part of the formation appears to consist predominantly
of fine-grained siliciclastic rocks as well as local thin to
very thick carbonate interbeds, but is generally poorly
exposed. Lithological correlations within this interval
are complicated by faulting and folding, as well as the
effects of local unconformities higher in the succession.
Consequently, the precise stratigraphic position of
each diamictite locality within the Kazput Formation is
uncertain, but they potentially represent a fourth level of
glacigenic diamictite within the Turee Creek Group. On
this basis, the name Wonangara Member (Figs 17, 18a) has
been reserved to describe the predominantly siliciclastic
interval containing diamictite in the lower part of the
Kazput Formation, above the first major carbonate interval.
This definition will assist description and correlation of
these important diamictites.

The revised Kazput Formation (Figs 17, 18) has an
estimated composite thickness of about 1000 m and
consists mainly of shallow-marine carbonate and finegrained siliciclastic rocks (Martin et al., 2000). However,
estimates of the true thickness are complicated by
intraformational unconformities, lateral facies changes and
faulting. Goddard (1992) interpreted the basal contact as a
Type-2 sequence boundary, but it was later reinterpreted
as a low-angle erosional unconformity (Krapež, 1996;
Krapež et al., 2017). Detailed mapping, particularly along
the northern limb of the Hardey Syncline, shows that this
contact is in fact conformable, but is locally truncated by
the unconformity at the base of the Anthiby Formation
(Fig. 5). The revised Kazput Formation is equivalent to
the combined sequences HR4-2 and HR4-3 of Krapež
(1996), and is overlain by an angular unconformity at the
base of the Munder Formation that was first recognized by
Goddard (1992). Further examination of this unconformity
has revealed the presence of karstification of the underlying
Kazput Formation carbonates (Fig. 17b,c) and a fault that
pre-dates the unconformity (Fig. 17).

All four diamictite outcrops are highly weathered, with
strongly developed liesegang banding within saprolite
(Fig. 20a,b), but their clast composition, roundness and
textural features, as well as relationships to overlying and
underlying units, indicate that they are not regolith deposits,
and in two cases appear to be part of the immediate footwall
of the Munder Formation unconformity (Fig. 5). The
westernmost Wonangara Member outcrop in Figure 5 is the
most extensive, and is located within a gully that exposes a
stratigraphic level about 360 m above the base of the Kazput
Formation (Fig. 18a). Here, rounded and apparently faceted
clasts of predominantly chert, with minor fine-grained
siliciclastic, carbonate and mafic rock, are disseminated
in a matrix of poorly sorted, texturally immature, fine- to
medium-grained sandstone. At this locality, the diamictite is
underlain by intensely weathered, planar-laminated siltstone
and mudstone, and overlain by the Munder Formation
unconformity. At the far eastern locality, the diamictite is
overlain (Fig. 20c) and underlain by interbedded siltstone
and very fine-grained sandstone. All the textural features
of both the clasts and matrix suggest a glacigenic origin
(Fig. 20c–f), including very poor sorting of rounded and
faceted clasts that are disseminated in a matrix dominated
by fragments that are more angular.

Krapež (1996) recognized that the Kazput Formation
comprises highstand and transgressive systems tract
carbonates and mudrocks arranged in two upwardsshallowing depositional sequences, although the exact
location of his stratigraphic section (Krapež et al., 2017,
fig. 10) is not clear. The mudrocks are generally poorly
exposed and consequently recent studies have focused on
facies analysis and chemostratigraphy of the associated
well-exposed carbonates (Martindale et al., 2015). Large
parts of the Kazput Formation were deposited at or close to
storm wavebase, or in an intertidal setting, as evidenced by
the presence of stromatolites and abundant hummocky and
flaser bedding in the fine-grained siliciclastic lithologies
(Fig. 19b). The poorly exposed basal part of the Kazput
Formation was intersected in the TCDP3 drillhole and
is also exposed in a relatively complete section on the
northern limb of the syncline (Fig. 17). However, the best
exposures of the Kazput Formation are near the K2 section
of Martindale et al. (2015) west of the core of the syncline
(Fig. 5).
Recent biostratigraphic studies of the Kazput Formation
in the Hardey and Turee Creek Synclines have identified
three diagnostic stromatolite assemblages that are useful
for regional correlation (Allen, 2019). The first is present
low in the formation, about 450 m above the base,
between 493939E 7470544N and 493618E 7470652N,
and is characterized by large, laterally linked bioherms
consisting of Tungussiform stromatolites (Fig. 19d). The
second assemblage is found at the top of the K2 section
of Martindale et al. (2015), near 497515E 7468384N, and
is dominated by two microbialite Forms that constitute
metre-scale, laterally linked bioherms (Fig. 19e). The third
and uppermost stromatolite assemblage is characterized by
large bioherm complexes comprising conical stromatolite
Forms that are well developed below the Munder
Formation unconformity near 4 97153E 74 68240N
(Fig. 19f). The interval containing this stromatolite
assemblage is also bounded below by an unconformity
within the Kazput Formation (Fig. 17).

Munder Formation (new)
The Munder Formation is wholly equivalent to the
‘middle Kazput Formation’ of Martin et al. (2000)
and sequence HR4-4 of Krapež (1996), but because of
inconsistencies in the way these units were originally
mapped, the Munder Formation is only partly equivalent
to ‘unnamed quartzite units 2 and 3’ of Trendall (1979).
The Munder Formation has also recently been included
in the Beasley River Quartzite by some workers (e.g. Van
Kranendonk and Mazumder, 2015; Van Kranendonk et al.,
2015b; Mazumder et al., 2015; Martindale et al., 2015;
Caquineau et al., 2018). The basal angular unconformity
was originally recognized by Trendall (1979) and equates
to part of the unconformity at the base of his ‘unnamed
quartzite unit 3’. The Munder unconformity has now been
mapped throughout the Hardey Syncline (Fig. 5) where
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Figure 17. Composite stratigraphic section through the Kazput Formation calculated from measured sections and
estimated maximum thicknesses of constituent lithologies. Also shown are the relative locations of the relevant
measured sections of Mazumder et al. (2015, fig. 3), Martindale et al. (2015), and the TCDP3 drillhole, as well as
the equivalent parts of Figure 18a. Manganese enrichments are interpreted to be primary. Photographs show
features associated with the overlying Munder Formation unconformity: a) large microbial bioherms (arrowed)
in the upper Kazput Formation below the Munder Formation unconformity, at 493779E 7470654N (Fig. 5);
b) karst breccia in the upper Kazput Formation, containing ferruginous siltstone fragments and jaspilite
grains (arrowed) at 493908E 7470595N; c) narrow neptunian dyke of karst breccia in upper Kazput Formation
at 493908E 7470595N
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Figure 18. Detailed measured sections in the lower and upper Kazput Formation, with locations shown in Figures 5 and 17:
a) measured section through the lower Kazput Formation, up to the Wonangara Member, and the overlying
Munder Formation through Beasley River Quartzite interval, on the northern limb of the Hardey Syncline; b)
measured section through the upper Kazput Formation, above the K2 section of Martindale et al. (2015), and
within what they interpreted as ‘Beasley River Quartzite’. Manganese enrichment is interpreted to be primary
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truncation relationships with various units in the underlying
Kazput Formation are exceptionally well preserved
(Fig. 21). Of particular significance is the uppermost
carbonate unit in the Kazput Formation and a distinctive
ferruginous and manganiferous dolomite marker-bed near
the top, both of which are successively eliminated beneath
the basal unconformity (Figs 18, 21). The unconformity
is also locally marked by a few metres of ferruginous
pebble to cobble conglomerate that contains clasts of
hematite-enriched BIF (Fig. 21d). The presence of this
conglomerate, and the similarity of the overlying quartz
arenite to the Beasley River Quartzite, makes identification
of the intervening Anthiby Formation important to
distinguishing these two formations.

discontinuity. At this locality, the Anthiby Formation
appears to be paraconformable with the overlying Beasley
River Quartzite (Fig. 3), which has likely contributed to
confusion regarding its recognition (e.g. Van Kranendonk,
2010). Also in this area, where the Anthiby unconformity
truncates a Balgara Dolerite sill and the overlying
Kungarra Formation (Figs 5, 22a), there is a thin unit of
dark, indurated mudstone in contact with the dolerite that
appears to be unconformity bounded. The basal contact of
the mudstone is highly irregular and displays onlapping
relationships with the dolerite, and the upper contact
is an angular unconformity of about 10°. However, for
the purposes of this Report, this interval is included in
the Anthiby Formation. To the west of this area, clear
truncation relationships are very well preserved at the base
of the formation, and with the overlying Beasley River
Quartzite (Fig. 22b–d).

The Munder Formation is about 300 m thick (Fig. 17) and
consists of stacked upwards-fining sedimentation units
that form a grossly upwards-coarsening succession of
medium- to coarse-grained, predominantly trough crossstratified quartz arenite and conglomerate, interpreted to
have been deposited on a progradational fluvial braid-plain
(Martin et al., 2000). Krapež (1996) has interpreted the
influence of localized wave reworking and beach-ridge
formation at the base of the formation. The quartz arenites
are characteristically pale-pink weathering and ferruginous
(Fig. 21e), and commonly contain distinctive BIF and
jasper clasts that appear to have been derived from erosion
of the underlying Hamersley Group (especially the Weeli
Wolli and Boolgeeda Iron Formations). Hematite cements
in the ferruginous quartz arenites pre-date quartz cement,
which suggests deposition as red beds in an oxidizing
environment. Detailed facies analysis of the Munder
Formation has not yet been conducted.

The Anthiby Formation has a maximum preserved
thickness of at least 100 m in a measured type section on
the northern limb in the closure of the Hardey Syncline
(Figs 5, 17, 23), and consists of interbedded, fine- to
very fine-grained, cross-stratified sandstone and planarlaminated siltstone (Fig. 22e). The presence of hummocky,
swaley, and trough cross-stratified sandstones (Fig. 22f)
supports interpretation of a predominantly shallow-marine
depositional environment (Martin et al., 2000), although
a detailed facies analysis has not been conducted. Krapež
(1996) interpreted the Anthiby Formation (his sequence
HR4-5) to consist of storm-wave and tidally reworked
delta-front and delta-platform facies of a lowstand, incised,
distributary channel fill.

Shingle Creek Group (new)

Anthiby Formation (new)

Following revision of the ‘Mount Bruce Supergroup’ by
Trendall (1979), many authors have divided the ‘Wyloo
Group’ into lower and upper subdivisions, although neither
of these is formally recognized. The ‘lower Wyloo Group’
consists of the Beasley River Quartzite, Cheela Springs
Basalt and ‘Wooly Dolomite’, whereas the ‘upper Wyloo
Group’ consists of the ‘Mount McGrath Formation’,
Duck Creek Dolomite, June Hill Volcanics and Ashburton
Formation. This practical subdivision is useful for regional
stratigraphic mapping (e.g. Thorne and Seymour, 1991),
and reflects the fact that significant angular unconformities
mark the bases of these two informal units (Trendall, 1979;
Horwitz, 1980). However, recent work has identified that
part of the ‘lower Wyloo Group’ is tectonically linked to
the Turee Creek Group (Martin and Morris, 2010), and
that the ‘Wooly Dolomite’ is lithologically variable and
far more extensive than originally mapped (Krapež et al.,
2015), and has locally been included within the ‘Mount
McGrath Formation’ of Thorne and Seymour (1991).
Consequently, a revision of the ‘Wyloo Group’ is proposed
that formalizes much of the ‘lower Wyloo Group’ as the
Shingle Creek Group. The ‘Wooly Dolomite’ is excluded
and retained as a separate formation, for reasons outlined
below. The ‘upper Wyloo Group’ now becomes the Wyloo
Group. This revised subdivision recognizes both the
lithostratigraphic character of each unit, as well as the
importance of regional unconformities.

Inconsistencies in the original mapping and discrimination
of ‘unnamed quartzite units 2 and 3’ throughout the Hardey
Syncline by Trendall (1979) have led to the general lack
of recognition of the unconformity-bounded Anthiby
Formation (Fig. 5). The situation is further complicated by
the variety of names used by those who have recognized
it. The Anthiby Formation is wholly equivalent to
‘sequence 4’ of Goddard (1992), ‘uppermost Turee Creek
Group’ of Powell and Horwitz (1994), sequence HR4-5
of Krapež (1996), ‘upper Kazput Formation’ of Martin et
al. (2000) and Martin and Morris (2010), and ‘Quartzite
3’ of Krapež et al. (2017), but is only partly equivalent to
‘unnamed quartzite unit 3’ of Trendall (1979). However,
Trendall (1979) correctly shows part of the Anthiby
Formation as ‘unnamed quartzite unit 2’ on his map of
the Hardey Syncline. Conversely, it has been included
in the ‘Beasley River Quartzite’ by Thorne et al. (1995),
Van Kranendonk (2010), Mazumder and Van Kranendonk
(2013), Martindale et al. (2015), Mazumder et al. (2015),
Van Kranendonk et al. (2015b), Caquineau et al. (2018) and
Mazumder (2019).
The basal unconformity is locally marked by a thin
conglomerate lag and is particularly well exposed in
the core of the Hardey Syncline, west of Cajuput Yard
(Fig. 5), but was originally interpreted by MacLeod
et al. (1963) and Horwitz (1980) to be a structural
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Figure 19. Characteristic lithofacies of the Kazput Formation: a) ripple and trough cross-laminated sandstone overlain by wavylaminated siltstone. Note soft-sediment deformation on basal sandstone contacts; b) flaser-laminated siltstone and
fine-grained sandstone; c) slump folds and associated brecciation in ferruginous/manganiferous dolomite marker
unit shown in Figure 21a,b and at 150 m in Figure 18b; d) metre-scale domical bioherm built by pseudocolumnar
stromatolites; e) planar-laminated siltstone onlapping the margin of a thrombolitic bioherm; f) large, isolated,
microbial bioherms in the upper Kazput Formation (above K2 section of Martindale et al., 2015), below the Munder
Formation unconformity (see Figure 5 for location)
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Figure 20. Characteristic lithofacies of the Wonangara Member: a) weathered basal sandstone of the Munder Formation
overlying highly weathered, saprolitic Wonangara Member diamictite at 494442E 7470558N; b) saprolitic weathering of
Wonangara Member diamictite resulting in well-developed liesegang banding; c) siltstone and fine-grained sandstone
overlying diamictite in the Wonangara Member at 495278E 7470505N. Most voids in the diamictite are former labile
clasts; d–f) typical highly weathered diamictite of the Wonangara Member. Note the lithologically variable, rounded
and faceted clasts
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Figure 21. Munder Formation basal unconformity west of the core of the Hardey Syncline (see Figure 5 for locations):
a) panoramic view towards the southwest of the Munder Formation unconformity in the vicinity of 496840E 7468773N.
Note the distinctive ferruginous dolomite marker immediately below the unconformity, pinching out to the right
(northwest). Person for scale; b) view south from the vicinity of 495866E 7470393N of the truncation of the ferruginous
dolomite marker by the Munder Formation. unconformity; c) view southwest from the vicinity of 495866E 7470393N of
the Munder Formation unconformity truncating the upper dolomite unit of the Kazput Formation. Note the location
of a ferruginous conglomerate (Cgl) marking the Munder Formation unconformity, as well as the intraformational
unconformity within the Kazput Formation (see also (b) and Figure 17); d) ferruginous conglomerate marking the
Munder Formation unconformity at 495450E 7469954N, and shown in previous picture; e) Munder Formation red
bed sandstone overlying large microbial bioherm in the upper Kazput Formation (see also Figure 19f), above the
ferruginous dolomite marker, south of 496913E 7468734N. Jacob staff is 1.8 m high
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Figure 22. Field photos of the Anthiby Formation (see Figure 5 for locations): a) unconformable truncation of the Kungarra
Formation, above the Balgara Dolerite, in the nose of the Hardey Syncline (at 507551E 7468255N); b) view along
strike to the east from 486986E 7472634N of the Anthiby Formation basal unconformity truncating the Koolbye
Formation, and its truncation in turn by the Beasley River Quartzite unconformity. Note the weakly transgressive
Balgara Dolerite sill extending from within the Kungarra Formation up to the Anthiby Formation, and the sliver of
interpreted Koolbye Formation in the foreground; c) view towards the east-northeast from 494903E 7466698N, showing
the Anthiby Formation in the core of the Hardey Syncline, and its unconformable relationships to the Koolbye,
Kazput, and Munder Formations, and the overlying Beasley River Quartzite (BRQ). Note the remnants of a Cenozoic
land surface (arrowed) also depicted in (d); d) basal unconformity between the Anthiby and Munder Formations at
49998477E 7469080N. Note the shallow south-dipping Cenozoic conglomerate, arrowed in (c), at the right-hand side
of the picture; e) typical outcrop of the Anthiby Formation consisting predominantly of interbedded siltstone and
fine-grained sandstone (498480E 7469106N); f) low-angle trough cross-stratified and hummocky–swaley stratified
fine-grained sandstone (498480E 7469106N)
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Trendall (1979) originally defined the Beasley River
Quartzite, recognizing that the basal contact is marked by
a regional angular unconformity that is locally overlain by
a distinctive BIF-pebble conglomerate that he named the
Three Corner Conglomerate Member. However, despite
defining these units he did not recognize them in the
core of the Hardey Syncline, instead referring to them
as ‘unnamed quartzite unit 3’ (Trendall, 1979, fig. 40;
cf. Fig. 5). Similarly, many recent workers (e.g. Martindale
et al., 2015; Van Kranendonk et al., 2015; Mazumder
and Van Kranendonk, 2013; Mazumder et al., 2015;
Van Kranendonk and Mazumder, 2015; Caquineau
et al., 2018; Philippot et al., 2018; Mazumder, 2019)
have included the newly defined Munder and Anthiby
Formations within the Beasley River Quartzite. Trendall
(1979, fig. 42) also clearly included what is now known
as the Nummana Member in the Cheela Springs Basalt,
although some workers have included the former in the
Beasley River Quartzite (e.g. Thorne and Seymour, 1991;
Mazumder and Van Kranendonk, 2013; Krapež et al., 2017;
Mazumder, 2019).
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The key to identifying the Beasley River Quartzite is to
identify correctly the basal unconformity, which has also
been interpreted as a tectonic contact (e.g. MacLeod et al.,
1963; de la Hunty, 1964; Horwitz, 1980). This contact
is commonly confused with the Anthiby Formation
unconformity in the core of the syncline (e.g. Powell and
Horwitz, 1994; Thorne et al., 1995; Van Kranendonk, 2010;
Van Kranendonk and Mazumder, 2015; Van Kranendonk
et al., 2015b; Mazumder and Van Kranendonk, 2013;
Martindale et al., 2015; Mazumder et al., 2015; Caquineau
et al., 2018; Mazumder, 2019), or the Munder Formation
unconformity farther to the west (e.g. Martindale et al.,
2015). The basal unconformity is paraconformable with
the Anthiby Formation in the core of the Hardey Syncline,
but truncates all units down to a level below the Meteorite
Bore Member elsewhere in the syncline (Fig. 5). However,
nowhere does it unequivocally truncate dolerite sills
intruded into the Turee Creek Group, so this should not be
a distinguishing feature of the definition (cf. Müller et al.,
2005, 2006; Krapež et al., 2017).
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The Beasley River Quartzite has a measured thickness of
about 280 m in the Hardey Syncline, which includes at
least one dolerite sill in the upper third of the formation
(Fig. 5). By comparison, it is ~400 m thick in the type
section about 45 km to the west (Trendall, 1979), where
it does not contain dolerite sills (Thorne and Seymour,
1991, fig. 20). It is commonly recognized in the field as
a prominent, cliff-forming interval of medium- to coarsegrained white quartzite (Fig. 3) that locally contains a
basal conglomerate of variable thickness comprising BIF
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Figure 23. Measured type section of the Anthiby Formation west
of Cajuput Yard, including Beasley River Quartzite
and Nummana Member reference sections —
labelled ‘HS’ in figure 5 and ‘4’ in figure 8 of Martin
and Morris (2010). Location also shown in Figure 5
(this Report)
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and rare hematite-ore pebbles (Trendall, 1979; Thorne and
Seymour, 1991; Martin et al., 1998). Thorne and Seymour
(1991) presented a detailed regional facies analysis that
identified two, generally upwards-fining cycles, interpreted
as the product of uplift-induced alluvial fan progradation
followed by tidal shoreline and offshore sedimentation
during subsidence and slow coastal retreat. Based on
facies analysis of a single 45 m measured section on the
southern limb of the Hardey Syncline (Fig. 5), Mazumder
and Van Kranendonk (2013) have recently challenged this
interpretation. They interpreted the entire Beasley River
Quartzite to be the product of fluvial–eolian deposition,
an interpretation considered inconclusive by Krapež et al.
(2017). Their section is probably part of the outer-fan facies
association of Thorne and Seymour (1991), which could
conceivably record eolian influences. However, it is worth
noting that in this area the Beasley River Quartzite is cut
by a fault, such that their section is incomplete and not
likely to be representative. Throughout most of the Hardey
Syncline, the top of the Beasley River Quartzite (Fig. 23)
is marked by a distinctive dolerite sill with a vesicular
upper margin that may locally be a basalt flow. This sill
was also recognized by Trendall (1979) in the type section
and another dolerite sill commonly separates the two
upwards-fining sedimentary cycles identified by Thorne
and Seymour (1991).

