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ABSTRACT
Large-scale drainage systems traversing the Yilgarn Craton, Western Australia, have a long-debated mech-
anism of origin. In the northern parts of the Yilgarn Craton, direct evidence exists for their creation and fill 
by glacial processes (bed rock striations, polished pavements, infill of drainages by tillite), although similar 
evidence has not been recognised in the southern Lefroy Drainage System. This paper presents the first 
detailed evidence for glacially influenced sediments including pebbly diamictite, with preserved features 
suggesting glacial origin within the Lefroy Drainage System. This is based on data collected from field 
localities east of Lake Lefroy and describes the geological and paleoenvironmental history of these out-
crops. Additionally, subsurface data are utilised to describe glacial morphologies from Lefroy Drainage 
System. These data support regional correlations of this scour and fill to other drainages across the Yilgarn 
Craton.

KEY POINTS
1. Glacigene sedimentary rocks associated with melt-out of debris-rich stagnant ice are described from 

the middle–lower reaches of the Lefroy Drainage System.
2. Using a depth-to-basement model, it is shown that the Lefroy Paleovalley exhibits clear glacial 

morphology of an asymmetrical U shape.
3. The evidence suggests that the Lefroy Drainage System has its initial scour in glacial processes matching 

established consensus for other parallel drainage systems on the Yilgarn Craton.

Introduction

The Late Paleozoic Ice Age (LPIA) was a series of glaciations 
across the Gondwanan supercontinent lasting ca 72 million 
years from 328 to 254 Ma (Fielding et al., 2023). The LPIA is con-
sidered to have begun during the Tournaisian (Carboniferous) 
in western Gondwana (modern western Argentina) (Caputo 
et al., 2008; Fielding et al., 2023; Pérez Loinaze et al., 2011) and 
ended in eastern Gondwana (modern eastern Australia) in the 
earliest Wuchiapingian (Permian) (Fielding et al., 2008, 2023).

In eastern Australia, the LPIA is recorded by eight, non-over-
lapping glacial intervals, namely: C1–C4 in the Carboniferous 
and P1–P4 during the Permian, which can be correlated across 
Gondwana (Fielding et al., 2008, 2023; Isbell et al., 2003, 2012). 
These intervals and their Gondwana-wide correlatives are rep-
resented by stratigraphic successions that represent ice centres 
that appeared diachronously across Gondwana as the super-
continent drifted towards the South Pole (Isbell et al., 2012).

Western Australia records extensive, but non-continuous 
glacigene deposition, mostly from the P1 stage (299–290 Ma) 
of the LPIA (e.g. Backhouse & Mory, 2020; Dillinger et al., 2022; 

Eyles et al., 2003; Fielding et al., 2023; Mory et al., 2008) with 
some additional evidence of P3 deglaciation (Eyles et al., 2002; 
Isbell et al., 2012). During the LPIA, ice cover may have been 
continuous across Gondwana, with either one large icesheet 
originating in Antarctica (e.g. Hyde et  al., 1999; Scotese & 
Barrett, 1990; Veevers, 1994; Ziegler et al., 1997) or from several 
ice centres across the landmass (e.g. Crowell & Frakes, 1971; 
Fielding et al., 2008, 2023; Isbell, 2010; Isbell et al., 2003, 2012; 
Mory et al., 2008). Evidence for glacigene rocks from the LPIA 
of the Yilgarn Craton (Figure 1a), Western Australia, is restricted 
to isolated outcrops inferred to be the lower Permian 
(Sakmarian) Paterson Formation, and subsurface occurrences 
intersected during regional exploration programs (Collins, 
2013; Eyles & de Broekert, 2001; Pickard, 2025; Salama et al., 
2021, 2022; Salama & Anand, 2017).

The Yilgarn Craton overall exhibits very low topographic 
relief and is commonly described as peneplanated. However, 
extensive buried drainage networks, which are represented at 
the surface by linear chains of salt lakes (Figure 1b), are pre-
served in the subsurface. The low relief of the Yilgarn Craton 
and the preservation of these drainages have been attributed 
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to long-term tectonic and climatic stability (Anand & Paine, 
2002; Magee, 2009). LPIA-related glacial scouring is commonly 
attributed as responsible for both the low relief of the Yilgarn 
Craton and the incision of these buried drainage networks 
(Anand & Butt, 2010; Anand & Paine, 2002; de Broekert & 

Sandiford, 2005; Magee, 2009; Morgan, 1993; Van de Graaf et al., 
1977). Despite this longstanding interpretation of glacial inci-
sion, confirmed features of glacial scour and buried tunnel val-
ley networks are only published from two locations within the 
Eastern Goldfields Region (EGR): Sand King Mine near Kalgoorlie 

Figure 1. (a) Map of central and western Australian geological basins and cratons discussed in this text. K, Kambalda; P, Perth. (b) Drainage systems are marked by 
numbers: 1, Carey; 2, Raeside; 3, Rebecca; 4, Roe; 5, Lefroy; 6, Cowan. Reported buried glacial drainage in!ll discussed in this paper: A, Agnew; G, Gruyere; L, Laverton; 
S, Sand King. Black box expanded in Figure 2.

Figure 2. (a) Overview of the area covered by the Lefroy (LDS) and Cowan Drainage systems (CDS). Main playa lakes are numbered. 1, Johnston Lakes; 2, Lake Zot; 
3, Lake Lefroy; 4, Lake Randall; 5, Harris Lake; 6, Lake Cowan. Modern inferred drainage divide is represented by the dashed line. (b) Enlarged overview of the !eld area. 
FL, Fitzgerald Lagoon; MB, Madoonia Breakaways. Mapped Paterson Formation reproduced from Gri"n (1989), Jones (2007) and Sofoulis and Bock (1962).
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(Roe Drainage; Figure 1b) and Lancefield North and West near 
Laverton (Carey Drainage; Figure 1b) (Eyles & de Broekert, 2001; 
Salama et al., 2021).

