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Preservation and re-exposure of late Palaeozoic glacial rock surfaces through
cyclical burial and exhumation: apatite fission track evidence from the Fleurieu
Peninsula, southeastern Australia
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Abstract

The antiquity of the Australian landscape has long been the subject of debate,
with some studies inferring extraordinary longevity (>10% Myr) for some subaerial
landforms dating back to the early Palacozoic. A number of late Palaeozoic glacial
erosion surfaces in the Fleurieu Peninsula, southeastern Australia, provide an
opportunity to test the notion of long-term subaerial emergence, and thus tectonic and
geomorphic stability, of parts of the Australian continent. Here we present results of
apatite fission-track analysis (AFTA) applied to a suite of samples collected from
localities where glacial erosion features of early Permian age are developed. Our
results indicate that the Neoproterozoic-Lower Palaeozoic metasedimentary rocks and
granitic intrusions upon which the glacial rock surfaces generally occur were
exhumed to the surface by the latest Carboniferous-earliest Permian, possibly as a far-

field response to the intraplate Alice Springs Orogeny. The resulting landscapes were
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sculpted by glacial erosive processes. AFTA results suggest that the erosion surfaces
and overlying Permian sediments were subsequently heated to between ~60 and 80°C,
which we interpret as recording burial by a Permian-Mesozoic sedimentary cover,
roughly 1 kilometre in thickness. This interpretation is consistent with existing
thermochronological datasets from this region, and also with palynological and
geochronological datasets from sediments in offshore Mezozoic-Cenozoic-age basins
along the southern Australian margin that indicate substantial recycling of Permian-
Cretaceous sediments. AFTA suggests that the exhumation which led to the
contemporary exposure of the glacial erosion features probably began during
Paleogene, during the initial stages of intraplate deformation that has shaped the Mt
Lofty and Flinders Ranges in South Australia. Our findings are consistent with several
recent studies, which suggest that burial and exhumation has played a key role in the
preservation of Gondwanan geomorphic features in the contemporary Australian

landscape.

1. Introduction

The antiquity of the Australian landscape has been the subject of long-
standing debate (Jutson, 1914; King, 1950; Jennings & Mabbutt, 1967; Davies &
Williams, 1978), with a number of studies inferring extraordinary longevity of up to
several hundred million years for some subaerial Gondwanan landforms (Stewart et
al., 1986; Gale, 1992; Nott, 1995), thus implying extreme tectonic and geomorphic
stability coupled with negligible rates of denudation and weathering (Twidale, 1998).
The notion of long-term surface preservation of Mesozoic- and Palaeozoic-aged
landscape elements across Australia, however, is difficult to reconcile with an

emerging body of evidence that documents significant landscape rejuvenation across
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parts of the continent since the Neogene in response to both plate boundary-controlled
intraplate deformation and dynamic topography induced by mantle flow (Sandiford,
2003; Quigley et al., 2010; Holford et al., 2011a; Clark et al., 2012; Czarnota et al.,
2014; Lubineicki et al., 2019, 2020).

One possible mechanism by which ancient landforms may be preserved in the

contemporary landscape is through their burial beneath a sedimentary cover, followed

by subsequent exhumation leading to their re-exposure at the Earth’s surface (Hill,

1999; Pillans, 2007; Green et al., 2013; Lidmar-Bergstrom et al., 2013). This
hypothesis has been invoked to explain the preservation of planar, Cambrian-age
ridge-tops in the Davenport Range (Belton et al., 2004), early Mesozoic-age regolith
and high-level plateau surfaces in the southeastern Australian highlands (Hill, 1999),
and weathering imprints dated as Late Carboniferous by palacomagnetic data in the
north of the Yilgarn Craton (Pillans, 2005). In all cases the preservation of these
ancient landscape elements is ascribed to their burial by several kilometres of

sedimentary section during the Mesozoic, with thermochronological data (e.g. apatite

fission track analysis) pointing to subsequent removal of this “now-missing” rock

section and exhumation of the ancient landforms occurring since the Late Cretaceous
(Hill, 1999; Belton et al., 2004; Weber et al., 2005; Pillans, 2007).