‘Beasley River Quartzite’ and Duck Creek Dolomite
(Fig. 4). Trendall (1979) identified the need to address the
stratigraphic status of the ‘Cheela Springs Basalt Member’
as a subdivision of the ‘Mount McGrath Formation’,
and Horwitz (1980) subsequently formally elevated it to
formation status in recognition of the fact that the Mount
McGrath Formation unconformably overlies it. There is
also some confusion regarding the stratigraphic status of
the predominantly fine-grained siliciclastic succession with
intercalated dolerite and basalt that underlies thick basalts
of the Cheela Springs Basalt throughout the Hamersley
province, with the exception of parts of the Wyloo
Anticline. This interval has been identified by many authors
and is formally referred to by some as the Nummana
Member (Fig. 4). It is here assigned to the Cheela Springs
Basalt as originally proposed by Trendall (1979), and
because it contains minor basalt flows and thick dolerite
sills with locally vesicular tops that makes it lithologically
distinct from the quartz arenites of the underlying Beasley
River Quartzite.
Early definitions of the Cheela Springs Basalt did not
specify a type section, but Dow (1996) later proposed
and measured a type section near Shingle Creek (Fig. 5).
This section has a total measured thickness of 2890 m,
and consists of 75 tholeiitic basalt flows averaging 30 m
thickness. Average flow thickness increases upwards from
about 35 m at the base to 50 m at the top. Early basalt flows
are intercalated with fine-grained siliciclastic sediments
of the Nummana Member, and the presence in the main
body of the Cheela Springs Basalt of locally interbedded
fine-grained turbidites, as well as hyaloclastite breccia,
fluidal-clast breccia, and peperite support an interpretation
of continuous subaqueous emplacement of voluminous
basalt sheetflows (Müller, 2005; Müller et al., 2005).
This supports the earlier interpretation of Thorne and
Seymour (1991) of a coastal to shallow-marine depositional
environment, although some authors have interpreted the
Cheela Springs Basalt to be subaerial (Mazumder and
Van Kranendonk, 2013; Mazumder, 2019). Thorne and
Seymour (1991) interpreted the presence of pahoehoe
flow tops in the absence of pillow lavas to imply rapid
emplacement and high effusion rates on a low-gradient
marine shelf.

Three Corner Conglomerate Member
The basal conglomerate of the Beasley River Quartzite is
up to 100 m thick in the type section but is either absent
or less than a few metres thick in the Hardey Syncline. It
was defined as the Three Corner Conglomerate Member
by Trendall (1979), as part of his revision of the ‘Mount
Bruce Supergroup’, although it is often incorrectly referred
to as the ‘Three Corners Conglomerate Member’ (e.g. Van
Kranendonk and Mazumder, 2013; Van Kranendonk et al.,
2015b; Martindale et al., 2015) or the ‘Three Corners Bore
Conglomerate Member’ (e.g. Krapež et al., 2017). The
Three Corner Conglomerate Member is a very distinctive
lithological unit (Fig. 24a–e), consisting predominantly of
BIF and chert pebbles derived mainly from the Weeli Wolli
Formation, as well as lesser rhyolite and dolerite pebbles
(Trendall, 1979; Thorne and Seymour, 1991). It locally
also contains hematite-enriched BIF clasts (Martin et al.,
1998) with textures indicative of early hematite enrichment
in BIF of the Hamersley Group (Fig. 24e), although none
have been positively identified in the Hardey Syncline
so far. There is also evidence of oxidative weathering
of labile clasts prior to inclusion in the conglomerate
(Fig. 24d). The matrix of the conglomerate is rich in fineto medium-grained hematite, which locally defines foresets
in intercalated trough cross-stratified sandstones (Fig. 24f).
The Three Corner Conglomerate Member is part of the
mid-fan facies association of Thorne and Seymour (1991),
and forms a useful regional stratigraphic marker.

Nummana Member
The predominantly very fine-grained Nummana Member
was defined by Halligan and Daniels (1964) as a member
of the ‘Mount McGrath Formation’, as distinct from the
‘Cheela Springs Basalt Member’ of the same formation
(Fig. 4). It is very well exposed in the core of the Hardey
Syncline, and regional stratigraphic relationships suggest
it is equivalent to the ‘Mount McGrath Beds’ of MacLeod
et al. (1963), although their description of this unit suggests
that there was uncertainty at the time regarding its true
stratigraphic position. Trendall (1979, fig. 42) clearly
placed a thin unit of ‘grey, silty quartzite and shale’ above
the uppermost quartzite of the Beasley River Quartzite
within the Cheela Springs Basalt. However, Horwitz
(1978) included the Nummana Member within the Beasley
River Quartzite, whereas Horwitz (1980) recognized a
predominantly argillaceous succession (presumably the
same member) at the base of the Cheela Springs Basalt
but did not name it, and confusion over its stratigraphic
status has persisted. However, it is a distinctive and useful

Cheela Springs Basalt
MacLeod et al. (1963) originally defined the ‘Cheela
Springs Basalt’ as a formation within the ‘Wyloo Group’,
although its stratigraphic position was placed between the
‘Mount McGrath Beds’ and the Duck Creek Dolomite.
Later, de la Hunty (1965) defined it as a member of
his ‘Mount McGrath Formation’, situated between the
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Figure 24. Hematitic conglomerates and sandstones characteristic of the Three Corner Conglomerate Member: a) angular
unconformity between Three Corner Conglomerate Member and bedding (dashed line) in the Anthiby Formation
west of the core of the Hardey Syncline; b) typical Weeli Wolli Formation jaspillite clasts showing weak hematite
replacement of laminae (arrows) at 456663E 7478570N; c) hematite-enriched conglomerate clasts (456287E 7478506N);
d) weathering rind on labile clast (possibly dolerite) at 456663E 7478570N; e) hematite-rich matrix at 456663E 7478570N.
Note possible hematite-ore clasts (arrowed); f) hematitic foresets in trough cross-stratified sandstone within the
Three Corner Conglomerate Member at 456663E 7478570N. b–f) are in the vicinity of the Three Corner Conglomerate
Member reference section, about 50 km west of the study area
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lithological marker separating the bulk of the Cheela
Springs Basalt from the underlying Beasley River Quartzite.
It is also correlateable across the region, despite thickness
variations down to <50 m over the Wyloo Anticline (Martin
et al., 2000, fig. 12). The Nummana Member is about 220 m
thick in an incomplete section in the core of the Hardey
Syncline (Fig. 23), and about 300 m thick in the type
section at Shingle Creek (Fig. 5; Martin et al., 2000). In the
core of the Hardey Syncline it has previously been mapped
as ‘unnamed quartzite unit 3’ by Trendall (1979), and as
‘Beasley River Quartzite’ by Thorne and Tyler (1996),
Krapež (1999), Mazumder and Van Kranendonk (2013),
Van Kranendonk et al. (2015a,b), Martindale et al. (2015),
Mazumder et al. (2015), Krapež et al. (2017), Caquineau
et al. (2018) and Mazumder (2019).

cobble- to boulder-sized clasts of dolomite, in the ‘Mount
McGrath Formation’. A low-angle regional unconformity
separates the ‘Wooly Dolomite’ from the ‘Mount McGrath
Formation’ on the southern limb of the Wyloo Anticline,
with local relief up to 10 m (Thorne and Seymour, 1991).
In their regional stratigraphic analysis, Krapež et al. (2015)
suggested that, in previous GSWA mapping, the ‘Wooly
Dolomite’ has been included within the ‘Mount McGrath
Formation’ in some areas. They described a gradational
contact between the Cheela Springs Basalt and ‘Wooly
Dolomite’ at the Mount Olympus mine, 115 km southeast
of the Hardey Syncline, but this relationship cannot be
confirmed because the location in question is concealed
under a waste dump. Also, stratigraphic relationships in
the Hardey Syncline are complicated significantly by
the presence of major strike-parallel regional faults and
shear zones, most notably the southeastern extension of
the Metawandy Fault and the Mindle Shear Zone (Fig. 5).
Nonetheless, recent mapping has confirmed that a revised
Wooly Formation, significantly more extensive than the
original ‘Wooly Dolomite’, contains a substantial proportion
of conglomerate, sandstone, siltstone and mudstone
previously mapped as ‘Mount McGrath Formation’.

The Nummana Member consists mainly of interbedded
mudstone and siltstone, with lesser conglomerate, fine- to
coarse-grained quartz arenite, amygdaloidal basalt flows,
and dolerite sills with locally amygdaloidal tops. It may
be partly equivalent to the offshore facies of the Beasley
River Quartzite of Thorne and Seymour (1991), but has
been interpreted by Martin et al. (2000) as a terrestrial
red bed succession. A recent facies analysis by Mazumder
(2019), based on a single 75 m-thick section on the south
limb of the Meteorite Bore Anticline (Fig. 5) that does not
contain any argillaceous facies, concluded that sandstones
in the Nummana Member are eolianites. However, this
interpretation does not take into account the predominantly
argillaceous character of the Nummana Member (Trendall,
1979; Horwitz, 1980; Thorne and Seymour, 1991, fig. 24;
Martin et al., 2000). Consequently, a largely shallowmarine to marginal marine interpretation is preferred
here based on current understanding of the depositional
environment of enclosing units, although fluvial and
possibly eolian influences were locally important.

However, the current work has not substantiated the
observations of Thorne and Seymour (1991) and Krapež
et al. (2015) that the ‘Wooly Dolomite’ gradationally
overlies the Cheela Springs Basalt. Mineral exploration
drilling in the vicinity of diamond drillholes AWD003
and EDD005 (Fig. 5) suggests an abrupt contact that is
locally faulted. Field relationships preserved elsewhere
in the region, combined with the local presence of a basal
conglomerate in the study area, suggest that the basal
contact of the Wooly Formation is unconformable with
preserved relief up to several hundred metres in the type
area 30 km west of the Hardey Syncline. Thus, the Wooly
Formation unconformably overlies the Cheela Springs
Basalt and is unconformably overlain by coarse-grained
siliciclastic rocks of a revised Mount McGrath Formation.

Wooly Formation (revised)
Seymour et al. (1988) first identified the ‘Wooly Dolomite’
as a succession of locally stromatolitic dolomite that
overlies a basal pebbly arenite between the Cheela Springs
Basalt and the ‘Mount McGrath Formation’. Outcrop was
restricted to an 8 km strike length on the southern limb of
the Wyloo Anticline. However, this stratigraphic position is
equivalent to the ‘Coolbye Shale Member’ of the ‘Mount
McGrath Formation’ as originally defined by Halligan
and Daniels (1964) and de la Hunty (1965) in the Hardey
Syncline area. It is probably also equivalent to an unnamed
unit of ‘dark shale’ of MacLeod et al. (1963) between the
Cheela Springs Basalt and Duck Creek Dolomite (Fig. 4).
A conglomerate locally marks the base of the ‘Coolbye
Shale Member’ (Horwitz, 1978, 1980), and Thorne and
Seymour (1991) described red chert clasts interpreted to
be derived from the underlying basalt. The contact with
the underlying Cheela Springs Basalt has since been found
to be a low-angle unconformity in the Hardey Syncline,
as exposed at MGA 501022E 7462606N, and Krapež et al.
(2015) recently identified that the ‘Wooly Dolomite’ is
far more extensive than originally defined and overlies
a locally highly erosional basal contact outside of the
Hardey Syncline. Furthermore, Tyler and Thorne (1996)
alluded to a dolomite unit at the top of the Cheela Springs
Basalt, and also included 100 m of ferruginous argillite
with minor sandstone, conglomerate and chert, locally with

Martin and Morris (2010) recognized that the ‘Wooly
Dolomite’ is not part of the ‘McGrath Trough’ of Horwitz
(1982) and Martin et al. (2000), and consequently the
revised unit is excluded from both the Shingle Creek
and Wyloo Groups based on its inferred age, lithological
heterogeneity, stratigraphic relationships and uncertain
tectonostratigraphic affinity (Fig. 2). The change in name
from ‘Wooly Dolomite’ to Wooly Formation is warranted
because dolomite is not the predominant lithology of the
revised unit. Further formal subdivision and revision of the
Wooly Formation is probably warranted, but is beyond the
scope of this Report.