Additional evidence for glacigene processes in the northern 
Yilgarn Craton includes glacigene fill of buried drainages, sur-
face erratics and bedrock striations that align with inferred 
drainage flow directions (Anand & Paine, 2002; Eyles & de 
Broekert, 2001; Mory et al., 2008; Playford, 2001). Thus far, there 
is little evidence for these processes from the Lefroy Drainage 
System (LDS). Existing information is limited to geological map-
ping, where inferred glacigene rocks preserved as outcrop 
infilling shallow linear depressions, and intersected during 
subsurface exploration from the lower LDS, were visually cor-
related with the Paterson Formation (Jones, 2007; Pickard, 
2025; Sofoulis, 1965; Sofoulis & Bock, 1962), but no detailed 
sedimentary facies analysis or paleogeographic studies have 
been conducted (Sofoulis & Bock, 1962), and interpretations 
have relied on similarities with published sections inferred to 
be the Permian Paterson Formation, e.g. The Woolnough Hills 
Diapir reference section (Figure 1a) (Jackson & Van De 
Graaff, 1981).

Here, we present the first detailed study of these previously 
mapped deposits of Paterson Formation within the lower 
reaches of the LDS (Figure 2) to ascertain if the preserved char-
acteristics are consistent with glacigene deposition, and if sub-
surface morphologies preserved from the LDS are consistent 
with glacial processes.

Geological setting

The EGR of the Yilgarn Craton comprises the south-southeast/
north-northwest-trending Norseman-Wiluna Greenstone Belt: 
a series of Archean basalts, komatiites and sedimentary basin 
infill intruded by later-stage granites (Jones et al., 2021; Mamuse 
& Guj, 2011; Oxenburgh et al., 2017; Vielreicher et al., 2015). The 
Archean basement is blanketed by regolith deposits of deeply 
weathered Archean bedrock and recent surface cover, with 
poorly preserved bedrock outcrop occurrences (Anand & Butt, 
2010; Anand & Paine, 2002; Butt et al., 1995; Cockbain, 2002). 
Paleozoic rocks of the EGR are restricted to limited reports on 
scattered outcrops and subsurface occurrences of the inferred 
Permian Paterson Formation, interpreted as recording glacigene 
processes during the LPIA (Eyles & de Broekert, 2001; Jackson 
et al., 1975; Jackson & Van De Graaff, 1981; Jones, 2004; Salama 
et al., 2021, 2022; Salama & Anand, 2017). The EGR is incised by 
six large-scale drainage systems (Figure 1b) (Beard, 1999; 
Morgan, 1993; Van de Graaf et al., 1977), which, with the excep-
tion of consistent Permian basal infill to the north, are infilled 
with Cenozoic to recent fluvial, lacustrine and shallow marine 
sedimentary rocks (e.g. Broekert, 2002; Clarke et  al., 2003; 
Lynham, 2021).

Paterson Formation

Paleozoic sedimentary rocks in the region have historically been 
assigned to the Paterson Formation. Traves et  al. (1956) 

amended the Paterson Range Series of Talbot (1920) to the 
Paterson Formation to encompass the claystone, siltstone, 
sandstone and diamictite outcrops in the Canning Basin 
(Figure 1a).

The Paterson Formation is generally described as a poorly 
sorted, massive polymictic conglomerate supported by a 
medium to coarse-grained sandstone matrix, with distinctive 
glacial features including numerous clasts that are striated, fac-
eted and streamlined into ‘bullet-shapes’, interbedded with 
well-bedded lacustrine claystone, siltstone and sandstone 
(Jackson & Van De Graaff, 1981). The latter authors suggested 
that owing to lack of flow-direction indicators, the Paterson 
Formation was deposited under conditions of retreating ice in 
an outwash fan or fluvio-glacial environment. Direct deposition 
under basal ice conditions would have resulted in sediments 
with a preferred orientation of clasts in the direction of ice flow, 
and pavements of aligned boulders (Boyce & Eyles, 2000). Eyles 
and de Broekert (2001) proposed that the Paterson Formation 
within the basal parts of drainages in the northern Yilgarn 
Craton were deposited by the melting of stagnant ice and sub-
sequent flow down bed rock slopes (i.e. flow till).

Correlation of glacial sediments in Western Australia is 
problematic because the Paterson Formation has effectively 
become a wastebasket for any vaguely glacigene material 
that lacks biostratigraphic context. The type section of the 
Paterson Formation was originally defined as a 35 m section 
within the Canning Basin (Traves et al., 1956); however, it cur-
rently lacks the necessary biostratigraphic data to place it 
within the broader Permian stratigraphy of Western Australia. 
Consequently, it is now regarded as part of the ‘undifferenti-
ated Grant Group’ (Backhouse & Mory, 2020). A later reference 
section of the Paterson Formation was defined by Jackson 
and Van De Graaff (1981) from an up to 450 m-thick succession 
of glacio-fluvial, glacio-lacustrine and tillite in the Officer 
Basin (east of the Yilgarn Craton). This reference section serves 
as a basis of comparison for glacigene material of the Yilgarn 
Craton historically assigned to the Paterson Formation. This 
material occurs: (i) in the subsurface, where it is deposited in 
glacially scoured valleys and tunnel valleys cut into the bed-
rock by meltwater beneath the ice sheet, such as at the Sand 
King mine near Kalgoorlie and the Lancefield West mine near 
Laverton (Figure 1b) (Eyles & de Broekert, 2001); (ii) in out-
crops near Warburton and along the eastern contact of the 
Yilgarn Craton with the Officer and Gunbarrel basins (Figure 
1a) (Kennewell, 1977); and (iii) as extensive ‘pavements’ of 
erratics scattered across the surface in the Leonora–Laverton 
district (Lancefield; Figure 1) (Westaway & Wyche, 1998).

No absolute ages have been reported for material attributed 
to the Paterson Formation; however, Kemp (1976) recovered a 
palynological assemblage assigned to the Nuskoisporites zone 
of late Asselian to early Sakmarian age (early Permian), corre-
sponding with the P1 interval of Fielding et al. (2023).

According to Backhouse and Mory (2020), the name Paterson 
Formation should be restricted to scattered outcrop that uncon-
formably overlies Archean basement and associated Proterozoic 
basins, which forms our justification for naming the rocks from 
the study area ‘Paterson Formation’.
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Materials and methods

Field data

The field area comprises two defined locations: Fitzgerald 
Lagoon and Madoonia Breakaways (Figure 2b; Table 1) repre-
sented by the Paterson Formation on the SH51-14 
Widgiemooltha 1:250 000 (Griffin & Hickman, 1989) and the 
1:100 000 Erayinia map sheets (Jones, 2006) on the Yilgarn 
Craton, at the downstream confluence of lakes Lefroy and 
Cowan, where they form a singular drainage and become the 
downstream third of the LDS (Figure 2) per Bell et al. (2012). 
Mapped outcrop locations of the Paterson Formation occur 
∼100 km southeast of Kambalda along the western margins of 
a chain of salt lakes trending southwest to northeast (Figure 3b) 
and are accessed via poorly maintained historical exploration 
tracks and well-maintained cattle station tracks.