Amongst the best-known ancient geomorphic elements that are preserved in
the contemporary Australian landscape are a series of glacial features of assumed
Early Permian age, which are exposed on the Fleurieu Peninsula in South Australia
(Alley, 1995; Normington et al., 2018; Fig. 1). These features, which include glacial
tills, glacially polished and striated rock surfaces, and erratic boulders, developed

when the Gondwana supercontinent was at mid-to-high latitudes in the Southern
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Hemisphere and was extensively covered by large continental ice sheets (Crowell &
Frakes, 1971; Fielding et al., 2008).

The localities on the Fleurieu Peninsula (Fig. 2) provide an ideal opportunity
to test the hypothesis that ancient landscape elements can be preserved if buried and
then brought back to the surface by exhumation, though to date, few studies have
attempted to constrain their post-Permian geological histories. Here we present new
apatite fission track analysis (AFTA) data from a series of samples collected from
localities around the Fleurieu Peninsula that constrain the post-Permian thermal
histories of the glacial rock surfaces, and in some cases of the overlying sedimentary
deposits. In all cases our results indicate significant post-Permian heating and
subsequent cooling, implying burial of the glacial landforms by roughly 1 kilometre
of now-missing section prior to exhumation that began during the Paleogene. Our
results support the notion that burial and exhumation is an efficient mechanism for the
preservation of Gondwanan land surfaces in the contemporary landscape. They also
document a dynamic period of km-scale exhumation during the burgeoning stages of
continental separation between Australia and Antarctica that has important
implications for Mesozoic and early Cenozoic palacogeographic reconstructions of

eastern Gondwana.

2. Geological Setting

The Fleurieu Peninsula is located at the southernmost part of the Mount Lofty
Ranges in South Australia (Fig. 2). The Mount Lofty Ranges are a roughly ~N-S to
NE-SW-trending upland system (maximum elevation of ~700 m) bordered by low
regions that are close to or below sea level (i.e. Gulf St Vincent to the west and the

Murray Basin to the east) (Sandiford, 2003). The Mount Lofty Ranges and the
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contiguous Flinders Ranges to the north combine to form an upland system, some 800
km long, which is also known as the Adelaide Fold Belt (Gibson & Stiiwe, 2000). The
Adelaide Fold Belt consists of Late Proterozoic and Cambrian metasedimentary
sequences and Archean basement that were deformed during the Cambrian—
Ordovician Delamerian Orogeny (Jenkins & Sandiford, 1992). It is generally thought
that the topography created during Delamerian orogenesis was eroded to low relief by
the Late Palaeozoic, based on the widespread occurrence of glacial sediments of
presumed latest Carboniferous—Early Permian age (the Cape Jervis Formation) that
overlie Cambrian and older sequences (Daily et al., 1974; Normington et al., 2018).
The area of glacial sediments and erosive features of latest Carboniferous-Early
Permian age that encompasses the locations described in this paper has been termed
the Troubridge Basin (Wopfner, 1972). The Troubridge Basin sediments are the
remnants of a formerly more extensive Upper Palaeozoic sequence, although some of
the thickest successions are now preserved in erosional and tectonic troughs around
the Fleurieu Peninsula (Alley et al., 1995; Normington et al., 2018).

Due to the discontinuous nature of these glacigenic sediments and the paucity
of fauna and flora preserved within them, dating and correlation of these strata has
proven difficult (Alley et al., 1995; Normington et al., 2018). Palynological evidence
from an outcrop of the youngest parts of the Cape Jervis Formation at Waterloo Bay
on the southern Yorke Peninsula indicate an Asselian or Sakmarian (Early Permian)
age, though older sections are undated and may be Late Carboniferous in age (Alley
et al., 1995). Fielding et al. (2008) reviewed the character and distribution of Upper

Palaeozoic glacial deposits in eastern Australia and identified at least eight discrete

glacial intervals (each 1-8 Ma in duration), separated by nonglacial intervals and
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spanning an interval from the mid-Carboniferous (~327 Ma) to the early Late Permian
(~255 Ma) (Metcalfe et al., 2014).