Wyloo Group (revised)
As originally defined by MacLeod et al. (1963), the
‘Wyloo Group’ included the Turee Creek Group, as
currently defined, and was the uppermost division of the
‘Mount Bruce Supergroup’ (Fig. 4) that was later defined
by Halligan and Daniels (1964). Since Trendall’s (1979)
revision of the ‘Mount Bruce Supergroup’, the ‘Wyloo
Group’ has commonly been informally subdivided into
lower and upper divisions, whose tectonic affinities
have been the subject of considerable debate (Fig. 2).
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Duck Creek Dolomite

Consequently, a newly named Shingle Creek Group and
revised definition of the ‘Wooly Dolomite’ and ‘Mount
McGrath Formation’ are proposed, along with revision of
the ‘Wyloo Group’ to include all strata from the Mount
McGrath Formation to the Ashburton Formation. This
definition recognizes that the base of the Wyloo Group
is marked by a regional angular unconformity at the base
of a revised Mount McGrath Formation that, in turn,
consists predominantly of medium- to coarse-grained
siliciclastic rocks and minor argillite. In particular, a
distinctive BIF-pebble conglomerate, with local hematiteenriched clasts, known as the Karlathundra Conglomerate
Member (Halligan and Daniels, 1964; de la Hunty, 1965),
locally marks the base. Although the June Hill Volcanics
(Williams, 1968; Daniels, 1970) is part of the revised
Wyloo Group, and locally separates the Duck Creek
Dolomite from the Ashburton Formation (Fig. 4), it is not
described here because it is not exposed in the study area.
The newly revised Wyloo Group is not a focus of this
Report, and hence it is not described in detail.

The Duck Creek Dolomite was originally recognized by
MacLeod et al. (1963) as a persistent and uniform, locally
silicified, stromatolitic dolomite unit towards the top of
their ‘Wyloo Group’ (Fig. 4). The general stratigraphic
definition of the Duck Creek Dolomite has not changed
since, although MacLeod et al. (1963) did not recognize the
June Hill Volcanics (Seymour et al., 1988), which separate
the dolomite from the overlying Ashburton Formation
to the west of the study area. The Duck Creek Dolomite
conformably overlies the Mount McGrath Formation,
except in the western closure of the Wyloo Anticline, where
it unconformably overlies the Fortescue and Hamersley
Groups (Seymour et al., 1988; Thorne and Seymour, 1991).
The June Hill Volcanics is disconformably overlain by
the Ashburton Formation (Thorne and Seymour, 1991),
and is locally intercalated with the top of the Duck Creek
Dolomite (Williams, 1968; Daniels, 1970; Seymour et al.,
1988; Thorne and Seymour, 1991) suggesting it could be a
member of the latter. The Duck Creek Dolomite is not very
well exposed in the study area, and the June Hill Volcanics
is not present.

Mount McGrath Formation (revised)

Thorne (1985) and Thorne and Seymour (1991) conducted
detailed facies analyses of the Duck Creek Dolomite, and
more recently Wilson et al. (2010) conducted a sequence
stratigraphic analysis in the type area at Duck Creek Gorge.
Based on examination of the entire outcrop area, the facies
analysis of Thorne and Seymour (1991) identified innershelf, outer-shelf, and slope-and-basin facies associations
that constitute a shallow-marine carbonate shelf with a
moderately steep outer slope that fringed the southwestern
margin of the Hamersley province at the time. The
sequence stratigraphic analysis of Wilson et al. (2010)
identified one complete depositional sequence within the
Duck Creek Dolomite: the highstand systems tract of an
underlying sequence at the base, and the transgressive
systems tract of an overlying sequence at the top.

The ‘Mount McGrath Beds’ were defined by MacLeod
et al. (1963), but were considered to occupy a stratigraphic
position equivalent to the Nummana Member, although
they also recognized units of shale and conglomerate
overlying the Cheela Springs Basalt that they did not
name (Fig. 4). Later, Halligan and Daniels (1964) defined
the ‘Mount McGrath Formation’ as all strata between the
Beasley River Quartzite and the Duck Creek Dolomite. In
the study area, the Mount McGrath Formation, as revised
here, occupies the equivalent stratigraphic position as the
‘Karlathundra Conglomerate Member’ at the top of the
‘Mount McGrath Formation’ of Halligan and Daniels
(1964) and de la Hunty (1964, 1965). The ‘Mount McGrath
Formation’ was later formally redefined by Horwitz (1980)
and then adopted by Thorne and Seymour (1991) and
Thorne and Tyler (1996), although that definition appears
to have included part of what is now regarded as the
Wooly Formation. The definition by de la Hunty (1964)
of the ‘Karlathundra Conglomerate Member’ included
conglomerate and sandstone that is now considered
typical of the Mount McGrath Formation. The Australian
Stratigraphic Units Database (ASUD) currently lists
the ‘Karlathundra Conglomerate Member’ as ‘probably
obsolete’. However, its revival may be useful since it is a
lithologically distinctive horizon with similar stratigraphic
significance to the Three Corner Conglomerate Member of
the Beasley River Quartzite.

Ashburton Formation
Maitland (1909) was the first to recognize the ‘Ashburton
Beds’, followed by Talbot (1926), but the unit was not
precisely defined and equates mostly to the former ‘Wyloo
Group’. MacLeod et al. (1963) and Halligan and Daniels
(1964) were the first to recognize an unnamed unit of shale
and greywacke (Fig. 4) overlying the Duck Creek Dolomite
that was later formally named the Ashburton Formation
by de la Hunty (1965). Horwitz (1980) further subdivided
the formation into the Wandarry Shale, and Capricorn and
Mininer Turbidite Members, although Thorne and Seymour
(1991) considered this nomenclature invalid despite their
recognition of a three-fold subdivision. The Ashburton
Formation is generally considered to disconformably
overlie the Duck Creek Dolomite, based mainly on the
absence of the June Hill Volcanics between the Hardey
Syncline and Wyloo Anticline, and onlapping relationships
around the western end of the Wyloo Anticline.

A detailed regional facies analysis of the Mount McGrath
Formation conducted by Thorne and Seymour (1991)
identified two main facies associations — offshore shelf,
and delta-plain and channel-mouth bar. However, the
revised stratigraphic definition implies that the basal
units of offshore shelf facies association in the study area
belong instead to the Wooly Formation. The local presence
of hematite-enriched BIF clasts in the Karlathundra
Conglomerate Member has been used by many authors,
starting with Morris (1980), to place a minimum age on
microplaty hematite enrichment of BIF in the Hamersley
Group, although such clasts are also found in older units
(Gee, 1979; Martin et al., 1998).
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Dolerite dykes and sills

et al. (2005), were intruded into the basal Shingle Creek
Group. Consequently, it is proposed that the name Balgara
Dolerite be applied to all c. 2208 Ma sills, as well as
any undated sills with similar geochemistry that intrude
the Turee Creek or basal Shingle Creek Groups. The
intrusive relationships of the Balgara Dolerite are crucial
to understanding the structural and tectonic evolution of the
northern margin of the Capricorn Orogen.

Numerous dolerite dykes and sills have been intruded
throughout the Pilbara Craton. The value of the relative-age
relationships between dolerite dyke swarms for unravelling
the geological history of the Capricorn Orogen has long
been recognized (Tyler, 1990, 1991), but isotopic dates of
dolerite dykes and sills in the study area have only been
obtained relatively recently (Müller et al., 2005). Based
on dyke trends, crosscutting relationships and mineralogy,
Tyler (1990, 1991) identified at least ten different swarms
in the Pilbara region, of which eight intrude the Mount
Bruce Supergroup or younger strata. Dolerite sills also
intrude various levels of the Mount Bruce Supergroup and
have generally been related to large igneous provinces in
the Fortescue Group (Pirajno and Morris, 2005), Hamersley
Group (Barley et al., 1997) and Turee Creek Group (Krapež
et al., 2017), although no relationships to the dykes have
yet been established.

Near the Meteorite Bore Member type section on the
northern limb of the Hardey Syncline (Fig. 5), there are at
least three mappable Balgara Dolerite sills that are broadly
conformable with the enclosing Kungarra Formation and
appear to be concordantly folded within the syncline.
However, each sill can be shown to transect the basal
Beasley River Quartzite unconformity (Fig. 25) at locations
that are interpreted as tensile brittle steps between lower
and upper sill segments. These steps link into a sill that
is intruded at a level that appears to coincide with a thin
unit of offshore-facies association siltstone and mudstone
in the upper third of the Beasley River Quartzite in this
area (Thorne and Seymour, 1991). Previous GSWA maps
(e.g. Trendall, 1979; Seymour et al., 1988) and those of
other authors (e.g. Martin et al., 2000; Krapež et al., 2017)
have shown these steps as fault offsets of unconformable
truncations by the Beasley River Quartzite.

Many of the dolerite dyke suites identified by Tyler
(1990, 1991) are not present in the study area, but
suites designated P_d4, P_d5 and P_d7 are important
for constraining the timing of structural events in the
Hardey Syncline, along with dykes that do not fit neatly
into that classification scheme. The P_d7 suite has since
been named the Mundine Well Dolerite (Wingate and
Giddings, 2000), and because of their significance, the
other two suites are named in this Report. However, one
of the enduring problems of dyke suite identification is
that crosscutting relationships, as well as geochemical and
geochronological analyses, have shown that dyke trend
is not a unique identifier. Within the study area, dolerite
sills have been intruded into the Fortescue Group (Hardey
and Jeerinah Formations), Hamersley Group (Weeli Wolli
Formation), Turee Creek Group (Kungarra, Koolbye and
Anthiby Formations) and Shingle Creek Group (Beasley
River Quartzite and Cheela Springs Basalt); however, only
those in the Turee Creek and Shingle Creek Groups are
described in this Report.

The middle sill, which was dated by Müller et al. (2005)
at the type locality of the Meteorite Bore Member, is
roughly concordant with the top of the member (Fig. 5).
This relationship is complicated by the fact that west of
Cajuput Yard in the core of the Hardey Syncline, near
507551E 7468255N, the sill is truncated by the Anthiby
Formation unconformity (Fig. 26a,f). In this area, the
intrusive relationships are possibly more complex, because
the upper part of the sill displays textural features in both
outcrop and thin section that suggest that it either is a thick
flow or very shallow-level intrusion (Fig. 26b–f). Also,
there is a thin screen of Kungarra Formation within the
mapped Balgara Dolerite (Fig. 5), which may separate
this apparently older upper part from the dated younger
c. 2208 Ma part. Further work is required to map these
components and resolve this discrepancy. Furthermore,
Balgara Dolerite sills that intrude the Nummana Member
are also noticeably vesicular in many places (e.g. 505464E
7467803N), suggesting that they were intruded at relatively
shallow crustal levels.

Balgara Dolerite (new)
The oldest dolerite intrusions described in this Report are
the c. 2208 Ma sills in the Turee Creek Group dated by
Müller et al. (2005) from a site near Meteorite Bore (HTC,
Fig. 5). Müller et al. (2005), as well as Seymour et al.
(1988), Thorne and Tyler (1996), Martin et al. (2000), and
subsequently Krapež et al. (2017), considered the dolerite
to have been intruded prior to folding of the Turee Creek
Group and development of the Beasley River Quartzite
unconformity. This timing has been interpreted as reflecting
intrusion either before Ophthalmian folding (Müller
et al., 2005) or after closure of the ‘Turee Creek Basin’
(Krapež et al., 2017), but does not address relationships
with unconformities within the Turee Creek Group. On
the contrary, all sills in the Hardey Syncline that intrude
the Turee Creek Group either transect the Beasley River
Quartzite unconformity or are truncated by faults that
post-date it (Fig. 5). These relationships are consistent with
the observations of Martin (2006) and Martin and Morris
(2010) who confirmed existing mapping that showed
dolerite sills in the core of the Turee Creek Syncline, also
dated at c. 2208 Ma in two separate locations by Müller

The upper sill in the Kungarra Formation was intruded
between the Calgra Member and Koolbye Formation, but
also transects the Koolbye and Anthiby Formations south
of the Meteorite Bore Member type section, where it stopes
along the Anthiby Formation and Beasley River Quartzite
basal unconformities, locally producing a sliver of Koolbye
Formation below the sill (Figs 22b, 25). This sill cannot
be traced eastwards around the closure of the Hardey
Syncline, despite there being no apparent unconformity at
the base of the Koolbye Formation. Although exposure is
not continuous, there is sufficient evidence to demonstrate
that the Balgara Dolerite forms coherent sills rather than
inclined sheets, and has been folded coaxially within the
Hardey Syncline (Fig. 5). Tectonic fabrics associated with
this folding tend to be concentrated along the margins of
the sills, with the centres commonly showing little sign of
deformation.
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Figure 25. Detail from Figure 5 showing brittle, tensile step-and-stair intrusive relationships between the Balgara Dolerite and
the Anthiby Formation and Beasley River Quartzite. The location and direction of view of Figures 14e and f, 15f, and
22b are also shown

Moodagara Dolerite (new)

west-northwesterly through the northeastern Hamersley
province (Fig. 27) may belong to the Round Hummock
Dolerite. The age of the Moodagara Dolerite is not known,
but it is cut by P_d5 which has been dated at c. 2008 Ma
(Müller et al., 2005), and intrusive relationships suggest
that they could be feeders to the Balgara Dolerite or Cheela
Springs Basalt. However, the linear trend of these dykes
and general absence of a tectonic foliation suggests that
they have not been re-oriented, and are largely unaffected
by the regional folding.

Moodagara Dolerite is the new name proposed for
predominantly west-northwesterly trending dolerite
dykes that equate to P_d4 in the terminology of Tyler
(1990, 1991). These dykes are generally not well exposed,
and commonly occupy steep-sided gullies where they
have been preferentially eroded from within their host
stratigraphy. The aeromagnetic signature of the Moodagara
Dolerite is moderate to weak, except where dykes cut BIF
causing local thermal remagnetization along the margins.
They crosscut the Fortescue-age dykes of P_d1–3, intrude
all strata up to and including the Nummana Member of
the Cheela Springs Basalt, and are in turn cut by P_d5
(Panhandle Dolerite). The majority of Moodagara Dolerite
dykes, mainly interpreted from aerial photography, are
along the southwestern margin of the Hamersley province
(Fig. 27); however, trend alone is not a diagnostic criterion
since Round Hummock Dolerite dykes on the northern
Pilbara Craton have a similar orientation (Hickman
and Lipple, 1975). Close examination of crosscutting
relationships between mapped P_d4 and P_d5 dykes in the
Rocklea Anticline (Thorne et al., 1995) suggests that some
P_d4 dykes may belong to the much younger c. 1075 Ma
Round Hummock Dolerite.

Panhandle Dolerite (new)
Panhandle Dolerite is the new name proposed for
predominantly northwesterly trending dolerite dykes that
equate to P_d5 in the terminology of Tyler (1990, 1991).
Like most dykes in the region, these are not well exposed,
but tend to form a relatively close-spaced array of steepsided gullies that are distinctive on aerial photographs and
mainly confined to a corridor along the southwest margin
of the Hamersley province (Fig. 28). They are noticeably
less abundant northeast of the Turee Creek and Turner
Synclines, and the Jeerinah Anticline. Mappable dyke
segments are not very long, but are generally longer than
segments of the Moodagara Dolerite. The aeromagnetic
signature of the Panhandle Dolerite is weak, perhaps
owing to the generally narrow width of individual dykes
(generally less than a few tens of metres), except where
they cut BIF, resulting in local thermal remagnetization
along the margins. The Panhandle Dolerite is one of the

Individual dyke segments are generally not mappable
beyond a few kilometres along strike, and owing to poor
outcrop, very few Moodagara Dolerite dykes have been
identified in the Hardey Syncline, particularly in the Turee
Creek Group. On this basis, the extensive dyke trending
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Figure 26. Field and thin-section characteristics of the Balgara Dolerite in the closure of the Hardey Syncline west of Cajuput
Yard (Fig. 5): a) truncation of a Balgara Dolerite sill by the basal Anthiby Formation unconformity near 507551E
7468255N. Location of Figure 22a is arrowed. The lithological characteristics of the dolerite and overlying shale
are shown in b–e); b) medium-grained dolerite that characterizes the bulk of the Balgara Dolerite; c) hyaloclastite
breccia/peperite at upper contact of sill with overlying Kungarra Formation argillites; d) amygdales in fine-grained
dolerite/basalt at upper margin of sill; e) photomicrograph of finely laminated volcaniclastic siltstone, which locally
contains flow banding and slump folds, in the hangingwall of features shown in (c) and (d). Note the unusual
globular alteration texture; f) highly irregular basal contact of Anthiby Formation on fine-grained dolerite. Upper
marked surface is the main local angular unconformity. Below this surface, bedding onlaps the dolerite. Photos b–f)
from 510378E 7471044N and 512480E 7469855N. Note that these relationships suggest this upper part of the mapped
Balgara Dolerite may belong to an older, as yet undated, sill or basalt flow
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Figure 27. Regional distribution of Moodagara Dolerite dykes in the Hamersley province, with study area
outline shown

most extensively studied dolerite suites in the region,
and has been dated in the study area at c. 2008 Ma
(Müller et al., 2005, sample S72-5; Fig. 5). Crosscutting
relationships preserved in the Rocklea Anticline, about
3 km east of the study area, show that the Panhandle
Dolerite intrudes the Moodagara Dolerite, but is also
intruded by west-northwesterly trending dykes (at 528282E
7480061N) and north-northwesterly trending dykes (at
528914E 7480211N). There are few Panhandle Dolerite
dykes exposed in the study area, and most of these are
present in the core of the Hardey Syncline and in the far
east of the area (Fig. 28). Regional observations show that
the Panhandle Dolerite intrudes as high in the stratigraphy
as the Cheela Springs Basalt and, despite its younger
age, no Panhandle dykes are known to intrude the Wooly
Formation.

that it is younger than these dykes. Round Hummock
dykes are generally well exposed on the northern Pilbara
Craton, where they have been dated at c. 1075 Ma (DAD
Evans et al., written comm., 2016; Wingate, 2017), and are
also characterized by strike-extensive, moderate to strong
aeromagnetic anomalies. There are no confirmed Round
Hummock dykes in the study area, but field relationships in
the Rocklea Anticline, about 3 km east of the northeastern
corner of the study area, indicate that Round Hummock
Dolerite dykes are present there (Fig. 29) and that it is
impossible to distinguish them from the Moodagarra
Dolerite based on trend alone. Consequently, some westnorthwesterly trending dolerite dykes in the study area
could belong to the Round Hummock Dolerite.