Field-site selection was guided by descriptions from Sofoulis 
and Bock (1962), Griffin (1989) and Jones (2007) (Figure 2b), 
their accessibility and their proximity to salt pans within the 
defined field area. Breakaways along the margins of saltpans 
within the drainage catchment commonly contain highly 
weathered rocks (Figure 3), which are otherwise only seen via 

subsurface exploration. The area mapped as Paterson Formation 
by Griffin and Hickman (1989) in the central field area was 
explored, but no relevant outcrop was found.

The data used in this study were collected from field strati-
graphic sections and consist of stratigraphic logs (Figure 4), 
sedimentary rock descriptions, including grainsize, sorting, bed 
thickness and bounding contact, field images and hand samples 
(Figures 5–10). Hand samples were selected and processed for 
thin-section analyses (Figure 7). Thin-sections were produced 
by Bob Crossley at Minerex Services (Esperance, Western 
Australia) and were examined using an Olympus BX53 polaris-
ing microscope housed at the Joe Lord Core Library in Kalgoorlie, 
Western Australia.

Clast form analysis

In sedimentary systems, clasts that have undergone transport 
may serve as important indicators of paleoenvironmental con-
ditions (e.g. Atkins, 2003; Bennett et al., 1997; Boulton, 1978; 
Dobkins & Folk, 1970; Gehringer et al., 2025; Molén, 2023). The 
shape of the clasts can reveal information about provenance as 
well as changes induced from transport, weathering and ero-
sion. Clast form analysis (CFA) developed by Benn and Ballantyne 
(1994) can be used to reconstruct the paleoenvironmental his-
tory of glacially modified clasts. After glacial affinity was con-
firmed, a total of 286 clasts were measured for CFA across six 
sample sites (Figure 8; Table 1). This method involves measuring 
the a (long), b (intermediate) and c (short) axis of each clast to 
ascertain the clast shape—blocks, slabs or rods (Sneed & Folk, 
1958)—and recording the clast roundness class (Benn, 1990; 
Benn & Ballantyne, 1994; Matthews, 1987). Finally, the C40 val-
ues (% of clasts with c/a ratio <0.4) and RA indices (% of angular 
and very angular clasts per sample) are plotted against each 
other to infer the glacial sub-environment of deposition using 
reference data produced by Benn and Ballantyne (1994) and 
Lukas et al. (2013). Following Lukas et al. (2013), care was taken 
to randomly sample only whole clasts to eliminate bias 

Table 1. Summary of !eld locations, area, coordinates and the data obtained 
for this study.

Location Field area
Facies 

present GPS coordinates CFA Log?
MD1 Madoonia 

Breakaways
F2, F3 31°27′37.8ʺS 

122°40′59.3 E
51 Yes

MD2 Madoonia 
Breakaways

F1, F3 31°27′37.4ʺS 
122°40′46.2ʺE

50 Yes

MD3 Madoonia 
Breakaways

F3 31°27′31.8ʺS 
122°41′03.4ʺE

65 No

MD4 Madoonia 
Breakaways

F3 31°27′29.4ʺS 
122°41′05.7ʺE

70 Yes

MD5 Madoonia 
Breakaways

F3 31°27′37.4ʺS 
122°40′46.2ʺE

50 No

FL1 Fitzgerald 
Lagoon

F3 31°19′56.0ʺS 
122°41′28.6ʺE

11 No

The numbers of clasts analysed for CFA are noted.

Figure 3. Overview of two locations at Madoonia Breakaways of the typical highly weathered outcrop exposed beneath breakaways encountered within the !eld 
area. Arrow is pointing northward.
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regarding shape and/or size, and only large pebbles and cob-
bles from the field locations were utilised (Figure 6a). Whilst 
steps were taken to utilise a singular clast lithology to reduce 
bias in the weathering, erosion and transport history, limited 
outcrop and exposure meant this was not always feasible; there-
fore nearly all clasts were quartz-rich lithologies (polycrystalline 
quartz, foliated granite and gneiss) and are recorded in the sup-
plemental data. Measurements were imported to the TriPlot 
Excel spreadsheet (Graham & Midgley, 2000) to give the a/b/c 
axis ratios for interpretation. All measurements and calculations 
can be found in the supplemental data.

No preserved outcrop occurs at Fitzgerald Lagoon, only a 
concentrated surface scatter of polymictic clasts with glacigene 
features, including one used for CFA. Polymictic clasts of inferred 
glacigene origin also occur in the subsurface. This location has 
been mapped previously as the Paterson Formation (Griffin, 
1989; Sofoulis & Bock, 1962) and is considered an occur-
rence of F3.

Geomorphology

A depth-to-basement model provided by St Ives Gold Mine 
(Western Australia) was used to ascertain the subsurface mor-
phology of the LDS with an emphasis on the Lefroy Paleovalley 
(Figure 11). This 3D model was constructed using Leapfrog Geo 
2021.2 and comprises 82 759 drill holes with basement inter-
sects from subsurface drilling. Cross-sections were generated 
in Leapfrog Geo both longitudinally and across the Lefroy 

Paleovalley (Figure 12). These cross-sections were compared 
with published interpretations of glacial morphology from 
across Australia (English, 2015; Hou et al., 2023; Magee, 2009; 
Tapley, 1988). Additional subsurface data sourced from drilling 
data found in the West Australian Mineral Exploration Reporting 
System (WAMEX) from the field area were used to supplement 
this dataset (Collins, 2013; Pickard, 2025).

Results

Sedimentary facies

The sedimentary rocks in the study location consist of polymic-
tic granule conglomerate, massive sandstone and polymictic 
pebble conglomerate, comprising three laterally discontinuous 
sedimentary facies.