The Mount Lofty Ranges are bound by a series of discrete, curvilinear faults
that juxtapose Cambrian or older metasedimentary sequences with Eocene or younger
sands, clays and carbonates (Flottmann & Cockshell, 1996; Sandiford, 2003;
Lubineick et al., 2019; Preiss 2019). These Cenozoic sediments unconformably
overlie the glacial deposits, and it has been suggested that the ~600 m thick Cenozoic
(mid Eocene to mid Miocene, and Pliocene to Holocene age) sequence in the Gulf St
Vincent Basin to the west of the Fleurieu Peninsula was deposited in a shallow
foreland basin that developed contemporaneously with the Cenozoic uplift of the
Mount Lofty Ranges (Flottmann & Cockshell, 1996). It is generally agreed that this
uplift is due to ~E-W-directed shortening driven by plate boundary forces,
accommodated by reverse-sense reactivation of the faults that bound the Ranges
(Bourman & Lindsay, 1989; Sandiford, 2003; Hillis et al., 2008; Holford et al., 2011a;
Lubeniecki et al., 2020) and producing a zone of elevated contemporary topography
that mimics the spatial extent of the considerably older fold belt created during

Delamerian orogenesis (Gibson & Stiiwe, 2000).

3. AFTA Methodology

The methodological and analytical aspects of AFTA are well established (e.g.
Green et al., 2002; Green & Duddy, 2012). AFTA utilizes radiation damage trails
(fission tracks) created by spontaneous fission of 2*3U within the crystal lattice of
apatite, which is a common detrital mineral in most medium-coarse grained clastic
sedimentary rocks and occurs as an accessory phase in plutonic and high grade

metamorphic rocks. By counting the number of tracks in a polished and etched grain
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surface and measuring the uranium content, a fission track age can be calculated,
which in the absence of other factors provides a measure of the time over which
tracks have accumulated. Fission track lengths form within a narrow range (~16 um),
but are progressively shortened as radiation damage is repaired at a rate that increases

with temperature (annealing). Shortening leads to a reduction in the number of tracks

that can intersect a polished surface, and above 110°C all damage is repaired and no

tracks are preserved. A measured fission track age thus represents a balance between
production of tracks and loss by annealing and must be assessed along with track
length data.

Extraction of thermal history information from AFTA data begins with
construction of a Default Thermal History (DTH), derived from the burial history
defined by the preserved sedimentary section and the present-day thermal gradient.
For a sedimentary rock, this is the history that would apply if the sample has not been
any hotter than the present-day temperature at any time since deposition. For
basement samples, a similar approach can be adopted using the age of the oldest
overlying sedimentary units. If the DTH can explain the AFTA data, then it is not
possible to extract further thermal history information. If the AFTA data show a
greater degree of annealing (i.e. fission track age and/or track length reduction) than
expected from the DTH, then the sample must have been hotter in the past and
information on the magnitude and timing of heating and cooling events can be
extracted from the data. All samples analysed in this study show a greater degree of
annealing (i.e. fission track age and/or length reduction) than that expected from the
DTH, and therefore must have been hotter in the past.

To extract thermal history information from AFTA data, we use a kinetic

model that makes full quantitative allowance for the effects of chlorine (CI) content
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on fission-track annealing rates (Green and Duddy, 2012). Because maximum
palaeotemperatures are the key factor that dominates AFTA data, this technique
reveals little information on the thermal history prior to the onset of cooling.
Therefore, we do not attempt to constrain the entire thermal history of each sample
but focus on the key aspects of the thermal history that control the fission track age
and length distribution i.e. the maximum palaeotemperature of each sample, and the
time at which cooling from that palacotemperature began (Green and Duddy, 2020).
By modelling expected AFTA parameters resulting from a range of possible
thermal histories, we use maximum likelihood theory similar to that described by
Gallagher (1995) to define the range of values of maximum palaeotemperature and
the onset of cooling giving predictions that match the measured data within 95%
confidence limits. We quote results in terms of 95% confidence limits on the range of
paleotemperatures and the time at which cooling began, in up to three episodes (Green
and Duddy, 2020). Palacotemperature estimates derived using this approach usually

have an absolute uncertainty (i.e. accuracy, as opposed to precision as indicated by the

95% confidence limits) of better than +10°C. AFTA can provide constraints on up to

three episodes, provided each episode is sufficiently separated in paleotemperature

and timing. This is most likely when the first episode involves a maximum

palacotemperature sufficient to totally anneal all tracks (typically >110°C), followed

by a subsequent peak around 90- 100°C, which leads to shortening of tracks formed

after the initial cooling to a mean length of ~10 um. Finally, cooling to a low

temperature is followed by reheating to ~70°C, sufficient to reduce track lengths
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formed after the second episode to ~12-13 pm. Further details of the AFTA technique

are provided by Green and Duddy (2012, 2020) and Green et al. (2013).