Round Hummock Dolerite

The Mundine Well Dolerite is a regionally extensive
curvilinear swarm of dolerite dykes, first recognized by
Hickman and Lipple (1975), which are well exposed from
the Gascoyne Province in the southwest and the northern
Pilbara Craton in the northeast. Regionally, the trend of
the dykes varies from north to northeast in the south and
west, becoming more generally northeasterly as dykes are
traced northeastwards. The Mundine Well Dolerite was
formerly classified by Tyler (1990, 1991) as P_d7, and

Mundine Well Dolerite

The Round Hummock Dolerite is primarily exposed on
the northern Pilbara Craton where it was first recognized
as a suite of west-northwesterly trending dolerite dykes
by Hickman and Lipple (1975). The Round Hummock
Dolerite has the same regional trend as P_d4 as classified
by Tyler (1990, 1991), but crosscutting relationships with
dykes of the Moodagarra and Panhandle Dolerites indicate
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Figure 28. Regional distribution of Panhandle Dolerite dykes in the Hamersley province, with study area
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Dolerite geochemistry

is characterized by a moderate to strong aeromagnetic
response. In the Hamersley province, the Mundine Well
Dolerite dykes are predominantly northeast trending and,
at 755 ± 3 Ma (Wingate and Giddings, 2000), are currently
the youngest known dyke suite in the region. There are
only two Mundine Well Dolerite dykes identified in the
study area (Fig. 29).

Using the combined geochemical data of Dow (1996)
and Müller (2005), Martin and Morris (2010) showed
that the Balgara Dolerite and Cheela Springs Basalt
are petrogenetically related through either melting of a
common mantle source at different depths, or multiple
melt extractions from the same source. Furthermore, the
bulk of the Balgara Dolerite is most similar to the lower
Cheela Springs Basalt, which is distinct from the upper
Cheela Springs Basalt (Fig. 30), although there are some
Balgara Dolerite sills that do not fit this pattern (Martin and
Morris, 2010, fig. 13). This interpretation is strengthened
by the new field relationships described here. Although
beyond the scope of this Report, further analysis of this
dataset combined with new analyses of both units and some
of the regional dolerite dykes confirms this association,
and also suggests that the Balgara Dolerite is most similar
to basalt flows in the lowermost part of Cheela Springs
Basalt, especially the Nummana Member (Fig. 30c,d).
Furthermore, rare earth element diagrams normalized
to primitive mantle show that the Balgara Dolerite and
Cheela Springs Basalt are distinctly different from the
Panhandle and Round Hummock Dolerite dykes (Fig. 30e).
This suggests that trace element geochemistry could be a
valuable tool in distinguishing between the various dolerite

Proterozoic dolerite
Within the Hamersley province there are a number of
dolerite dykes that cannot be readily assigned to any of
the suites described above. These dykes generally have
trends that range from north-northwest to north-northeast
with some dykes trending east–west in the southern
Hamersley province. Within the study area, unassigned
dykes are predominantly north-northeast trending. These
dykes tend to be markedly curvilinear compared to the
other suites, and appear to post-date the Wyloo Group. In
the Rocklea Anticline, about 3 km east of the northeastern
corner of the study area (at 528282E 7480061N), a northnorthwesterly trending dyke crosscuts a Panhandle Dolerite
dyke. This particular dyke is about 50 m wide with a very
strong negative aeromagnetic response that can be traced
southwards into the Paraburdoo mine area.

39

Martin

117°

118°

119°

22°

23°

DMM81

06.05.19

100 km
Northern Carnarvon Basin

Gascoyne Province

Fortescue Basin

Edmund Basin

Ashburton Basin

Pilbara Craton basement

Mount Minnie Basin

Wooly Basin

Mundine Well Dolerite

Bresnahan Basin

Turee Creek Basin

Round Hummock Dolerite

Blair Basin

Hamersley Basin

Project area

Figure 29. Regional distribution of Round Hummock and Mundine Well Dolerite dykes in the Hamersley province,
with study area outline shown

dyke suites in the region, and further expansion of this
geochemical dataset is in progress. However, care needs
to be taken in constraining the crosscutting relationships
between dyke suites, which have shown that dykes thought
to belong to the Moodagara Dolerite are likely to be Round
Hummock Dolerite. There are currently no geochemical
data for dykes that demonstrably belong to the Moodagara
Dolerite.

Hardey Syncline are considered, although some constraints
are provided by data from areas outside the study area.
Mean ages (crystallization ages or maximum depositional
age [MDA]) discussed below are quoted with 95% or
2σ confidence intervals, whereas dates based on single
analyses are identified by and quoted with 1σ uncertainties.

Igneous crystallization ages

Geochronology

Woongarra Rhyolite
The Woongarra Rhyolite is the only magmatic unit in the
study area for which a reliable age has been determined.
It has been the subject of at least eight studies over the
years, using whole-rock, zircon fraction and single-grain
zircon techniques, and all on samples from the type section
at Woongarra Pool (Fig. 5). The first attempts at dating
the Woongarra Rhyolite applied the Rb–Sr whole-rock
isochron technique, and yielded ages of c. 2055 Ma (Leggo
et al., 1965) and 1958 ± 100 Ma (Compston and Arriens,
1968). Thermal ionization mass spectrometric (TIMS)
analyses on small zircon fractions and single grains later
refined this age to 2470 ± 30 Ma (Compston et al., 1981)
and then to 2439 ± 10 Ma (Pidgeon and Horwitz, 1991).

Determining the absolute ages of lithological units and
timing of geological events in the study area has been
hampered by a lack of suitable dateable material within
the succession, but the situation has improved recently as
new techniques and chronometers have become available.
Recent studies have added valuable new data for the ages
of igneous crystallization, maximum ages of deposition,
metamorphic ages, and ages of hydrothermal fluid flow.
However, interpretation of the significance of some of
these ages is still fraught with difficulty, primarily owing
to uncertainties in field relationships. As a consequence, the
age constraints on some important units and events remain
poor. In this section, the current status of geochronological
understanding is reviewed; only ages relevant to the
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Figure 30. Rare earth element (REE) diagrams, normalized to primitive mantle, for mafic intrusive and extrusive rocks in the
Hamersley province. Data compiled from Dow (1996) and Müller (2005), supplemented by GSWA data from the WACHEM
database. Plots show the average composition (coloured lines) and compositional range (grey shading): a) upper
Cheela Springs Basalt; b) lower Cheela Springs Basalt; c) Nummana Member; d) Balgara Dolerite; e) comparison of
average compositions of all mafic units, and average compositions of the Panhandle and Round Hummock Dolerite
dykes. Note the exceptionally close match between the Balgara Dolerite and lower Cheela Springs Basalt (especially
the Nummana Member)
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Subsequent SHRIMP studies on the same sample (W101)
used by Compston et al. (1981), or replicates from
approximately the same stratigraphic level, have continued
to refine the age of the Woongarra Rhyolite. Barley et al.
(1997) determined an age of 2449 ± 3 Ma on a similar
sample, and Trendall et al. (2004) used zircons from
sample W101 to determine a SHRIMP U–Pb crystallization
age of 2451 ± 5 Ma. Regression of the combined data of
Barley et al. (1997) and Trendall et al. (2004) produced
an estimated age of 2450 ± 3 Ma (Trendall et al., 2004)
which has long been accepted as the age of the Woongarra
Rhyolite. However, a new sample from the same relative
stratigraphic height as sample W101 has recently been
dated at 2444 ± 3 Ma, and this is taken to be the most
reliable age of igneous crystallization of the rhyolite
(GSWA 195892, Wingate et al., 2018b). Interestingly,
the single-grain TIMS analyses of Pidgeon and Horwitz
(1991) identified two younger ages of 2437 ± 6 Ma and
2419 ± 6 Ma (1σ), suggesting that the Woongarra Rhyolite
could be significantly younger than current estimates,
although it is not clear to what extent these zircons may
have undergone loss of radiogenic Pb.

three diamond drillholes in the Paraburdoo mine yielded a
baddeleyite crystallization age of 2009 ± 16 Ma, based on
SHRIMP U–Pb analyses of six samples, and the commonly
quoted age of these dykes is c. 2008 Ma, the median of
these two ages (Müller et al., 2005). Krapež et al. (2017,
fig. 17) have recently presented an unsubstantiated age
range of 2028–1988 Ma for ‘post-Horseshoe dolerite’
which is here assumed to be equivalent to the Panhandle
Dolerite.

Balgara Dolerite

Maximum depositional ages

SHRIMP U–Pb dating of baddeleyite (Müller et al., 2005)
has shown that the intrusion ages of dolerites are useful for
constraining minimum depositional ages of the enclosing
sedimentary rocks as well as the timing of regional
deformation events, but only if the intrusive relationships
are well constrained. In particular, the age of the Balgara
Dolerite is critical for interpreting the geological history
of the region because of its unique intrusive relationships
with a variety of units within the Turee Creek and Shingle
Creek Groups, and its relationships to unconformities
associated with those units. Müller et al. (2005) determined
a baddeleyite crystallization age of 2208 ± 10 Ma for
a dolerite sill at the top contact of the Meteorite Bore
Member (Figs 5, 31) in the type area near Meteorite
Bore. Because of the fine grain size, fragility and low
abundance of baddeleyite, the sampling method involved
in situ analysis of multiple polished thin sections from
multiple samples. The age of the Balgara Dolerite in the
Hardey Syncline was determined from 18 analyses of two
samples at site HTC (Fig. 5), and was replicated from two
sites in the Turee Creek Syncline (Müller et al., 2005)
where the Balgara Dolerite intrudes the Beasley River
Quartzite (Thorne et al., 1991; Martin and Morris, 2010).
Recently, Krapež et al. (2017) interpreted the Balgara
igneous event as a bimodal large igneous province, based
on the age overlap of dolerite and detrital zircons in the
Cheela Springs Basalt, to which they ascribe a date of
2206 ± 12 Ma using the dominant detrital age component.
However, they also quote an age range of 2228–2188 Ma
for this event (Krapež et al., 2017, fig. 17) without
supporting data or discussion.

In the absence of readily dateable volcanic rocks within
the sedimentary succession above the Woongarra Rhyolite,
efforts at constraining the depositional age of the Turee
Creek and Shingle Creek Groups have focused on detrital
zircon analyses of volcaniclastic and epiclastic sandstones
to determine maximum depositional ages (MDA). The
difficulty with this approach is that all units younger than
the Hamersley Group are strongly dominated by detrital
zircon age components older than c. 2400 Ma. Nonetheless,
MDA are now available for the Boolgeeda Iron Formation,
Kungarra, Koolbye, Kazput, Munder and Anthiby
Formations, Beasley River Quartzite, Cheela Springs
Basalt, Wooly Formation and Mount McGrath Formation.
However, because of the dominance of >2400 Ma
components in all these units, extra consideration is given
to the youngest detrital zircon dates, although these are not
shown on Figure 31 because of their lower reliability as
robust MDA.

Approximately 3 km east of the study area a prominent,
continuous, north-northwesterly trending, negatively
magnetized dyke, formerly mapped as P_d5 (Thorne et al.,
1995), can be traced on regional aeromagnetic data into the
open pit at Paraburdoo mine. This is potentially one of the
dykes dated by Müller et al. (2005) in drillcore at the mine,
but field relationships in the Rocklea Anticline indicate
that this dyke is younger than northwest-trending dykes
assigned to the Panhandle Dolerite (Thorne et al., 1995).
Further work is therefore required to determine the absolute
age relationships between these two dyke suites, and to
confirm the c. 2008 Ma age of the Panhandle Dolerite.

Boolgeeda Iron Formation
The revised definition of the Boolgeeda Iron Formation
used in this Report implies that the 2445 ± 5 Ma date
obtained by Trendall et al. (2004) from a volcaniclastic
sandstone unit between the upper rhyolite of the Woongarra
Rhyolite and the first overlying BIF is from a unit
belonging to the basal Boolgeeda Iron Formation. When
considered in conjunction with the revised age of
2444 ± 4 Ma for this upper rhyolite (GSWA 195892,
Wingate et al., 2018b), it is clear that the zircons in
sample GSWA 94739 of Trendall et al. (2004) are detrital
and provide a MDA for the Boolgeeda Iron Formation.
Similarly, the TIMS date of c. 2446 Ma obtained from a
tuffaceous bed about 60 m above the base of the basal iron
formation of the Boolgeeda Iron Formation (Simonson
et al., 2014) is also a MDA. The ages of these detrital
zircons indicate that they were derived by erosion of the
underlying Woongarra Rhyolite.

Panhandle Dolerite
The Panhandle Dolerite in the Hardey Syncline has a
baddeleyite crystallization age of 2007 ± 16 Ma, based on
18 SHRIMP U–Pb analyses of nine samples from a dolerite
dyke that cuts the Cheela Springs Basalt at site S72-5
(Fig. 5; Müller et al., 2005). Dolerite dykes intersected in
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Conclusive evidence for erosion of the Woongarra Rhyolite
during deposition of the Boolgeeda Iron Formation is
provided by the presence of faceted and striated rhyolite
dropstones in the Cave Hill Member (Fig. 12c; Martin,
1999). In addition, paleocurrent directions and the
stratigraphic relationships between the Turee Creek and
Hamersley Groups in the Hamersley province indicate
that uplift and erosion must have taken place to the
south of the present-day exposures (Martin et al., 2000).
Further geochronological evidence for erosion of the
Hamersley Group at this time is provided by detrital
zircon data from the Cave Hill Member, which indicates
a MDA of 2454 ± 23 Ma from TCDP1 and a mean
MDA of 2469 ± 13 Ma from two outcrop samples at
‘Boundary Ridge’ (Caquineau et al., 2018). These results
are indistinguishable from those for a sample from the
Hardey Syncline with a MDA of 2461 ± 15 Ma (GSWA
201734, Wingate et al., 2018a). The MDA of the Cave
Hill Member equates well to that of the Joffre Member
of the Brockman Iron Formation, implying a progressive
unroofing of Hamersley Group strata during deposition
of the Boolgeeda Iron Formation. Consequently, all dates
from overlying successions that are older than c. 2444 Ma
are interpreted to be MDA due to active uplift and erosion
of the Hamersley Group to the south of the Hamersley
province (cf. Martin et al., 2000). Some detrital zircon
dates slightly younger than this may also be derived from
the Woongarra Rhyolite, which could be as young as
c. 2419 Ma based on the single-zircon TIMS analyses of
Pidgeon and Horwitz (1991).

a sandstone bed 50 m below the Meteorite Bore Member
in the TCDP2 drillhole has a LA-ICP-MS 207Pb/206Pb date
of 2357 ± 10 Ma (1σ), although there is also a prominent
age component at 2453 ± 8 Ma as well as older dates
(Caquineau et al., 2018).
The first SHRIMP U–Pb detrital zircon study of the
Meteorite Bore Member determined an MDA of
c. 2420 Ma (Takehara et al., 2010), but no data were
presented by those authors. The youngest detrital zircon in
the Meteorite Bore Member has a LA-ICPMS U–Pb date of
2376 ± 16 Ma (1σ), although the dominant age component
(n = 39) is dated at 2449 ± 6 Ma. However, Caquineau
et al. (2018) based a MDA of 2340 ± 22 Ma on the six
youngest zircons present in a sandstone and stromatolitic
carbonate unit about 70 m below the Meteorite Bore
Member. The youngest detrital zircon component in the
Calgra Member is 2461 ± 9 Ma (Caquineau et al., 2018),
based on LA-ICPMS U–Pb dating of outcrop samples.
The detrital zircon data therefore points strongly to erosion
of mainly the Woongarra Rhyolite and older units during
deposition of the Kungarra Formation, resulting in MDA
significantly older than the expected depositional age of
c. 2.34 Ga based on the presence of glacial diamictites
interpreted to be of Huronian age (cf. Bekker et al., 2004;
Philippot et al., 2018).