Facies 1
Description.  Facies 1 (F1; Figure 4) is an inversely graded 
polymictic granule conglomerate that is laterally 
discontinuous with a thickness of ∼1 m. The lower part of F1 
is clast-supported (Figure 5a) and vertically transitions to 
matrix-supported, with a limited increase in clast size 
(Figure 5b, c). The basal contact of F1 is irregular and sharply 
overlays the weathered Archean basement (Figure 5a). 
Owing to poor outcrop exposure, it is not possible to 
ascertain whether the undulating contact pre-dates the 
deposition of F1 or whether it is an erosional feature formed 

Figure 4. Stratigraphic columns from the studied outcrops at Madoonia Breakaways, Western Australia. Locations are given in Table 1.
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during emplacement. Grains in F1 are 3–5 mm in diameter 
and predominantly well rounded (Figure 5b, c), although 
minor grains of very angular quartz are also present.

The matrix increases up section to ∼40% and comprises clay-
sized particles with a minor fine-grained quartz component 
(Figure 5c). Infrequent, large, flat-lying, outsized clasts of elon-
gate, polished and faceted quartz, up to 5 cm across, apparently 
all orientated southwest–northeast, appear towards the base 
of F1 (Figure 5a). Along with the matrix increase, the density of 
large polymictic pebbles also increases up section to 10%. 
These pebbles reach up to 3 cm long and comprise mainly of 
polycrystalline quartz with minor lithics, including metamor-
phosed basement rocks, leucogranite, gneiss, chert and mafic 
lithologies. Some clasts are highly polished but very rarely dis-
play striae. The clasts are randomly orientated and typically 
elongate with a dominant flat surface displaying a character-
istic stoss and lee form (Boulton, 1978). These clasts have also 

been termed flat-iron, bullet and glacially shaped in the litera-
ture (e.g. Molén, 2023 and references therein).

Interpretation. F1 was deposited as a "uvio-glacial gravel, 
in a proglacial environment, proximal to an icesheet. Clast 
features including polishing (Figure 5a, d), quartz-rich 
lithologies (Figure 5), distal clasts (Figure 5c) and outsized 
clasts at the base of F1 (Figure 5a, d) suggest in"uence by 
subglacial processes. Polishing of clasts occurs through 
abrasion at multiple scales until the rock surface becomes 
optically smooth and can be the dominant abrasion process 
in the subglacial environment (Benn & Evans, 1998; Siman-
Tov et  al., 2017), whereas clast striations, indicating 
subglacial abrasion processes (Boulton, 1982), are very rare. 
Quartz and granitic clasts comprise the majority of larger 
pebbles, and owing to their resistant mineralogy, striations 
on these lithologies are generally uncommon (Benn & 

Figure 5. Sedimentary characteristics observed in F1. (a) Contact between the Archean basement (B) and F1. Note the polished and faceted outsized clast of quartz 
at the base of F1 (see white arrow). (b) Overview of polymictic gravel that comprises F1. (c) Matrix-supported close-up of F1 with range of gravel sized clasts visible. 
Matrix is high in clay, and gravel clasts are predominantly quartz. (d) Additional image of outsized, #at, polished quartz clast at the base of F1 at the contact with the 
weathered basement (white arrow).
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Evans, 1998). Stoss and lee clast morphology, as observed 
in the larger pebbles towards the top of F1, is characteristic 
of in situ subglacial abrasion. This morphology develops 
from ice sliding over the surface of lodged clasts, and clasts 
embedded in basal ice sliding over rock (Boulton, 1978; 
Krüger, 1984, 1994; Sharp, 1982). The large outsized, 

polished and elongate quartz clasts, "at-lying at the base of 
F1, show a preferred orientation of southwest–northeast 
along their long axis, which is inferred to represent the 
paleo"ow direction (Benn & Evans, 1998). These larger 
clasts likely formed subglacially and were then reworked 
and deposited by the "uvio-glacial system on the outwash 

Figure 6. Sedimentary attributes of F2 and F3. (a) Flat-bottomed clasts exhibiting streamlined stoss and lee form. (b) Outcrop section showing the vertical transi-
tion from F2 to F3, and the development of a clast pavement up section. (c) Variation of clast size and shape in F3 (pink arrows). (d) Contact between Saprolite (S) and 
F3. (e) Platy clast from F3. (f ) Interpreted striations on a quartz clast. (g) Spherical clast of felsic (possibly granitic) material. (h) Highly polished, optically smooth 
polymictic pebbles, displaying facets (pink arrows).
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plain. The absence of internal crossbedding and the 
absence of deformation are common characteristics of 
gravel bars deposited proximal to the terminus of an ice 
sheet (Rust, 1975).

Additionally, the sorting and grainsize of F1 further indicates 
its proximity to the ice-margin. Furthermore, the flow velocity 
appears to decrease up-unit, as evidenced by the increased 
presence of matrix, but the size of clasts also increases up sec-
tion. This is likely a product of decreased input to the outwash 
system from the icesheet (Boyce & Eyles, 2000).

Facies F2
Description. Facies 2 (F2; Figure 4) is a bimodal sandstone 
made of a framework of coarse angular to sub-angular 

quartz grains supported by a matrix of clay-sized grains. F2 
is up to 40 cm thick and is laterally discontinuous, forming 
apparent lenses within F3 (below). The contact between F2 
and F3 is poorly de#ned, but F2 appears to grade into F3 
with the sudden increase in clast density indicating 
deposition of F3. Where F2 is in contact with the underlying 
saprolite, the boundary is undulating.

In thin-section (Figure 7a), F2 exhibits a mix of larger frame-
work grains (2–3 mm) supported by a matrix of smaller grains 
(<1 mm) and rock flour. There is a clear heterogenic distribution 
of grain shapes along with edge–edge crushing events, grain 
stacks and rotational structures.

Interpretation. Whilst there are no macroscale features to 
interpret F2 beyond ‘massive sandstone’, microscale 
structures (Figure 7a) indicate that it has been in"uenced 
by stress in a subglacial environment. The matrix, 
interpreted as rock "our, is characteristic of a glacigene 
environment formed from the repeated abrasion of 
material beneath the icesheet until it is essentially 
pulverised resulting in a very #ne-grained matrix, and 
which typically forms beneath a wet-based glacier 
(Gunnarsen et al., 2019; Haldorsen, 1981; Rampe et al., 2022; 
Vives et  al., 2025). Edge–edge crushing events, grain 
stacking and heterolithic grain-shape distribution are 
characteristic microscale features of subglacial processes 
and are inconsistent with an outwash plain environment 
(Le Heron et al., 2020; Lister, 1981; Menzies, 2023; Menzies 
et  al., 2013, 2016; Menzies & Meer, 2018). Edge–edge 
crushing events are considered the #rst microstructure to 
develop beneath the ice during till formation, from a high 
but localised strain condition (Menzies, 2023). Grain-
stacking features are considered the next stage of 
deformation after edge–edge events and also represent 
localised high strain conditions (Menzies, 2023; Menzies 
et  al., 2013). Lenses of sand deposited within otherwise 

Figure 7. Polarised light thin-section views of (a) F2, showing post-depositional weathering features, and mix of grain shapes in matrix of rock #our and (b) F3, 
showing clear mix of grain shapes in a ‘rock #our’ matrix. Rotational structures are marked by open arrows, grain-stacking events by dashed lines, edge–edge crush-
ing events by closed circles. PC Qz, polycrystalline quartz; AC, angular cast.

Figure 8. Plotted RA:C40 for Clast Form Analysis in study area. Data presented 
shows clear subglacial in#uence of the clasts present. MD3 is an outlier, but as 
this system is a dynamic environment, some overlap is expected.



AUSTRALIAN JOURNAL OF EARTH SCIENCES 9

poorly to unsorted glacially in"uenced sediments are 
common within sequences derived from the melt-out of 
debris-rich stagnant ice (Kessler et al., 2012 and references 
therein). F2 may be interpreted as a sand lens within the 
lower part of a melt-out tillite.

Facies F3
Description.  Facies F3 (Figure 4) is polymictic pebbly 
diamictite that is supported by a silt-rich matrix, at roughly a 

50:50 ratio. F3 is capped by a surface lag of polymictic pebbles 
to boulders (Figure 10) interpreted to have resulted from the 
collapse and winnowing of matrix of the original F3 and can 
be described as crudely inversely graded. Clasts average 0.5–
5 cm; however, the largest boulders are up to 1 m across. Clast 
lithology predominantly comprises polycrystalline quartz, 
foliated granite and gneiss. Other lithologies present include 
quartz arenite, chert, undi$erentiated ma#c and ultrama#cs, 
banded iron formation and schistose rock. Very rare elongate 

Figure 9. (a) Ironstone conglomerate F3. (b) Gully section Madoonia 4 showing highly weathered F3 in the #oor of the gully capped by ironstone conglomerate, F3. 
Blocks of F3 have weathered out downslope (white arrows). One large, outsized clast is visible of similar dimensions to the boulder lag of F3. (d) Possible striae on a 
quartz clast. Striae indicated by black arrows. (e) Polished clast with asymmetrical stoss and lee form.
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and platy clasts are present (Figure 6e), as are up to 5% angular 
to very angular clasts. F3 ranges from 40 cm to ∼2 m in 
thickness (Figures 4 and 9e). Most clasts display stoss and lee 
form (Figures 6a and 9e), with rare, large boulders displaying 
double stoss and lee form (Figure 10c). More than 60% of the 
clasts are polished, and faceted clasts are common (Figure 
9c), but striae are rarely observed (Figure 9d). The angular 
clasts within F3 are commonly schistose and ma#c lithologies, 
whereas the highly polished, stoss and lee forms are quartz-
dominated lithologies. While F3 includes linear concentrations 
of clasts both at the base of and throughout F3 (Figures 4 and 
6b), no other internal fabric is observed. The F3 contact with 
F2 is poorly de#ned to absent. Outcrops are weathered to a 
bleached bu$-peach-grey colour (Figure 6b, d, e). A pebbly 
ironstone conglomerate discontinuously caps the outcrop at 
Madoonia Breakaways (e.g. Figures 4 and 9a, b); this ironstone 
conglomerate is a ferruginised variation of F3.

In thin-section, F3 displays a bimodal shape distribution 
supported by a matrix with poor definition between grains (rock 
flour). Microfeatures can be observed; edge–edge crushing 
events, grain stacking and rotational structures are marked 

where present in Figure 7b. One large clast of foliated granite 
was thin-sectioned and was shown to be a garnet-bearing 
leucogranite.

The plotted C40 ratio to RA% (Figure 8) places five of six loca-
tion samples within the subglacial deposition envelope. MD5 
sits between the subglacial and fluvial deposition envelopes.

Interpretation.  The polymictic mix of lithologies, 
characteristic stoss and lee form, high number of polished 
clasts and the C40:RA plots for samples analysed supports 
the interpretation that F3 was in"uenced by glacigene 
processes. Striae, which are commonly associated with 
glacial abrasion, are mostly absent from F3. The dominant 
quartz-rich, resistant mineralogy of the lithologies within 
F3 led to polishing becoming the dominant subglacial 
abrasion process (Benn & Evans, 1998). Heterogenic size 
distribution of grains within a rock "our matrix is common 
in the subglacial environment and forms from the repeated 
mechanical abrasion of bedrock by glacial activity beneath 
a wet-based glacier (Gunnarsen et  al., 2019; Haldorsen, 
1981; Rampe et al., 2022).

Figure 10. (a) Alignment of large, outsized boulders of granite and gneiss on the surface at Madoonia Breakaways. (b) Large clast of granite displaying stoss and 
lee form. (c) Large boulder of gneiss showing double stoss and lee form. (d) Cobble of schistose material.
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The largest boulders of F3 are gneissic lithologies that do not 
occur as basement rocks in the local area. Whilst foliated gran-
ites do outcrop on the Widgiemooltha map sheet, granites that 
contain garnet as an accessory mineral are not known, except 
from the Albany Fraser Orogen >60 km to the south suggesting 
a distal origin and long transport history (Griffin, 1989; Griffin & 
Hickman, 1989). Additionally, banded iron formation is not 
known from the immediate catchment area, with the closest 
known source the Santa Claus Formation outcropping near the 
northwest shore of Lake Randall (Figure 2) (Griffin & Hickman, 
1989). CFA plots (Figure 8) indicate subglacial deposition. The 
outlier, MD5, may be a feature of mixed lithology, or a feature 
of dynamic glacigene depositional environments causing an 
overlap of envelopes (Bennett et al., 1997; Lukas et al., 2013).