Koolbye Formation
The MDA of the Koolbye Formation is constrained by
two samples. The first is a surface sample, Tu3 of Krapež
et al. (2017; Fig. 5), which yielded a SHRIMP U–Pb
date of c. 2442 Ma for the dominant age component,
and a date of 2438 ± 6 Ma (1σ) for the youngest zircon,
both of which likely reflect erosion of the Woongarra
Rhyolite. The second sample (T3-185) is from the TCDP3
drillhole, and yielded a LA-ICPMS U–Pb zircon MDA
of 2706 ± 17 Ma (Caquineau et al., 2018) which is also a
dominant age component in the data of Krapež et al. (2017)
and reflects erosion of the Fortescue Group. As with the
Kungarra Formation, the MDA of the Koolbye Formation
is significantly older than the expected depositional age.

Kungarra Formation
There have been numerous attempts in recent years to
obtain a depositional age for the Kungarra Formation, in
particular focusing on the age of glacial diamictite in the
Meteorite Bore Member. The lowest stratigraphic horizon
dated in the Kungarra Formation is about 750 m above
the base of the formation in an area about 3 km northwest
of the northwestern corner of the study area (at 472256E
7481342N). SHRIMP U–Pb analyses of detrital zircons
from this amalgamated sandstone bed that is estimated
to be about 1250 m below the Meteorite Bore Member
indicate a MDA of 2425 ± 9 Ma (GSWA 156347, Wingate
et al., 2018c). Sample Tu1 of Krapež et al. (2017; Fig. 5),
estimated to be about 200 m below the Meteorite Bore
Member (not including a Balgara Dolerite sill), has a
dominant age component at c. 2446 Ma and a youngest
detrital zircon at 2406 ± 15 Ma (1σ). The dominant age
component of detrital zircons in the Kungarra Formation
below the Meteorite Bore Member may have been
primarily derived from the Woongarra Rhyolite, which
could be as young as 2419 ± 6 Ma based on the TIMS
analyses of Pidgeon and Horwitz (1991). The youngest
SHRIMP U–Pb date for a zircon grain in the Woongarra
Rhyolite is 2432 ± 9 Ma (1σ) (GSWA 195892, Wingate
et al., 2018b).

Kazput Formation
Age constraints on the MDA of the Kazput Formation
come from two samples (Pi 15.41 and Pi 15.42) assigned
by Caquineau et al. (2018) to the ‘upper Kazput
Formation’. However, they incorrectly assigned an
overlying siliciclastic unit to the Beasley River Quartzite,
which is overlain by a further 250 m of carbonate rocks,
which implies that these samples are actually lower in the
formation. The two samples yielded a combined mean LAICPMS U–Pb zircon MDA of 2456 ± 8 Ma (Caquineau
et al., 2018), with many older age components extending
back to c. 2985 Ma and indicating erosion of a wide range
of units between the upper Hamersley Group (below the
Woongarra Rhyolite) and the Fortescue Group basement.

The first appearance of abundant detrital zircons that
are significantly younger than any potential age of the
Woongarra Rhyolite is in samples less than 100 m below
the Meteorite Bore Member (Fig. 31). A thin zircon
placer about 65 m below the Meteorite Bore Member in
TCDP2 yielded 10 laser ablation inductively coupled mass
spectrometric (LA-ICPMS) zircon analyses with 207Pb/206Pb
ages <2410 Ma (Caquineau et al., 2018). A single zircon in

Munder Formation
Re-evaluation of the SHRIMP U–Pb detrital zircon data of
Krapež et al. (2017) indicates that two of their sandstone
samples (Tu4 and Tu5; Fig. 5) are likely from the Munder
Formation. Both samples have very similar detrital zircon
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age spectra that indicate that the youngest age components,
c. 2438 Ma and c. 2449 Ma respectively, were likely
derived from erosion of the Woongarra Rhyolite.

stratigraphic position to belong to the Nummana Member,
and has a very similar age spectrum to W6, with two
distinct age components between c. 2250 and 2350 Ma.
In the original study of Martin et al. (1998), at Urandy
Creek Outcamp about 95 km northwest of the Hardey
Syncline, euhedral zircons that were too small to analyse
by SHRIMP were interpreted as probable primary
magmatic grains. GSWA resampled the original site in
an effort to extract and date these grains, but none of
these zircons were found in two samples. However, the
original MDA was replicated, yielding conservative ages
of 2208 ± 19 Ma (GSWA 219585, Wingate et al., 2019a)
and 2203 ± 4 Ma (Fig. 31; GSWA 219586, Wingate et al.,
2019b). The youngest zircon in sample UA7-9 of Müller
(2005) was dated at 2111 ± 14 Ma (1σ) and the youngest
zircon in GSWA 219586 was dated at 2161 ± 30 Ma (1σ).
With the exception of these single-grain analyses, all
available MDA for the Cheela Springs Basalt are within
uncertainty of the c. 2208 Ma age for the Balgara Dolerite
(Müller et al., 2005), which is shown by mapped field
relationships to intrude the Nummana Member (Fig. 5).
However, the new data suggest that the MDA of the
uppermost Cheela Springs Basalt is within uncertainty of
the crystallization age of the Balgara Dolerite, although it
could be up to 100 Ma younger than suggested by Martin
et al. (1998). Rather than being derived from a bimodal
igneous province (Krapež et al., 2017), the detrital zircons
are interpreted to be reworked from leucocratic portions
of the Balgara Dolerite, which is in turn interpreted as
the subvolcanic feeder to the lower Cheela Springs Basalt
(Martin and Morris, 2010; Fig. 30).

Anthiby Formation
Sample Tu6 of Krapež et al. (2017; Fig. 5) is a mediumgrained sandstone that appears to have been taken from
the Anthiby Formation and has a youngest SHRIMP U–Pb
detrital zircon age component of c. 2423 Ma, which is
younger than the currently accepted age of the Woongarra
Rhyolite. This age is clearly significantly older than the
expected depositional age (<c. 2.34 Ga), and other age
components in the sample reflect erosion of strata as old as
>3400 Ma (Krapež et al., 2017).

Beasley River Quartzite
The Beasley River Quartzite has been the target of four
detrital zircon studies, primarily because of its potential
significance to the regional tectonic evolution and the
highly angular unconformity at its base. A sample from the
reference section yielded a MDA of 2446 ± 8 Ma (GSWA
169084, Nelson, 2004b), although the youngest zircon
was dated at 2387 ± 14 Ma (1σ). Another GSWA sample
yielded a MDA of 2453 ± 13 Ma and a youngest zircon
dated at 2299 ± 11 Ma (1σ) (GSWA 203710, Wingate
et al., 2017).
Krapež et al. (2017) analysed six widely distributed
samples (W1–6), including one sample from the Hardey
Syncline (W5; Fig. 5). However, one of the samples
assigned to the Turee Creek Group (Tu2) by Krapež
et al. (2017) can be shown to belong to the Beasley River
Quartzite, and sample W6 most likely belongs to the
Nummana Member of the Cheela Springs Basalt. The six
combined samples considered by Krapež et al. (2017) to
be from the Beasley River Quartzite provided a SHRIMP
U–Pb zircon MDA of 2276 ± 41 Ma, and sample Tu2 has
a very similar age spectrum to samples W3 and W4 with a
youngest zircon age of 2440 ± 8 Ma (1σ).

Wooly Formation

Caquineau et al. (2018) also dated two samples of Beasley
River Quartzite as part of their extensive LA-ICP-MS
detrital zircon study. A bulk-rock sample (Pi 15.02) yielded
a mean zircon MDA of 2467 ± 8 Ma, and in situ dating of
zircon within a thin section (Pi 12.07) provided a mean
MDA of 2336 ± 13 Ma. The majority of detrital material in
the Beasley River Quartzite was therefore sourced from the
Woongarra Rhyolite and older rocks. However, all studies
have identified a small number of zircons at c. 2.3 Ga that
constrain the lower limit of the MDA and probably reflect
recycling of the Kungarra Formation.

Müller (2005) dated the ‘Wooly Dolomite’ as part of a
regional study of the ‘lower Wyloo Group’, although none
of the dated samples of volcaniclastic sandstone at the base
of the formation comes from the Hardey Syncline. The
currently accepted depositional age of 2031 ± 6 Ma was
determined by Müller et al. (2005), who argued for a syneruptive age of the dated detrital zircons. However, their
sample (DNO, from near the Mount Olympus gold mine)
contained a small number of older grains that indicate
that this age is also a MDA, and according to the original
data of Müller (2005), the youngest zircon is dated at
1974 ± 31 Ma (1σ). Three other samples dated by Müller
(2005), and also presented by Krapež et al. (2017), yielded
a wide range of detrital zircon ages, including youngest
zircon dates (all 1σ) of 2016 ± 7 Ma (UC2), 2103 ± 21 Ma
(U19) and 2203 ± 6 Ma (U13). The depositional age of the
Wooly Formation is therefore potentially much younger
than c. 2031 Ma.

Cheela Springs Basalt

Mount McGrath Formation

The Cheela Springs Basalt was the first unit in the
region younger than the Hamersley Group to be dated
using the SHRIMP U–Pb zircon method. The dated
horizon is a volcaniclastic breccia that yielded a MDA of
2209 ± 15 Ma, interpreted to be close to the depositional
age (Martin et al., 1998). Two detrital zircon samples
dated by Krapež et al. (2017) yielded age components at
c. 2196 Ma (sample W8) and c. 2216 Ma (sample W9). A
third sample (W7) is here interpreted on the basis of its

The only detrital zircon sample from the Mount
McGrath Formation yielded a SHRIMP U–Pb MDA of
2455 ± 24 Ma (GSWA 169081, Nelson, 2004a), based on
34 zircons. However, the unconformity at the base of the
Mount McGrath Formation truncates Panhandle Dolerite
dykes, indicating a more realistic MDA of <2008 Ma
(Müller et al., 2005). The Mount McGrath Formation
is also older than the overlying 1795 ± 7 Ma June Hill
Volcanics (Wilson et al., 2010).
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Secondary ages

Smith et al. (1982), Shibuya et al. (2010) suggested a preOphthalmian low-pressure metamorphic event in which
grade increases to the north, and ascribed this event to
intrusion of the Balgara Dolerite. However, this was not a
regional study, and the results require confirmation beyond
the small study area on the northern limb of the Hardey
Syncline.

Ages of metamorphism, diagenesis and hydrothermal
fluid flow are recorded by a variety of isotope systems,
and give a wide range of dates, which generally fall within
the range of known events. However, there is very little
information available on the context of individual analyses,
and most of the older data are based on whole-rock data.
This section reviews new data and interpretations that have
been published since the brief summary of existing data by
Martin and Morris (2010).

The sample descriptions of Rasmussen et al. (2005)
document monazite partly enclosing or engulfing
metamorphic minerals, and it is not clear whether the
dated mineral grains grew within the Ophthalmian cleavage
during metamorphism, or precipitated from fluids that
infiltrated this fabric later. Furthermore, it would be
difficult in non-oriented core samples to know which of
the well-documented regional cleavages (Taylor et al.,
2001; Kepert, 2018) was being dated, and most samples
are described as containing monazite as bedding-parallel
aggregates or matrix-filling cement. Integration of these
data with the documented field relationships suggests
that 2215–2145 Ma is likely an estimate of the minimum
age of the Ophthalmia Orogeny, or may encompass more
than one event. Future studies should attempt to date the
metamorphic fabrics in the youngest rocks to have been
deformed by the Ophthalmia Orogeny; namely, the Shingle
Creek Group.

Diagenesis
Perhaps the most geologically plausible estimate of the
depositional age of the Kungarra Formation (Turee Creek
Group) is provided by Re–Os dating of mudstone matrix
and diagenetic sulfides in diamictites of the Meteorite Bore
Member in the TCDP2 drillhole (Philippot et al., 2018).
The 20 m sample interval at the base of the Meteorite Bore
Member is within the interval sampled for detrital zircon
analysis by Caquineau et al. (2018). The combined data
for matrix and sulfide samples yields a Re–Os isochron
age of 2312.7 ± 5.6 Ma (Fig. 31), which is interpreted
to be close to the MDA of the Meteorite Bore Member
(Philippot et al., 2018). This age agrees well with the
MDA of Caquineau et al. (2018) and recently determined
constraints on the correlative glacial interval in the
Transvaal Supergroup in South Africa (Bekker et al., 2004;
Gumsley et al., 2017), thereby providing a valuable data
point to constrain the depositional chronology of the Turee
Creek Basin and the HGE.

Sequence stratigraphy
A number of studies have attempted to apply sequence
stratigraphic principles to the subdivision of all or
part of the Turee Creek and Shingle Creek Groups
(e.g. Blake and Barley, 1992; Goddard, 1992; Krapež
1996, 1999; Van Kranendonk and Mazumder, 2015; Van
Kranendonk et al., 2015b; Krapež et al., 2017), as well as
the ‘Wooly Dolomite’ (Krapež et al., 2015). All of these
studies are primarily based on localized facies analysis
and reinterpretation of the available lithostratigraphy.
The existing sequence stratigraphic nomenclature is
also complicated by the changes in sequence and basin
nomenclature between the early work of Goddard (1992)
and Krapež (1996, 1999), and the more recent work of
Krapež et al. (2015, 2017). Following the recognition of
regional disconformities at the base of the Turee Creek
Basin succession highlighted in this Report, a revision of
the sequence stratigraphic subdivision and nomenclature is
warranted. In the absence of a detailed and systematic facies
analysis through the entire succession that is beyond the
scope of this study, this revision is based on the integration
of recent observations with previous work that confirms
the tectonogenetic link between the Turee Creek and
Shingle Creek Groups (Martin and Morris, 2010). These
two groups, along with the Boolgeeda Iron Formation,
are here interpreted to constitute the Turee Creek Basin,
which is divided into eight unconformity-bound sequences
designated TCS1–TCS8 (Fig. 31) that record ongoing tilting
and erosion during development of the Turee Creek Basin.
Detailed facies analysis is required in order to accurately
identify depositional sequences within these tectonically
generated sequences, although existing data are sufficient
to define some of the systems tracts.

Metamorphism
The best constraints on the age of regional metamorphism
and hydrothermal fluid flow are provided by in situ
SHRIMP U–Pb analyses of monazite and xenotime
(Rasmussen et al., 2005; Fielding et al., 2017). Rasmussen
et al. (2005) identified two regional, cryptic thermotectonic
events: the first at 2430–2400 Ma and the second at
2215–2145 Ma. The earlier event was restricted to the
western Pilbara and has since been replicated in a study
of the Paulsens gold deposit (Fielding et al., 2017),
but its origin remains unclear. One possibility is that
because the Woongarra Rhyolite could be younger than
2444 ± 3 Ma, this thermal event may record the terminal
stages of Woongarra felsic magmatism. Alternatively,
the 2430– 2400 Ma monazite ages may be related to
hydrothermal fluid flow in response to initial subsidence of
the Turee Creek Basin, as well as uplift and erosion of the
Woongarra Rhyolite, thereby providing an approximation
of the maximum age of the basin.
The second event was interpreted by Rasmussen et al.
(2005) to reflect fluid flow during the Ophthalmia Orogeny,
and the 2215–2145 Ma age range is now widely accepted
for this event. However, Krapež et al. (2017) ascribed an
age of 2195–2145 Ma to this orogeny, without presenting
any new data to justify the younger end of the range. The
distribution of monazite ages across the Pilbara Craton
showed that orogenic fluid flow migrated across the craton
from southwest to northeast, commensurate with migration
of the Ophthalmian orogenic front, and also reflected in the
metamorphic isograds of Smith et al. (1982). Contrary to

The lowermost sequence of the Turee Creek Basin (TCS1)
comprises the basal epiclastic unit of the Boolgeeda Iron
Formation, and is bounded by a regional disconformity at
the base and by a conformable contact with the first iron
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formation interval at the top (Fig. 31). The disconformable
nature of the basal contact is not obvious in the Hardey
Syncline, but thickness variations and local absence of
TCS1 suggest that it fills paleotopographic lows on the
Woongarra Rhyolite and is onlapped by the lowermost
iron formation of the Boolgeeda Iron Formation. The
basal disconformity is well preserved in the Turee Creek
Syncline where it overlies rhyolite and iron formation in
the underlying Woongarra Rhyolite (Fig. 10d). Paleocurrent
directions in TCS1 reported by Krapež et al. (2017) suggest
that TCS1 records a major basin reorganization in which
the general southwesterly paleoslope that dominated the
underlying Hamersley Basin topography (e.g. Simonson,
1992; Hassler, 1993; Kepert, 2001) was reversed. SHRIMP
U–Pb dating of detrital zircons from TCS1 (Trendall
et al., 2004) indicate that this paleocurrent reversal was
accompanied by uplift and erosion of the Woongarra
Rhyolite to the south of the Hardey Syncline.

constitutes a highstand systems tract at the top of TCS3.
Based on available data, TCS3 could be subdivided into at
least three third-order depositional sequences, which may
be partly driven by glacio-eustacy.
Sequence TCS4 comprises approximately the lower
two-thirds of the Kazput Formation (Fig. 31), and is
equivalent to sequence HR4-2 of Krapež (1996) and part
of sequence 2 of Goddard (1992). The basal contact is a
conformable transgressive surface, or Type 2 sequence
boundary (Goddard, 1992), marked by a facies change
from fluvial sandstone to deep-marine siltstone and
mudstone. Krapež (1996) and Krapež et al. (2017)
interpreted the basal contact of TCS4 as a local low-angle
unconformity, but this relationship could not be verified
during detailed mapping of the Hardey Syncline. The top of
TCS4 is marked by interbedded carbonate rocks and finegrained siliciclastic rocks deposited at or above wavebase
(Fig. 19b) that are interpreted as a highstand systems tract.