Microscale processes visualised in thin-section (Figure 7b) 
represent deformation processes in the subglacial environ-
ments (Brodzikowski & Vanloon, 1987; Le Heron et  al., 2020; 
Menzies et al., 2016). Edge–edge crushing of grains represents 
the first stage of subglacial sediment formation, whereas grain 
stacking develops when strain is released (Menzies, 2023; 
Menzies et al., 2013; Menzies & Meer, 2018). Rotation structures, 
which are also observed in thin-section of F3 (Figure 7b), are 
common in subglacial tills indicating plastic deformation 

processes (Menzies, 2023; Menzies et al., 2016). The preserved 
characteristics infer that F3 may have been deposited as part 
of the melt-out of stagnant, debris-rich wet-based ice (Bennett 
& Glasser, 1996; Boyce & Eyles, 2000; Eyles & de Broekert, 2001). 
The crude inverse grading of F3 further supports this conclusion.

Depth-to-basement model

Depth-to-basement (Figure 11) was determined as the depth 
at which weathered crystalline basement (saprock and/or sap-
rolite) or fresh crystalline, Archean rock (if there was a stripped 
regolith profile) was intersected during drilling. From this 
model, four cross-sections were created—two across valley and 
two longitudinal, to ascertain the bottom profile morphology 
(Figure 12). The Cenozoic fluvial inset valley can be seen as the 
darkest blue on Figure 11.

Longitudinal cross-sections a–b and g–h (Figures 11 and 12) 
show an undulating bottom morphology. Across-valley sections 
c–d and e–f (Figures 11 and 12) show a broad, flat U-shaped 
valley with a V-shaped fluvial inset channel. The width-to-height 
ratios of these cross-sections is high, and section c–d shows an 
asymmetrical profile. These observations are consistent with 
glacial valley morphology (Harbor, 1989; White, 1972).

Figure 11. Depth-to-basement model for the Lefroy Paleovalley (Lake Lefroy; Figure 2). Cross-section locations (Figure 12) are marked. Colour ramp from Crameri 
(2023).
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Within the study area, historical exploration drilling inter-
sected glacigene material at a maximum depth of 112 m (Figures 
13 and 14). This unit is up to 42 m thick, containing ‘mafic and 
felsic rounded transported pebbles’ (Pickard, 2025) and visually 
matches F3 described above. Historical drilling data (Collins, 
2013) were used to produce a crude west-to-east cross-section 
of the basement profile and buried Permian fill from this area 
(Figure 14). This cross-section shows an irregular, asymmetrical 
Archean basement topography. This morphology is consistent 
with buried examples of tunnel valleys from Canada (e.g. 
Atkinson et al., 2013). Permian glacigene material unconform-
ably deposited above Archean basement and beneath more 
commonly reported Eocene paleochannel infill further evi-
dences a primary glacial scour origin for the LDS.

Discussion

Paleoenvironmental interpretation

The sedimentary facies preserved at Madoonia Breakaways and 
Fitzgerald Lagoon are interpreted as deposited proximal to the 
proglacial environment on an outwash plain (F1) and within the 
ice-contact environment from the melt-out of ‘dead-ice’ with 
the release of stagnant, debris-rich ice (F2 and F3). This is com-
parable with the environment inferred from buried tunnel val-
leys to the north of the LDS (Eyles & de Broekert, 2001).

Facies 1 is interpreted as an outwash gravel deposited under 
decreasing velocity and decreased input into the outwash sys-
tem (Boyce & Eyles, 2000). The matrix increase up section, along 
with increasing presence of larger polymictic clasts, suggests 

Figure 12. Cross-sections (see their location on Figure 11) produced from the depth-to-basement model. The cross-sections show an undulating #oor in longitudinal 
section and broad, U-shaped cross-sections with V-shaped inset valleys. Note the di$erent scale for each cross-section. Vertical exaggeration is 40× on each section.
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that the outwash system was captured and buried by ice-con-
tact melt-out facies (F2 and F3). The discontinuous nature of F1 
is interpreted as a feature of poor outcrop preservation, but it 
may also be interpreted as outwash gravel infilling existing 
channels on an outwash plain (also termed a sandur in some 
literature) (Kjær et al., 2004; Miall, 1996).

Facies 2, when interpreted in association with F3, is inferred 
to be deposited as sandy lenses within a lower section of melt-out 
tillite, and F3 is interpreted as tillite deposited by the in situ melt-
ing of debris-rich, stagnant ice at the base of an icesheet during 
glacial retreat (Paul & Eyles, 1990). This interpretation is evidenced 
by: (i) the distal nature and form of clasts (including stoss and lee 
morphology, and up to 60% polished clasts), interpreted as influ-
enced by ice during their formational history; (ii) the poor sorting 
and crude inverse grading of F3 with an overall increase in clast 
size; and (iii) the microscale features indicating subglacial influ-
ence (e.g. Menzies, 2023; Menzies & Meer, 2018). CFA from F3 
supports the interpretation of subglacial influence. An ice-con-
tact environment with subglacial influence is preferred over a 
purely subglacial environment of deposition, as there is a lack of 
clast alignment within F3 (Boyce & Eyles, 2000). No proximal out-
cropping source for many of the polymictic pebbles or boulders 
from any of the facies can be inferred, nor are the lithologies 

present in the subsurface (Griffin & Hickman, 1989). Outcropping 
basement in the local area comprises heavily weathered Archean 
bedrock (saprock) with minor outcrops of metamorphosed mafic 
rocks (basalt and basaltic pillow lava) associated with the 
Norseman-Wiluna Greenstone Belt and the metasedimentary 
rocks and evaporites of the Woodline sub-basin (Griffin & 
Hickman, 1989). Proterozoic basement rocks across the entire 
Yilgarn Craton contain large, sheared quartz veins, and these are 
the likely source of the majority of the polycrystalline quartz 
clasts. Owing to the widespread distribution of these quartz 
veins, the provenance of clasts cannot be narrowed down. The 
largest clasts and boulders are gneissic and garnet-bearing lith-
ologies. The closest known provenance of these lithologies is the 
Albany Fraser Orogen >60 km to the south (Griffin, 1989).