Sequence TCS2 (Fig. 31) comprises the bulk of the
Boolgeeda Iron Formation, from the base of the first
iron formation up to the contact with the Turee Creek
Group. The basal contact is a regional disconformity/
paraconformity marked by onlap of iron formation onto
underlying units. The upper contact is a paraconformity
marked by the local absence of the Cave Hill Member,
but in the vicinity of 480071E 7478097N, TCS2 is <100 m
thick and is locally <30 m thick, indicating the presence of
a low-angle unconformity. Martin et al. (2000) interpreted
this as a faulted contact in this area. The combination of
TCS1 and TCS2 is interpreted as a condensed interval that
records the starved or under-filled stage of the Turee Creek
Basin (cf. Krapež, 1996; Martin et al., 2000; Martin and
Morris, 2010; Krapež et al., 2017).

Sequence TCS5 is equivalent to sequence HR4-3 of
Krapež (1996), but was not recognized by Goddard (1992)
or Krapež et al. (2017). The basal contact is a low-angle
unconformity within the Kazput Formation (Figs 21b,c, 31)
that truncates the mixed siliciclastic–carbonate unit
documented by Martindale et al. (2015) in their K2
measured sections (their figs 8, 9). The mixed siliciclastic–
carbonate unit at the top of TCS4 is not present below the
unconformity to the northwest of 496165E 7469591N or
west of 498119E 7467670N. The unconformity is overlain
by a unit of fine-grained siliciclastic rocks that form a
lithological marker within the Kazput Formation that
was incorrectly assigned to the Beasley River Quartzite
by Martindale et al. (2015, fig. 7a). The basal siliciclastic
interval is overlain by stromatolitic carbonates that contain
distinctive intervals of ferruginous or manganiferous
dolomite (Figs 17, 18), particularly in a thin, microbially
laminated bed at the top of TCS5 (Fig. 19c) that is not
present northwest of 496266E 7469339N. The shallowmarine to fluvial depositional environments and angular
unconformities developed above the base of TCS5 are
characteristic of deposition in an overfilled foredeep or
wedge-top depozone (Fig. 31).

Sequence TCS3 consists of the Kungarra and Koolbye
Formations (Fig. 31), and is equivalent to the bulk of
sequence HR4-1 of Krapež (1996) and sequence 1
of Goddard (1992). The basal contact is a regional
paraconformity, interpreted as a Type 2 sequence boundary
by Goddard (1992), and the upper contact is a transgressive
surface at the base of the Kazput Formation. Krapež
(1996) interpreted this part of his sequence HR4-1 as
consisting of a lowstand wedge and transgressive systems
tract equating broadly to the Kungarra Formation, and a
highstand systems tract equating broadly to the Koolbye
Formation. However, facies analysis of the Kungarra
Formation (Van Kranendonk et al., 2015b) suggests that it
comprises a falling-stage systems tract at the base overlain
by two glacial cycles (also interpreted as falling-stage
systems tracts) associated with the Meteorite Bore and
Calgra Members (Van Kranendonk and Mazumder, 2015).
Seymour et al. (1988), who also ascribed shallowing to
penecontemporaneous glaciation, had earlier recognized
two cycles of ‘ “deep-water” shelf sedimentation, separated
by a period of tidal-shoreline deposition’ (Seymour et al.,
1988, p. 15). TCS3 therefore consists of at least three
shallowing-upwards cycles interpreted by Van Kranendonk
et al. (2015b) as falling-stage systems tracts, but detailed
facies and sequence stratigraphic analysis needs to be
extended to the ~1500 m of strata below the Meteorite
Bore Member, and the ~200 m of strata above the Calgra
Member that were not considered in their analysis. The
shallow-marine to fluvial Koolbye Formation (Goddard,
1992; Krapež, 1996; Thorne and Tyler, 1996; Martin
et al., 2000; Mazumder et al., 2015; Krapež et al., 2017)

Sequence TCS6 is wholly equivalent to the Munder
Formation (Fig. 31), and to sequence HR4-4 of Krapež
(1996) and sequence 3 of Goddard (1992). The basal
angular unconformity truncates all underlying sequences
down to the base of sequence TCS4 on the northern limb of
the Hardey Syncline. Karst infill in carbonates of sequences
TCS5 and TCS4 below the unconformity (Fig. 17b,c)
indicates a period of significant subaerial exposure, and
near 493908E 7470595N, a north-northwesterly trending
normal fault pre-dates the unconformity. Sequence TCS6
consists of stacked upwards-fining cycles of predominantly
medium- to very coarse-grained, fluvial, siliciclastic
rocks that record progradation of a braid-delta system
(cf. Krapež, 1996; Martin and Morris, 2010; Krapež
et al., 2017).
Sequence TCS7 comprises the Anthiby Formation (Fig. 31),
and is wholly equivalent to sequence HR4-5 of Krapež
(1996) and sequence 4 of Goddard (1992). The basal
unconformity is markedly angular and truncates all
underlying sequences down to the middle of sequence TCS3,
above the Meteorite Bore Member (Fig. 25). Contrary to the
interpretation of Martin et al. (2000), the basal unconformity
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Folding

does not truncate the Meteorite Bore Member in the core
of the Hardey Syncline (Fig. 5). Sequence TCS7 consists
of aggradationally stacked, shallow-marine, delta-front
and delta-platform deposits (cf. Krapež, 1996; Martin and
Morris, 2010; Krapež et al., 2017).

In the earliest studies of the Hamersley province, MacLeod
et al. (1963) and MacLeod (1966) recognized two regional
fold trends that produce en echelon domes and basins,
and divided the region into three broad zones based on
a southwards increase in fold intensity. De la Hunty
(1965) later interpreted the regional outcrop distribution
as the product of the superposition of two sets of folds
oriented 100° and 045° that create a dome-and-basin
interference pattern, with the 100° orientation being
older, more dominant, and tighter towards the south.
Halligan and Daniels (1964) referred to these two fold
sets as Ophthalmian and Rocklean folds respectively,
and also recognized that Ophthalmian folds change trend
from westerly in the east to northwesterly in the west.
Daniels (1968) further interpreted the Bellary ‘Dome’
and Turee Creek Syncline to be the products of Rocklean
fold superposition; however, no minor folds or associated
cleavages with a northeasterly trend have been identified
in association with these structures, or in the study area.
These early studies generally considered all deformation
to have post-dated deposition of the ‘Wyloo Group’, as
defined at the time (Fig. 4).

Sequence TCS8 is bounded by the regional angular
unconformity at the base of the Beasley River Quartzite,
and by the locally erosional contact at the base of
the Wooly Formation (Fig. 31). It is equivalent to the
bulk of the Wyloo Supersequence of Krapež (1997) or
Supersequence VIIIL-1 of Krapež (1999), which both
include the Wooly and Mount McGrath Formations. Krapež
(1996, 1997) interpreted the basal unconformity as a firstorder hiatus of up to 400 million years, based on estimates
of a c. 2405 Ma minimum age for the Turee Creek Group
and a c. 2044 Ma maximum age for the Beasley River
Quartzite. More recently, Krapež et al. (2017) ascribed an
age range of 2445–2420 Ma to the ‘Turee Creek Basin’,
and an age of ≤2050 Ma to the ‘Horseshoe Basin’, and
suggested a probable hiatus of 370 Ma on the basal
unconformity. However, the age and intrusive relationships
of the Balgara Dolerite described in this Report, combined
with the Re–Os diagenetic age of the Meteorite Bore
Member, do not support these age estimates and show that
sequence TCS8 is ≥2208 Ma and is part of the stratigraphic
record of the revised Turee Creek Basin. Krapež (1999)
interpreted depositional systems within TCS8 (his
sequences VIIIL-11-2) to be segmented by intrabasinal
faults, but new mapping suggests this applies only to
the Wooly Formation (sequence VIIIL-13). Depositional
systems within TCS8 onlap the Wyloo Anticline to the
west of the study area, and are coaxially folded within
demonstrable Ophthalmian-age folds represented by the
Hardey and Turee Creek Synclines. These relationships
support the interpretation that sequence TCS8 was
deposited during Ophthalmian folding (Martin and Morris,
2010) and that the Wyloo Anticline was initiated at this
time (cf. Dalstra, 2014). The upper part of TCS8 potentially
contains lower-order sequences that would be difficult
to discern within the lithologically monotonous Cheela
Springs Basalt that was mainly deposited in a subaerial to
shallow-marine environment (Krapež, 1999; Müller, 2005).

The redefinition of the Mount Bruce Supergroup by
Trendall (1979) led Gee (1979) to recognize that the older
period of Ophthalmian folding pre-dated the Beasley
River Quartzite unconformity, whereas a younger period
post-dated the unconformity. Due to the apparent spatial
and temporal separation of the effects of these fold events,
Gee (1979) referred to them as the Ophthalmia and
Ashburton ‘Fold Belts’, respectively. Subsequent work by
Tyler and Thorne (1990a,b) and Tyler (1991) refined this
interpretation by suggesting that the Ophthalmia ‘Fold
Belt’ was older in the west and younger in the east, and
also recognized superposition of the Ashburton ‘Fold Belt’
on Ophthalmian folds along the southern margin of the
Hamersley province, particularly in the Wyloo Anticline.
The interpreted age differences within the Ophthalmia
‘Fold Belt’ were the direct consequence of not correctly
recognizing the Beasley River Quartzite unconformity
in the core of the Hardey Syncline, which was used as a
temporal marker to constrain the timing of folding. They
also suggested that Ophthalmian folds are characterized by
open, northwest-trending dome-and-basin structures in the
west, and tight to close, short-wavelength, east-trending
and north-facing folds in the east, where two distinct
coaxial fold phases were also recognized.

Structure
The structural architecture and evolution of the Hardey
Syncline are critical to understanding the tectonic history
of the northern margin of the Capricorn Orogen, and
the Turee Creek Basin in particular. This is because
the stratigraphy of the syncline, with its many angular
unconformities, provides a unique record of the relative
timing of deformation that can also be constrained by the
few available absolute dates. However, the timing and
duration of deformation, and relationships with known
tectonic events in the central and southern Capricorn
Orogen, are controversial, particularly with regard to the
tectonic affinities of the Turee Creek and Shingle Creek
Groups (Fig. 2). The key to resolving the tectonic setting
and structural evolution of the Hardey Syncline lies in
accurately documenting the field relationships between
folded unconformities and dated magmatic events,
specifically the Balgara and Panhandle Dolerites.

Later work by Powell and Li (1991), Horwitz and Powell
(1992), and Powell and Horwitz (1994) recognized the
Beasley River Quartzite in the core of the Hardey Syncline
and consequently identified two co-planar phases of
folding in the western Ophthalmia ‘Fold Belt’. The earlier
phase pre-dates the Beasley River Quartzite, and the
later phase post-dates the Cheela Springs Basalt. More
recently, the fold interference patterns that characterize
the regional dome-and-basin outcrop pattern have been
ascribed to superposition of northwesterly trending folds
on older west-northwesterly trending Ophthalmian folds
(Taylor et al., 2001; Morris and Kneeshaw, 2011). These
younger folds have been named ‘Panhandle folds’, and
were interpreted to be the product of a separate ‘Panhandle
Orogeny’ that post-dates the Shingle Creek Group (Dalstra,
2005, 2014; Morris and Kneeshaw, 2011).
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The much younger Ashburton ‘Fold Belt’ also consists
of two fold phases, the first post-dates the Ashburton
Formation, and the second post-dates the Capricorn
Group (Thorne and Seymour, 1991). Both fold belts were
interpreted to be the product of an extensive ‘Capricorn
Orogeny’ which resulted from collision of the Pilbara
and Yilgarn Cratons to produce the Capricorn Orogen
(e.g. Gee, 1979; Tyler and Thorne, 1990b; Thorne
and Seymour, 1991). On the basis of relative age and
orientation of folds, some authors later attributed part of the
deformation in the Hamersley province to the Ashburton
‘Fold Belt’ (e.g. Powell et al., 1999; Taylor et al., 2001;
Morris and Kneeshaw, 2011; Kepert, 2018). However, since
undeformed dykes of Panhandle Dolerite crosscut these
folds, the bulk of folding in the province must be older
than c. 2008 Ma and therefore pre-dates the 2002–1947 Ma
Glenburgh Orogeny. The only areas where the Ashburton
‘Fold Belt’ is superposed on Ophthalmian folds is in the
Wyloo Anticline, and on the southern limb of the Bellary
Anticline at Paraburdoo (Dalstra, 2005).

The first Ophthalmian fold event (F1Oph) trends westnorthwest and affected all strata up to and including
TCS4 (Fig. 31). This was followed by mild erosion
forming the basal TCS5 unconformity. In the vicinity
of 505863E 7467133N, an anticline–syncline pair in the
Koolbye Formation is truncated by the Anthiby Formation
unconformity, providing map-scale evidence of F1Oph
(Fig. 5). Four subsequent, roughly coaxial, fold events
(F2–5Oph) are recorded by the unconformity-bound tectonic
sequences TCS5–8 (Fig. 31), which are characterized in
the core of the syncline by supratenuous synclines and
associated composite progressive unconformities. This
relationship between folding and sedimentation is also
reflected in thickness variations in the basal units of TCS8
in the core of the syncline, and to the west. Under the
new numbering scheme, F5Oph is equivalent to F3Oph of
Martin and Morris (2010), and all five events recorded
in the Hardey Syncline are upright to north facing and
potentially equivalent to the D2 or Ophthalmia event of
other authors (e.g. Tyler and Thorne, 1990b; Powell et al.,
1999; Taylor et al., 2001; Morris and Kneeshaw, 2011;
Dalstra, 2005, 2014; Kepert, 2018). Separating the data in
Figure 32 according to unconformity-bounded sequences
indicates that fold axial trend changes slightly with time
and appears to rotate counter clockwise (Fig. 34a–c). The
folding of Balgara Dolerite sills in the Hardey Syncline
suggests that deformation is younger than c. 2208 Ma,
but the fact that these sills also crosscut the Beasley River
Quartzite unconformity suggest that they post-date F1–4Oph.
Without further work, the logical conclusion to be drawn
from these relationships is that sill intrusion, unconformity
development and folding all took place within a narrow
time interval at about 2208 Ma (Martin and Morris, 2010),
coincident with the Ophthalmia Orogeny.

The relative and absolute age relationships between folds,
dolerite dykes and sills, and angular unconformities in
the Hardey Syncline provide a unique opportunity to
determine the structural history of the northern margin of
the Capricorn Orogen prior to collision of the Pilbara and
Yilgarn Cratons during the Glenburgh Orogeny. A few
well-preserved and undeformed Panhandle Dolerite dykes
in the Hardey Syncline, one of which (S72-5, Fig. 5) has
been dated by Müller et al. (2005), constrain folding of
the Turee Creek and Shingle Creek Groups to >2008 Ma.
On the basis of temporal correlation with known orogenic
events within the wider Capricorn Orogen, Martin and
Morris (2010) assigned all of these folds to the Ophthalmia
Orogeny and identified three discrete fold events which
they denoted F1–3Oph. These fold events were identified
based on truncation relationships across the angular
unconformities at the base of the Anthiby Formation
and Beasley River Quartzite. The recent recognition and
detailed mapping of additional angular unconformities
within the Turee Creek Group, as well as the fact that the
Balgara Dolerite is not truncated by the Beasley River
Quartzite unconformity, requires that these fold events be
redefined.

Upright, northwest-trending folds that are superposed on
upright to inclined Ophthalmian folds in the western part
of the ‘Ophthalmia Fold Belt’, resulting in Type-2 fold
interference patterns and the characteristic en echelon
dome-and-basin regional outcrop pattern, have been
referred to as ‘Panhandle folds’ (Taylor et al., 2001).
Dalstra (2014) attributed these folds to the ‘Panhandle
Orogeny’ which was considered a progressive deformation
event younger than the Beasley River Quartzite and older
than the Panhandle Dolerite, with an interpreted age of
c. 2020 Ma. However, there are no known deformation
events of this age within the wider Capricorn Orogen
(e.g. Cawood and Tyler, 2004; Johnson et al., 2013) and
no driver or tectonic setting for this putative orogeny
have been identified. Local development of two cleavages
in the Turee Creek Group within the Hardey Syncline
(e.g. at 498278E 7469078N) reflects a pattern documented
throughout the Hamersley province that records the
superposition of at least two fold periods (e.g. Powell
et al., 1999; Taylor et al., 2001; Morris and Kneeshaw,
2011; Kepert, 2018). Farther west, beyond the Hardey
Syncline, west-northwesterly trending folds are cut by late
normal and strike-slip faults, whereas folds trending more
northwesterly are subparallel to these faults or at a very
low angle to them. This implies a possible link between
northwest-trending folding and faulting, perhaps in the
latter stages of the Ophthalmia Orogeny. Further work
beyond the Hardey Syncline is required to resolve the
origin and significance of the northwest-trending folds.