Fluvial or glacial? Morphology interpretation

The characteristic effect of fluvial and glacial processes on land-
scape evolution is established consensus. Typically, fluvial sys-
tems produce V-shaped valleys, and glacial systems U-shaped 
valleys (Bennett & Glasser, 1996; Fryirs & Brierley, 2012; Glasser 
& Bennett, 2004; Kaufmann, 1872; Montgomery, 2002; Prasicek 
et al., 2014). Major landforms produced from glacial erosion can 

Figure 13. Regional map showing ice-growth/movement directions and borehole locations discussed in the text. BMR1, BMR Rason; BMR2, Cundeelee 4. Data 
compiled from this study, Jackson and Van De Graa$ (1981), Jackson et al. (1975), Jones (2004), Playford (2001) and Salama et al. (2022).
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be hidden in the landscape and preserved as buried features 
(Magrani et al., 2020). Glacially scoured landscapes also exhibit 
other distinct morphology that defines their glacial origin 
including (i) undulating longitudinal profiles, (ii) narrowing and 
widening phases and (iii) sections of overdeepening. They may 
also contain buried tunnel valleys cut beneath the scour surface 
and are commonly infilled with glacigene sediments (Anderson 
et al., 2006; Hooke, 1991; Kaufmann, 1872; Kehew et al., 2012).

The LDS comprises a series of interconnected ellipsoidal pri-
mary valleys, connected by thin channels that are incised per-
pendicular to the Archean bedrock fabric (e.g. Jones, 2024 and 
references therein). The LDS exhibits widening and narrowing 
phases with a hierarchical control (larger ellipsoidal lakes giving 
way to thinner, elongated ‘finger’ lakes) (Figure 2). There are no 
apparent bedrock lithological or structural controls to account 
for this morphology, and the LDS cuts through the grain and 
structural control of the underlying Archean greenstone belt 
(Gresham & Loftus-Hills, 1981). The interconnected ellipsoidal 
valleys along with their widening and narrowing phases and 
lack of lithological control are characteristic of glaciated valleys 
and subglacial abrasion and erosion by meltwater under pres-
sure (Eyles, 1983; Stewart et al., 2012, 2013). Undulating longi-
tudinal bottom profiles, as seen in the study area (Figure 12), 
may form from meltwater erosion from turbulent flows in pres-
surised subglacial channels beneath the ice sheet (Grau Galofre 

et al., 2018; Greenwood et al., 2007; Kehew et al., 2012; Sissons, 
1961). As subglacial meltwater gradients are controlled by the 
hydraulic gradient and not the topography, the resulting 
high-pressure flow can move upslope as well as down (Kehew 
et al., 2012; Stewart et al., 2012, 2013). However, this may also 
be a feature of differential erosion of the underlying Archean 
bedrock from the icesheet activity (e.g. Harbor, 1995).

An enclosed overdeepening where Lake Lefroy becomes 
Lake Randall (Figure 2) down to ∼120 m has been extrapolated 
(Figures 11 and 12; line g–h). This enclosed overdeepening also 
coincides with a direction change in the system from northeast 
trending to due east.

Overdeepening with respect to the thalweg, is a character-
istic process that occurs during glacial incision (Carrivick et al., 
2016; Haeberli et al., 2016; Patton et al., 2016). Overdeepenings 
or closed topographic depressions develop from a combination 
of direct glacial abrasion and plucking (the process by which 
large bedrock blocks are moved ‘down glacier’) (Hooke, 1991; 
Iverson, 2012), as well as erosion by subglacial meltwater (e.g. 
Beaud et  al., 2016; Herman et  al., 2011; Ugelvig et  al., 2018). 
Overdeepenings in formerly glaciated landscapes are com-
monly occupied by lakes (Hooke, 1991) and in the geological 
record may be infilled with glacially influenced diamictite or 
lacustrine sediments (e.g. Ghienne et al., 2007). To the north of 
the main trunk of the LDS, within the Ponton Creek Paleovalley, 

Figure 14. (a) Satellite image showing the location of cross-section created from open-source drilling data at Fitzgerald Lagoon. (b) Cross-section created from 
open-source drilling data from Fitzgerald Lagoon.
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which connects the lower reaches of the LDS with the Roe 
Drainage System (Van de Graaf et  al., 1977), a described 
overdeepening has been extrapolated from drilling data 
(Bunting & Van De Graaff, 1977). The Cundeelee 4 Borehole 
(Figure 13; BMR 2) sampled an enclosed depression infilled with 
∼200 m of Permian-aged glacio-lacustrine sediments (clay and 
silt with drop stones) before intersecting Archean basement. 
This is inferred to have been incised from LPIA-related processes 
(Bunting & Van De Graaff, 1977; Jackson et al., 1975; Jackson & 
Van De Graaff, 1981).

The preserved features suggest the Lefroy Paleovalley can 
be considered a now-buried glacial erosional feature and poten-
tially a tunnel valley. These are distinct linear features subgla-
cially incised into both unlithified sediment and bedrock by 
meltwater processes in areas of flat or low relief (Bennett & 
Glasser, 1996; Kehew et al., 2012), such as beneath a glacially 
scoured landscape. Their reported scale ranges up to several 
hundreds of kilometres in length, tens of kilometres wide and 
up to hundreds of metres deep (Dietrich et  al., 2025; Kehew 
et al., 2012; Livingstone & Clark, 2016). Valley base profile vari-
ations of 50–100 m are observed in a confirmed Pleistocene 
buried tunnel valley network in Denmark (Jørgensen & 
Sandersen, 2006), whilst overdeepenings beneath the Antarctic 
ice sheet have been reported up to 300 m (Patton et al., 2016), 
so the variations within the LDS (Figures 11, 12 and 14; Jackson 
et al., 1975) are consistent with the published literature.

Whilst Pleistocene examples are well preserved (e.g. Lipka, 
2025), pre-Pleistocene examples are more difficult to recognise, 
especially when buried. LPIA examples have been recognised 
from southern Africa (Dietrich et al., 2025), Western Australia 
(Al-Hinaai & Redfern, 2014; Eyles & de Broekert, 2001), South 
Australia (Alley et al., 2026) and Brazil (Tedesco et al., 2016). The 
interpreted LPIA Western Australian example (Eyles & de 
Broekert, 2001) comprises basins up to 3 km wide incised up to 
80 m deep into the underlying Archean bedrock, cutting across 
bedrock structure and infilled with tillite deposited from the 
melt-out of stagnant, debris-rich basal ice. Whilst this example 
is narrower than the LDS example, the morphology is directly 
comparable. LPIA-related processes recorded from South 
Australia include ‘significant troughs’ from the Troubridge, 
Arckaringa, Cooper, Pedrika and Nadda basins (Alley et al., 2026). 
These troughs are up to tens of kilometres wide and hundreds 
of kilometres long, in fitting with the morphology of the LDS. 
They are, however, up to 1 km deep—far deeper than what is 
seen in the LDS. The deepest part of the LDS is the interpreted 
enclosed basin at Cundeelee 4 ∼ 220 m deep. This drillhole was 
situated at an RL of 325 m, and ∼11 km away from Archean bed-
rock outcrops at an RL of up to 400 m (Bunting & Van De Graaff, 
1977). This illustrates the irregular bedrock erosional surface on 
the Yilgarn Craton, showing that direct comparisons of mor-
phology between drainages is difficult. Further north, glacigene 
infill in buried drainage systems is recorded as up to 189 m thick 
and deposited in asymmetrical basins (Salama & Anand, 2017).

Overall, the preserved glacigene facies and buried morphol-
ogy suggest that the incision of LDS is related to a series of 
glacial processes, in line with the common hypothesis that the 

buried drainage systems of the Yilgarn Craton are the result of 
ice scour processes during the LPIA. The later fluvial inset val-
leys are marked by V-shaped ‘insets’ within the broader gla-
cially associated morphology (Figure 12). Future subsurface 
drilling and review of historical drilling records and geophysical 
data sets may further narrow down these glacial abrasion 
processes.

Regional correlations and age a!nities

Thus far, no conclusive radiometric dating has been undertaken 
on the LDS tillite. Dating for inferred equivalent units is based 
on palynology from the 1960s and 1970s, with the geographi-
cally closest material examined being the Bureau of Mineral 
Resources (BMR) Rason 1 borehole (Figure 13), ∼300 km to the 
north (Kemp, 1976), which inferred a Sakmarian (early Permian) 
age. This age is consistent with published observations of a P1 
glaciation in Western Australia (299–290 Ma) (Fielding et  al., 
2023). The orientation of the linear depressions infilled with 
glacigene material at Madoonia Breakaways (Figure 2), along 
with the inferred provenance of gneiss from the Albany Fraser 
Orogen ∼60 km to the south, matches recorded data for ice 
sheet growth and retreat directions during the LPIA on the West 
Australian Shield (Alley et al., 2026; Eyles & de Broekert, 2001; 
Mory et  al., 2008; Playford, 2001; Traves et  al., 1956; Veevers, 
2006) (Figure 13). Additionally, detrital zircon studies from 
Lancefield (Figure 1) (Salama et al., 2022) imply provenance from 
the south and east (Albany Fraser Orogen and Musgrave 
Province).

The units observed at Madoonia Breakaways and Fitzgerald 
Lagoon broadly resemble the descriptions of tillite within the 
Paterson Formation of the Officer Basin where these are mod-
erately to poorly sorted, coarse-grained and containing distal 
clasts (Jackson & Van De Graaff, 1981). Similar tillite facies, along 
with glacio-lacustrine facies, have been identified in (i) the sub-
surface of the Roe and Rebecca drainage systems to the north 
of the LDS (Figure 1) (Eyles & de Broekert, 2001; Griffin, 1989; 
Jackson & Van De Graaff, 1981; Laws, 1980; Salama et al., 2021; 
Salama & Anand, 2017; Sofoulis, 1965; Sofoulis & Bock, 1962); 
(ii) infilling both shallow and deep inferred Permian valleys near 
Gruyere, northeast of the Lancefield tunnel valley (Salama et al., 
2022); and (iii) outcropping as fluvio-glacial facies and isolated 
boulder lag to the north of the study area (Jackson & Van De 
Graaff, 1981; Westaway & Wyche, 1998). In combination, this 
evidence infers regionally equivalent conditions existed on the 
West Australian Shield during the LPIA with the terminus of the 
ice sheet located along the margin of the Yilgarn Craton and 
Officer Basin. Debate remains as to whether the glaciation of 
the West Australian Shield was contiguous or composed of mul-
tiple smaller ice centres.

Evidence from the LPIA of South Australia (Alley et al., 2013, 
2026; Bourman & Alley, 1999; Normington et al., 2018), which 
broadly matches the sedimentary facies described in this study,  
are described as ‘flow till’ (equivalent to the melt-out facies 
described above) and reported as glacigene diamictite inter-
bedded with sand. However, much of the evidence from South 
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Australia suggests a single continuous ice sheet up to 4 km thick 
moving to the north-northwest depositing extensive proglacial 
sediments (e.g. Alley et al., 2026) at this time.

Evidence for a brief Early Cretaceous glaciation has been 
discovered within the southern Eromanga Basin in Queensland 
and the Flinders Ranges, South Australia (Alley et al., 2020, 2026). 
Whilst visually the units described from Madoonia Breakaways 
and Fitzgerald Lagoon have broad similarities with sedimentary 
facies from the glacigene Paterson Formation as described by 
Jackson and Van De Graaff (1981), and interpreted subsurface 
morphologies infer alike glacigene processes across the Yilgarn 
Craton, the lack of biostratigraphic data available prevents a 
certain correlation with the LPIA. Future work should look to 
dating these sections.

Despite the widespread preservation of glacial facies and 
erosional features present in drainage systems to the north of 
the study area (Eyles & de Broekert, 2001; Salama et al., 2021; 
Salama & Anand, 2017), and extensive subsurface exploration 
of the LDS, the only known glacial sediments from this drainage 
are those described above, inferred glacial pebbles from the 
subsurface to the north of the field area (Pickard, 2025) and 
subsurface glacio-lacustrine and fluvio-glacial sediments 
described close to the terminus of the drainage by Jackson and 
Van De Graaff (1981). This scarcity of preservation is likely due 
to the extensive inundation by marine transgressions and sub-
sequent erosion of the upper reaches of the LDS during the 
Cenozoic (Clarke, 1994b, 1994a; Clarke et al., 1996, 2003).

Conclusions

This study provides the first detailed description of glacial facies 
that occur in the LDS, Western Australia. The preserved facies 
consist of gravelly sandstone, massive sandstone and pebbly 
diamictite deposited proximal to the terminus of an ice sheet. 
The facies described in this study are broadly similar to the gla-
cially inferred lithofacies of the Paterson Formation intersected 
in the subsurface to the north of the LDS, infilling incised valleys 
and outcropping as thin veneers on the Archean basement 
along the margins of the Yilgarn Craton and Officer Basin, 
Western Australia. This study shows broad U-shaped primary 
valley morphology making up the LDS, with V-shaped fluvial 
inset valleys. Collectively, these facies and morphology are anal-
ogous to regional occurrences of glacial material across the 
Yilgarn Craton.
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