Trendall (1979, p. 70) was the first to recognize that
folding to form the Hardey Syncline was probably initiated
during deposition of the Kungarra Formation, with fold
intensification continuing until after deposition of the
Beasley River Quartzite. It is not clear how much of the
data assigned to the Beasley River Quartzite by Powell and
Horwitz (1994) belongs to the Anthiby Formation, but they
similarly concluded that Ophthalmian folding persisted
across the basal Anthiby Formation unconformity and also
affected the Beasley River Quartzite. This interpretation
is confirmed on the southern limb of the Meteorite Bore
Anticline, where cleavage in the Kungarra Formation cuts
across the overturned unconformity at the base of the Three
Corner Conglomerate Member at 499709E 7464189N. New
structural data from the core of the Hardey Syncline show
that folds within the Turee Creek Group are coaxial with
those in the Shingle Creek Group (Fig. 32), but currently
there is insufficient cleavage data from the former to
confidently demonstrate coplanar tectonic fabrics, although
the trends are parallel (Fig. 33).
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reflection seismic survey to the east (Johnson et al., 2012,
2013), has led to the recognition of normal and reverse
faults that can now be traced throughout the region. The
Hardey Syncline and its environs preserves a number
of these major faults that mostly post-date Ophthalmian
folding, although they are generally poorly exposed. A
paucity of crosscutting relationships within the study area
does not permit a more detailed assessment of the relative
timing of the various faults.

The Ophthalmia Orogeny is characterized by thin-skinned
fold–thrust deformation on the northern margin of the
Capricorn Orogen (Cunneen, 1997; Hollingsworth et al.,
1998; Cawood and Hollingsworth, 2002), although very
few thrust faults are exposed and none are known from
the western part of the Hamersley province. However,
the western Hamersley province, including the study
area, is cut by a system of northwest-trending faults that
have previously been considered to be predominantly late
dextral strike-slip faults (e.g. Harmsworth et al., 1990).
Recent detailed mapping, supported by exploration drilling
to the west of the study area (Dalstra, 2014) and in the
Pannawonica area (Dalstra, 2005), as well as a deep crustal

a)

b

a)

b

1

b)

n = 141
Vector mean pole = 61/186
b = 1/284

1
n = 148
b = 9/287

b)

b
b

DMM90

07.01.20

Figure 33. Equal angle, lower hemisphere, 1% area
contoured stereonet plots of poles to
local S1 cleavage in the Hardey Syncline:
a) Hamersley and Turee Creek Groups;
b) Shingle Creek Group. The spread
from north- to south-dipping cleavage
appears from field observations and limited
measurements of local S2 to be partly due
to refolding about westnorthwest-trending
axes (represented by β-axes of cylindrical
best-fit great circles), but more data are
required to confirm this.The local S1 cleavage
is the dominant regional Ophthalmian fabric,
which is commonly referred to as S2 because
it is axial-planar to regional D2 folds
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Figure 32. Equal angle, lower hemisphere stereonet
plots of bedding data in the Hardey Syncline
study area: a) Hamersley and Turee Creek
Groups; b) Shingle Creek Group. Best-fit
great circles indicate coaxial folding of both
groups with almost identical fold trend and
plunge as indicated by the β-axis
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Figure 34. Equal angle, lower hemisphere stereonet plots of bedding data in the core of the Hardey Syncline
(west of Cajuput Yard) and the Meteorite Bore Anticline (see Figure 5 for location). For the Hardey
Syncline core, data are plotted separately for selected sequences: a) TCS3–4; b) TCS7; c) TCS8. Bestfit great circles show an apparent progressive anticlockwise rotation of fold trend with negligible
change in plunge for the dominant west-northwesterly trending folds; d) the trend and plunge of
the Meteorite Bore Anticline is comparable to the syncline developed in TCS3–4, corresponding
primarily to the F1Oph phase of folding that was tightened during subsequent phases
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stage orogenic collapse during the Ophthalmia Orogeny
(cf. Martin and Morris, 2010).

Major subsurface detachments are inferred from fold styles
and variations in shortening between adjacent structural
levels in the eastern part of the Hamersley province
(e.g. Cunneen, 1997; Hollingsworth et al., 1998). No thrust
faults are exposed in the western Hamersley province,
although a décollement is interpreted at depth to account
for the presence of granitic basement in the cores of the
Wyloo and Rocklea Anticlines. In this scenario, these
structures and the Jeerinah Anticline are interpreted as
fault-bend folds developed above ramps in the detachment
surface. However, shallow-dipping subsurface detachments
were not imaged on the 10GA-CP1 seismic line (Johnson
et al., 2012), but this may be due in part to the fact that
the line was run at a low angle to strike in the vicinity of
the Hardey Syncline. An interesting observation from the
seismic data is that many of the late major faults in the
Hardey Syncline dip steeply north.

Later west-northwesterly to northwesterly trending normal
faults, that dip either southwest or northeast, include the
Boolgeeda Creek and Pinarra Faults, and an unnamed
fault to the northeast of the Soda Fault (Fig. 5) that may be
related to the Karra Well Fault (Johnson et al., 2012). These
faults may all be of the same broad generation, and appear
from seismic interpretations to pre-date the Soda Fault, and
by inference possibly also the Horseshoe Creek Fault. The
Pinarra Fault was defined by Seymour et al. (1988) to the
northwest of the study area, and cuts the Kungarra Gorge
Fault of Dalstra (2014), to the northwest of the gorge.
Faults exposed in the southern end of the gorge (Dalstra,
2014) are here interpreted to be the Mount Wall and Pinarra
Faults. The Metawandy Fault is a steep northeast-dipping
fault in the study area, where it is marked by a cataclastic
breccia. On the eastern flank of the Wyloo Anticline the
Metawandy Fault consists of two splays, one of which is
southwest-dipping and this was used by Dalstra (2014) to
define it. The Metawandy Fault appears to be very late in
the structural history, post-dating the Horseshoe Creek and
Marboo Well Faults, as well as the Duck Creek Dolomite
(Fig. 5).

The Hardey Syncline is cut by two major faults with
an inferred reverse sense of net displacement. The best
exposed is the Soda Fault (Fig. 5) whose north-dipping
attitude was first identified in seismic data (Johnson et al.,
2012), and is now confirmed in outcrop (Fig. 35a–d).
Eighteen kilometres northwest of Woongarra Pool, the
Soda Fault has a maximum estimated throw of about
360 m, which decreases to zero towards the southeast. To
the northwest, the Soda Fault is cut by a major southwestdipping normal fault in the hanging wall of the Karra Well
Fault. The second major reverse fault is the Horseshoe
Creek Fault (Fig. 5) which has a horizontal separation of
about 2.5 km on the upper contact of the Beasley River
Quartzite, but kinematic indicators in outcrop suggest a
normal throw on a steep north-dipping fault (Fig. 35e–f).
These conflicting kinematic indicators are interpreted to
reflect complex reactivation of this fault.

Strike-slip faults
The southwestern margin of the Hamersley province has
long been interpreted to be dominated by a large-scale
dextral wrench fault system, with lateral offsets of up to
11 km, that separates the Ashburton and Ophthalmia ‘Fold
Belts’ (e.g. Seymour et al., 1988; Harmsworth et al., 1990;
Tyler and Thorne, 1990b; Thorne and Seymour, 1991). This
fault system is commonly referred to as the Nanjilgardy
Fault system and is interpreted to have been initiated as
a normal fault system during deposition of the Fortescue
Group (Thorne and Tyler, 1996; Thorne and Trendall,
2001). More recently, Dalstra (2014) has interpreted
that strike-slip deformation is a minor component of
the net offset on these faults, and that they are mainly
reactivated normal and reverse faults that remained in
a steep orientation that was favourable for strike-slip
reactivation. The only fault within the study area with
demonstrable dextral strike-slip offset is the southeastern
extremity of the Marboo Well Fault of Dalstra (2014).
However, there is probably some component of strikeslip deformation superposed on earlier faults such as the
Boolgeeda Creek and Kungarra Gorge Faults (Dalstra,
2014). Consequently, the Nanjilgardy Fault is recognized
here as the major dextral fault strand south of Paraburdoo
and Mount Maguire (cf. Thorne and Seymour, 1991),
that may extend no further than the southern limb of the
Hardey Syncline, near the eastern fold closure. Strike-slip
deformation appears to post-date the Wyloo Group, but the
Marboo Well Fault is cut by the Matawandy Fault (Fig. 5;
cf. Dalstra, 2014).

Normal faults
Gee (1979) was the first to recognize that the southwestern
margin of the Pilbara Craton is marked predominantly by
late normal faults, although they were later interpreted to
be predominantly dextral wrench faults (e.g. Harmsworth
et al., 1990; Tyler and Thorne, 1990; Thorne and Seymour,
1991). Dalstra (2014) first mapped these faults in detail
to the northwest of the Hardey Syncline, and two main
extensional events were identified, referred to as E2 and
E3 in his classification scheme. In the Hardey Syncline, E2
structures consist of the Mount Wall and Boolgeeda Creek
Faults (Fig. 36), although field relationships suggest that
the former pre-dates the latter. The Mount Wall Fault trends
roughly east–west along the northern limb of the Hardey
Syncline, between the Boolgeeda Creek Fault in the west
and the Soda Fault in the east, and dips moderately to the
south. Crosscutting relationships in the study area suggest
that it post-dates Ophthalmian folds in the Hamersley
Group, and pre-dates the Boolgeeda Creek, Pinarra and
Soda Faults (Fig. 5). Dalstra (2014) suggested that it
also pre-dates the Metawandy and Marboo Well Faults.
Regional variations in the strike and dip of the Mount
Wall Fault outside of the study area, particularly between
Mount Wall and the Arochar iron ore deposit (Dalstra,
2014, fig. 8), suggest that it has been folded. This timing
further suggests that the Mount Wall Fault is the earliest
normal fault in the study area and may be related to late-

Shear zones
Horwitz (1978) recognized an intense schistose foliation
that dominates the southern half of the Wyloo Anticline.
This zone of schistosity can be extrapolated eastwards into
the study area, based on aeromagnetic data, and is here
named the Mindle Shear Zone (Fig. 5). In the study area,
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this shear zone juxtaposes the Wooly Formation and basal
part of the Wyloo Group against the Ashburton Formation.
It is not exposed in the study area, but has been intersected
in a diamond drillhole (EDD005, Fig. 5) where the Cheela
Springs Basalt is tectonically interleaved with Mount
McGrath Formation, and the shear zone is characterized
by specular hematite alteration. These stratigraphic
juxtapositions, combined with its relative location on the
10GA-CP1 seismic line (Johnson et al., 2012) suggest
that it is a moderate to steep north-dipping thrust or
reverse fault. However, these kinematics are opposite to
those preserved in the Wyloo Anticline where it is well
exposed and characterized by a moderate to steep southdipping schistosity. This suggests that the southern limb
of the Hardey Syncline is a zone of complex deformation,
characterized by very late-stage reactivation of earlier
structures, that requires more detailed mapping.

the lower Cheela Springs Basalt and intrudes both groups.
Their results supported an earlier interpretation (Martin
and Morris, 2010) that the Turee Creek and Shingle Creek
Groups were deposited in the same retroarc foreland
basin, but this interpretation has since been disputed by
Van Kranendonk et al. (2015b) and Krapež et al. (2017),
although on different grounds.
The field relationships described in this Report, when
combined with the age of the sills and new depositional
ages obtained from the Turee Creek Group (e.g. Caquineau
et al., 2018; Philippot et al., 2018), argue strongly in
favour of a tectonogenetic link between the Turee Creek
and Shingle Creek Groups. Most importantly, the field
data indicate that the suite of sills used by Müller et al.
(2005) and Krapež et al. (2017) to argue for a ≤2050 Ma
age for the Beasley River Quartzite unconformity, in
fact demonstrate that the unconformity must be older
than c. 2208 Ma. The sill-like geometry of the Balgara
Dolerite within the Turee Creek Group supports the
interpretation of Müller et al. (2005) and Krapež et al.
(2017) that the dolerite was intruded before regional
folding. However, the intrusive relationship of the Balgara
Dolerite into the Beasley River Quartzite, crosscutting the
basal unconformity (Martin and Morris, 2010), suggests
that it post-dates most of the regional deformation. This
contradiction was pointed out by Müller et al. (2006),
but in the absence of more detailed field observations and
geochronological data it suggests that dolerite intrusion,
regional folding, and formation of the unconformity
were all roughly coeval, within the uncertainty of current
geochronological data and field relationships (Martin and
Morris, 2010).

Tectonic setting, evolution
and significance of the
Hardey Syncline
The regional significance of the Hardey Syncline lies
in its unique record of key stratigraphic and structural
relationships that underpin interpretations of the tectonic
setting and evolution of the Ophthalmia Orogeny. This
is the earliest tectonic event in the Capricorn Orogen and
defines its northern margin. Furthermore, the stratigraphic
record of the syncline is also significant for understanding
key global events such as the GOE and HGE. However,
some of the key field relationships that underpin these
interpretations have been either disputed or ignored in
some previous studies. In this section, the most important
of these debates and their supporting data are summarized.

Van Kranendonk (2010) also suggested that dolerite
was intruded after folding of the Turee Creek Group at
2.45 – 2.40 Ga, but this interpretation and the relationships
described here have significant implications for the
mechanics of sill intrusion. Sills in sedimentary basins
are commonly interpreted to intrude within hundreds of
metres of the surface (e.g. Francis, 1982; Goulty, 2005),
either at a level of neutral buoyancy within the crust or
because the minimum principal stress (σ3) is vertical.
In both cases, sills are usually controlled by some sort
of horizontal discontinuity (commonly stratigraphic).
Shallow-level intrusion of the Balgara Dolerite is supported
by the presence of amygdales in some sills, but a classic
sill geometry controlled by horizontal stratigraphy is
contrary to evidence that they were intruded both before
and after some folding, and the formation of intrabasinal
unconformities. Also, field relationships of the uppermost
Balgara sill on the northern limb of the Hardey Syncline
(Fig. 25) suggest that it may have propagated downwards
from the overlying Beasley River Quartzite.

Significance of the
Balgara Dolerite
The intrusive relationships of the Balgara Dolerite, and
its relationship to local and regional unconformities, are
critical to the stratigraphic definition and geochronology
of the Turee Creek Basin, primarily because this is the
only unit in the basin for which a reliable magmatic age
is available. Previous interpretations have concluded
that dolerite intruded the Turee Creek Group prior to
folding, followed by later intrusion of dolerite into
the unconformably overlying Beasley River Quartzite
(e.g. Seymour et al., 1988; Trendall, 1979; Müller et al.,
2005; Krapež et al., 2017). This interpretation further
implied that the Beasley River Quartzite unconformity
separated an older compressional basin (Turee Creek
Group) from a younger extensional basin (Shingle Creek
Group). Dating of the two supposedly different suites of
dolerite by Müller et al. (2005) yielded identical ages of
c. 2208 Ma, which led them to the interpretation that any
sill that intrudes the Beasley River Quartzite cannot be
c. 2208 Ma (Müller et al., 2006). Conversely, Martin and
Morris (2010) used these results in conjunction with new
and existing stratigraphic relationships and geochemistry to
show that the Balgara Dolerite is petrogenetically related to

Although the field relationships of the Balgara Dolerite
appear superficially contradictory, this is probably due to a
lack of physical, geochemical, and geochronological detail;
however, Balgara Dolerite sills unequivocally intrude both
the Turee Creek and Shingle Creek Groups, establishing
that both groups must be older than c. 2208 Ma. If both
groups are older than c. 2208 Ma, then folding and
associated angular unconformities in the Hardey Syncline
must also be older than this, implying syntectonic intrusion
of the Balgara Dolerite.
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Figure 35. Major reverse faults exposed in the Hardey Syncline: a) Soda Fault juxtaposing basal Marra Mamba Iron Formation
with upper Mount Sylvia Formation through to Brockman Iron Formation; b) Soda Fault repeating the Marra Mamba
Iron Formation in the syncline closure east of the study area; c) Soda Fault juxtaposing basal Marra Mamba Iron
Formation with upper Mount Sylvia Formation 5 km east of Woongarra Pool; d) chaotic folding of Marra Mamba Iron
Formation adjacent to the fault shown in (c); e) steeply north-dipping Horseshoe Creek Fault with well-developed
S–C fabric in Cheela Springs Basalt; f) detail of S–C fabric suggestive of normal displacement on the Horseshoe
Creek Fault

54

GSWA Report 203

Geology of the Hardey Syncline — understanding the northern margin of the Capricorn Orogen

Mt Wall

Boo

et al., 2000; Martin and Morris, 2010). There is no
evidence in the form of related basin-scale structures
to support the interpretation of a rift basin during Turee
Creek Group deposition, or for the existence of a vanished
foreland basin on the northern Pilbara Craton.

Fault

As summarized above, the documented intrusive
relationships of the Balgara Dolerite demonstrate a close
temporal and tectonogenetic link between the Turee Creek
and Shingle Creek Groups within the Turee Creek Basin
(Martin et al., 2000; Martin and Morris, 2010). More
specifically, since the Balgara Dolerite intrudes the Beasley
River Quartzite, the basal unconformity must be older than
c. 2208 Ma, and it cannot represent a c. 180 Ma hiatus
(Müller et al., 2005) because the Meteorite Bore Member is
≤2.34 Ga (Philippot et al., 2018). Also, the recognition of a
regional disconformity at the base of the revised Boolgeeda
Iron Formation, and a paraconformity with locally up to
200 m of missing strata at the base of the Turee Creek
Group, confirms earlier suggestions of a tectonogenetic link
between these horizons (e.g. Krapež, 1997, 1999; Martin
et al., 2000; Martin and Morris, 2010). Reinterpretation
of the detrital zircon record of the revised Boolgeeda Iron
Formation and the overlying Kungarra Formation, as well
as the likely age of the Woongarra Rhyolite, suggests that
the maximum age of the Turee Creek Basin is probably less
than c. 2420 Ma.
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Figure 36. Moderately south-dipping Mount Wall Fault, cut by
steeply northeast-dipping Boolgeeda Creek Fault
at 480381E 7478125N, 2 km east-northeast of TCDP1
(Fig. 5). Hills in the background consist of Brockman
Iron Formation, whereas the foreground in the
hangingwall of the Mount Wall Fault is Woongarra
Rhyolite

Application of a reasonable estimate for the compacted
depositional rate of 250 m/Ma for retroarc foreland basins
(Jordan, 1995; Barth et al., 2004) to the ~3200 m of
strata between the base of the c. 2312 Ma Meteorite Bore
Member and the base of the Boolgeeda Iron Formation,
provides a maximum age of c. 2325 Ma for the Turee
Creek Basin. This sedimentation rate is broadly in
agreement with that calculated by Trendall et al. (2004)
for the Weeli Wolli and Boolgeeda Iron Formations, and
the estimated maximum age is in agreement with currently
accepted ages of the GOE and HGE (Bekker et al., 2004;
Gumsley et al., 2017). The presence of glacigenic clasts
of Woongarra Rhyolite within the Cave Hill Member,
as well as detrital zircons of this age throughout the
Boolgeeda Iron Formation, indicates that orogenic uplift
to the south had started some time after c. 2444 Ma. This
uplift may be related to the initiation of a forebulge as
the southern margin of the Pilbara Craton underwent
loading, presumably by the Glenburgh Terrane (Johnson
et al., 2010; Johnson et al., 2011a,b). This loading and
uplift marks the initiation of the Turee Creek Basin and
is also reflected in paraconformities and erosion surfaces
associated with the Boolgeeda Iron Formation and basal
Kungarra Formation.

Definition, age and tectonic affinity
of the Turee Creek Basin
The Turee Creek Basin, formerly the ‘McGrath Trough’
(Horwitz, 1982; Martin et al., 2000), has long been
recognized as a retroarc foreland basin formed behind a
backarc magmatic fold–thrust belt, although its stratigraphic
definition is contentious (Blake and Barley, 1992; Krapež,
1996; Powell et al., 1999, Martin et al., 2000; Martin
and Morris, 2010). Müller et al. (2005) and Krapež et al.
(2017) interpreted their ‘Turee Creek Basin’ as having
closed long before intrusion of the c. 2208 Ma Balgara
Dolerite sills, which intruded folded strata that were later
deformed during the north-verging Ophthalmia Orogeny.
They similarly interpreted the unconformity at the base of
the Beasley River Quartzite to be ≤2050 Ma and to truncate
the folded Turee Creek Group and the Balgara Dolerite
sills within it. Conversely, Van Kranendonk et al. (2015b)
interpreted the Turee Creek Group to have been deposited in
a failed rift/passive margin, or in an intracontinental basin.
Furthermore, their localized paleogeographic interpretations
imply that this basin must have had a northeasterly trend.
This interpretation does not take into consideration much
of the regional stratigraphic and sedimentological data
or structural architecture used to support the foreland
interpretation, and the counter arguments have been
succinctly presented by Krapež (2018).

A new 2203 ± 4 Ma MDA for the top of the Cheela
Springs Basalt (Wingate et al., 2019b) is interpreted to
be close to the depositional age, and provides an estimate
of the minimum age of the Turee Creek Basin; this is in
keeping with the interpretations of Martin et al. (1998)
and Martin and Morris (2010). The basal contact of the
Wooly Formation is also recognized here as a regional
low-angle unconformity (cf. Krapež et al., 2015), and it
has a MDA that is about 170 Ma younger than that of the
Cheela Springs Basalt (Müller et al., 2005), indicating
that it is not part of the same basin. Together these
constraints imply that the Turee Creek Basin spanned
~122–217 Ma, depending on which maximum age is
used, and the minimum duration is within the range of

Many previous workers have interpreted an extensional
(rift) setting for deposition of the Shingle Creek Group,
primarily due to the presence of the voluminous Cheela
Springs Basalt (e.g. Krapež, 1997, 1999; Taylor et al.,
2001; Müller et al., 2005; Dalstra, 2014; Van Kranendonk
et al., 2015b). A novel new interpretation is that the
Ophthalmia Orogeny was linked to a ‘now-vanished’
foreland basin on the northern Pilbara Craton (Krapež
et al., 2017) rather than to the Turee Creek Basin
(cf. Horwitz, 1982; Powell and Horwitz, 1994; Martin
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first-order subsidence cycles of retroarc foreland basins
(e.g. Catuneanu, 2004). Despite the objections of Van
Kranendonk et al. (2015b), the retroarc foreland basin
setting of the Turee Creek Group is well established, and
Krapež (1996, 1999), Martin and Morris (2010), Krapež
et al. (2017) and Krapež (2018) have adequately addressed
the case in favour. Also, the case for including the Shingle
Creek Group in the Turee Creek Basin has previously been
made by Martin and Morris (2010), and the data presented
here reinforce that interpretation.

front into the southern Hamersley province, coinciding
with deposition of the upper part of the Turee Creek Group
in a wedge-top depozone (Fig. 31). The implication is
that at this time the main orogenic front was to the south
of the present-day Hardey Syncline, and that frontal
detachments with a ramp-flat geometry had propagated into
the Hamersley province. Regional interpretations suggest
that, by analogy with the Wonnmunna Anticline (Cunneen,
1997; Cawood and Hollingsworth, 2002), the larger feature
comprising the Wyloo, Rocklea and Milli Milli Anticlines
is a ramp-anticline formed above one of these detachments.
This may explain why the Hardey Syncline is generally
south facing, whereas most Ophthalmian folds to the north
of this ramp-anticline are north facing. The last period of
folding (F5Oph) is broadly coaxial with the first four, but
post-dates apparently extensional structures preserved
near Paraburdoo (Dalstra, 2005) that pre-date the Beasley
River Quartzite. Although the relationship of the Mount
Wall Fault to the Beasley River Quartzite unconformity
is unknown, its general timing suggests that it may have
exerted some control on deposition of the Shingle Creek
Group. In addition to the two potential mechanisms
presented above to account for the predominantly volcanic
Shingle Creek Group within the Turee Creek Basin, it may
also reflect a component of Ophthalmian orogenic collapse,
which would account for localized normal faulting prior to
deposition of the Beasley River Quartzite.

Age and evolution of the
Ophthalmia Orogeny
The age of the Ophthalmia Orogeny is generally considered
to be 2215–2145 Ma with a possible older cryptic event
at 2430–2400 Ma (Rasmussen et al., 2005), although the
field relationships described in this Report suggest that
the bulk of the deformation occurred close to c. 2208 Ma.
Rasmussen et al. (2005) dated authigenic monazite and
xenotime, but it is not clear which of the two regionally
persistent structural fabrics were dated in each sample.
Furthermore, their sample descriptions suggest that
most dated grains are large inclusion-rich aggregates or
matrix-filling cements that are commonly aligned parallel
to bedding. Also, all their samples come from rocks that
are significantly older than the Turee Creek Basin, and
high-strain samples from Mount Whaleback iron ore
mine contain monazite that is aligned within the ‘main
cleavage’ and partly encloses metamorphic sericite,
suggesting late-stage mineral growth. The relationship
of the dated minerals to Ophthalmian tectonic fabrics is
therefore tenuous, and this age range should be treated with
caution. In particular, the younger end of the range may
not relate to the Ophthalmia Orogeny at all. More work
is required to date fabrics within rocks of the Turee Creek
Basin that were deposited and deformed in response to the
Ophthalmia Orogeny (cf. Krapež et al., 2017).

The F5Oph period of folding post-dates the bulk of folding
in the Turee Creek Group in the Hardey Syncline, but in
the Turee Creek Syncline (see Fig. 1) all folding appears
to post-date the Shingle Creek Group. These relationships
led Tyler and Thorne (1990a,b) to suggest that folding was
younger in the Turee Creek Syncline than in the Hardey
Syncline, although fold intensity is generally greater in
the east. The timing of later events is less clear, but reverse
and some dextral strike-slip faulting is most likely related
to late-stage lateral escape as a consequence of oblique
collision (Tyler and Thorne, 1990b) synchronous with, or
post-dating, the ‘Panhandle folding’ of Taylor et al. (2001)
and Dalstra (2014). These northwest-trending superposed
folds, responsible for Type-2 dome–crescent–mushroom
fold interference patterns that are typical of the region, are
not evident in the Hardey Syncline, although Ophthalmian
folds are realigned to this trend adjacent to faults (Fig. 5).
This realignment suggests a link between northwesttrending ‘Panhandle folds’ and the associated faults, but
regional crosscutting relationships with Panhandle Dolerite
dykes imply that these folds (here designated F6Oph) are
part of a progressive deformation during the Ophthalmia
Orogeny. There is also no evidence in the wider Capricorn
Orogen for a younger fold event or tectonic driver for
a separate ‘Panhandle Orogeny’ that post-dates the
Ophthalmia Orogeny, but pre-dates the Glenburgh Orogeny
(cf. Cawood and Tyler, 2004; Johnson et al., 2013).
Changes in the orientation of Ophthalmian folds are here
interpreted to reflect changes in principal stress directions,
either through progressive realignment or due to accretion
of different terranes in the orogenic hinterland.

Early studies of the Ophthalmia ‘Fold Belt’ (Tyler and
Thorne, 1990a,b; Tyler, 1991) suggested that folding was
older in the west and younger in the east, based on the
nature of the basal contact of the Beasley River Quartzite
with the Turee Creek Group (i.e. unconformable vs
conformable) and whether or not it was involved in the
deformation. However, Müller et al. (2005, 2006) and
more recently Krapež et al. (2017) have argued that the
Beasley River Quartzite was not deformed during the
same event that initially folded the Turee Creek Group.
In support of this interpretation, they reassigned Shingle
Creek Group strata in the Turee Creek Syncline to the
Turee Creek Group, contrary to their own data and those
of others (e.g. Daniels, 1968; Thorne and Seymour, 1991;
Krapež, 1999, fig. 4; Martin and Morris, 2010). However,
field relationships, structural data and geochronological
constraints presented here demonstrate that four periods of
Ophthalmian folding (F1–4Oph) pre-date the basal Shingle
Creek Group unconformity and one period (F5Oph) postdates it in the Hardey Syncline (Fig. 31).

The earliest post-Ophthalmian deformation consists of
west-northwest to northwest-trending normal faults,
with mostly south-block-down displacements, that are
interpreted to control and segment deposition of the Wooly
Formation (cf. Krapež et al., 2017). These faults are cut
by the Mindle Shear Zone and westwards extension of
the Nanjilgardy Fault, both of which are likely reactivated

The style and orientation of F1–4Oph are characteristic
of what are commonly referred to as F2 or D2 folds in a
regional context (e.g. Harmsworth et al., 1990; Taylor
et al., 2001; Dalstra, 2014; Kepert, 2018). The onset of this
folding marks the migration of the Ophthalmian orogenic
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structures that record late-stage strike-slip deformation
related to the younger Capricorn Orogeny. The early
history of these structures is not evident in the study area,
owing to their poor outcrop, but they were most likely
initiated as steep normal or reverse faults related to the
opening and closing phases, respectively, of the Ashburton
Basin.

GOE is currently defined by the disappearance of massindependent fractionation of sulfur isotopes (MIF-S;
Farquhar et al., 2000), although other redox-sensitive
proxies are also proving useful (e.g. Duan et al., 2010;
Konhauser et al., 2011; Liu et al., 2016; Kipp et al., 2017;
Thoby et al., 2017). The physical stratigraphic record of the
GOE is marked by the disappearance of oxygen-sensitive
detrital minerals (e.g. pyrite, uraninite, siderite), and the
widespread appearance of red beds and manganiferous
sediments that is closely tied to the HGE. Although
it may now be easier to correlate the four glacigenic
diamictites that make up the HGE, locating the point at
which atmospheric oxygen concentration exceeded 10-5
PAL is difficult, primarily because it relies on measuring
geochemical proxies that depend on analytical methods and
are prone to resetting (Cui et al., 2018). The geochemical
data also suggests that the GOE may not have been a
one-off event or monotonic increase (Anbar et al., 2007;
Gumsley et al., 2017; Philippot et al., 2018). Further
analysis of the stratigraphic record of the GOE and HGE
in the Hardey Syncline should help to resolve these issues.

Global significance
The Turee Creek Basin is widely regarded as a continuous,
conformable stratigraphic record of the GOE and related
HGE (e.g. Van Kranendonk, 2010; Caquineau et al.,
2018; Philippot et al., 2018) and the Hardey Syncline is
therefore a key locality for the global correlation of these
events. However, previous studies (Young, 2014; Gumsley
et al., 2017) have struggled to make meaningful global
correlations primarily because of poor geochronological
constraints and the lack of detailed stratigraphic resolution,
especially with respect to the number of glacial diamictite
intervals present. Furthermore, these events have recently
been proposed as the basis for a chronostratigraphic
subdivision of the Proterozoic (Van Kranendonk, 2012).
The recognition that the succession is not conformable and
in fact contains four glacial diamictite horizons, combined
with the revised stratigraphic nomenclature and existence
of the TCDP drillholes, elevates the importance of this area
to these debates.

Closely associated with the identification of the HGE
and GOE in the global stratigraphic record is the recent
proposal by Van Kranendonk (2012) to revise the
chronometric definition of the Archean–Proterozoic
boundary at 2500 Ma to a chronostratigraphic one, based
on the fundamental transition from the early, hotter,
reducing conditions of the Archean to more modern,
cooler, oxidized conditions. This boundary has been
provisionally placed at c. 2420 Ma, based mainly on
detailed constraints from the South African stratigraphic
record. However, a provisional Global Stratotype Section
and Point (GSSP) for the Archean–Proterozoic boundary
has been proposed at the base of the first appearance of
glacial deposits (Van Kranendonk, 2010, 2012) at the
type locality of the Cave Hill Member in the Duck Creek
Syncline (Martin, 1999). Although available data support
the c. 2420 Ma estimate for this boundary, the absolute
age constraints on the basal diamictite of the HGE remain
poor. Revised chronostratigraphic interpretations in the
current study suggest the proposed chronostratigraphic
Archean–Proterozoic boundary could be much younger
than 2420 Ma in the Hardey Syncline.

Paleoproterozoic glacigenic deposits were first identified
in the Huronian Supergroup of Canada, after which they
are named. In that region, glacigenic rocks are present in
three formations (Ramsay Lake, Bruce, and Gowganda
Formations), but four discrete horizons are recognized
and are commonly used as markers for global correlation
(see Young, 2014 for a review). Rocks of the same age
are also preserved in South Africa, where the local
stratigraphic record is more fragmentary and regional
correlations are complicated by unconformities (Gumsley
et al., 2017). Nonetheless, up to four glacigenic horizons
have also been recognized there, each tied to a single
formation (Makganyene, Duitschland, Rooihoogte and
Timeball Hill Formations). Correlations with Western
Australia have previously been hampered by the fact that
only one to three discrete horizons have previously been
recognized, and all have been assigned to the Meteorite
Bore Member (Trendall, 1976, 1981; Krapež, 1996;
Martin, 1999; Van Kranendonk and Mazumder, 2015).
The recognition and naming of four glacigenic horizons
in Western Australia (Cave Hill, Meteorite Bore, Calgra
and Wonangara Members), as well as their relationships
to unconformities and disconformities, should greatly
assist global correlations, especially with the southern
African occurrences. The stratigraphic record of the Hardey
Syncline is especially significant since all four horizons
are present in one coherent section (albeit with internal
unconformities and disconformities) in which maximum
and minimum ages of the HGE are tightly constrained by
the Woongarra Rhyolite and Balgara Dolerite, and one
diamictite has been isotopically dated (Philippot et al.,
2018).
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