4. Results
4.1. Port Elliot

A glacially polished surface is exposed on a granite promontory between
Knights Beach and Green Bay in Port Elliot on the south coast of the Fleurieu
Peninsula (Fig. 3a). The polished surface crops out intermittently over a distance of
approximately 30 m, and where best exposed, well preserved striations, grooves and

possible crescent-shaped gouges indicate a direction of ice movement from

approximately east to west (255°to 260°) (Milnes & Bourman, 1972). The polished

surface is developed on an outcrop of the Encounter Bay Granite, a medium- to
coarse-grained, biotite granite that forms part of an extensive belt of foliated and non-
foliated Lower Palaeozoic granites that occur in southeastern South Australia and
southwestern Victoria (Dasch et al., 1971). The Rb-Sr isotope data for total-rock,
feldspar and muscovite samples of the uncontaminated inner facies and
metasedimentary-contaminated border facies of the Encounter Bay Granite indicate
emplacement between 515 &+ 8 and 506 + 6 Ma, during the Late Cambrian (Milnes et
al., 1977). Metamorphic assemblages in Kanmantoo Group metasediments intruded
by the granites imply emplacement at a depth of less than ~10 km, and possibly as
shallow as 5 km (Milnes et al., 1977), with the polished surface at Port Elliot
indicating exhumation to the surface by at least the Early Permian. Sediments of
presumed Early Permian age overlying the granite are exposed in a small cutting

several metres to the north of the best-developed section of the polished surface, and
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include thinly-bedded glacial silts with minor grit bands that form part of the Cape
Jervis Formation (Milnes & Bourman, 1972; Alley et al., 1995).

We collected a sample of the Encounter Bay Granite (GC1069-33) from the
fresh surface of a NE-striking joint plane, approximately 20 metres to the southwest
of the polished surface. A pooled fission track age of 226.3 + 10.2 Ma was determined
from 20 apatite grains in this sample (Fig. 3b), with a mean fission track length of
12.85 £ 0.11 um (Fig. 3c). Chlorine is well known to exert a first-order control on
fission track annealing in apatite (e.g. Gleadow & Duddy, 1981) and we measured
wt% Cl contents in every grain with an electron microprobe. All grains have less than
0.04 wt% Cl, with the exception of one grain containing 0.07 wt% Cl (Fig. 3b). The
fission track age is significantly younger than the crystallization age of the granite,
and immediately indicates cooling from significant (i.e. >100°C) palacotemperatures
during the Late Palaeozoic or Mesozoic. Thermal history analysis of this sample
defines two episodes of heating and cooling. The earliest involves cooling from a
maximum palaeotemperature of >103°C some time between 292 and 239 Ma, with
the later episode involving cooling from a lower palacotemperature peak of 62 to

72°C beginning between 76 Ma and the present day (Fig. 3d).

4.2. Hallett Cove

Hallett Cove is one of the best known geological sites in Australia because of
the evidence for glaciation discovered by Tate (1879), subsequently recognized as
being from the Late Palaeozoic by Howchin (1924). Here the glacial deposits of the
Cape Jervis Formation unconformably overlie folded Neoproterozoic Brachina
Formation psammites (Bourman & Alley, 1990; Normington et al., 2018). Evidence

for glacial activity at this site includes numerous, well-preserved glacial erosion
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features including grooves, striae, friction cracks, polished bedrock (Fig. 4a) and ‘p-

forms’ (irregular, polished and smoothed bedrock surfaces eroded by ice and

subglacial meltwater) (Alley et al., 1995). Although the striae vary in orientation, and
typically exhibit cross-cutting relationships, the direction of ice movement is inferred
to be approximately northwesterly (Bourman & Alley, 1990). The glacigenic
sedimentary facies include a lodgement till indicative of glacial advance and
developed contemporaneously with the glacial and subglacial meltwater erosion
features, and a subaquatic flow till complex and glaciolacustrine sediments that were
deposited as the ice sheet stagnated (Bourman & Alley, 1990). Palynomorph data are
only available for the lodgement till deposits and form a restricted assemblage lacking
age-diagnostic features, and hence the stratigraphic context of the glacigenic deposits
at Hallett Cove is not constrained beyond Early Permian (Bourman & Alley, 1990).

We analysed two samples for fission track analysis at Hallett Cove (Fig. 4b).
Sample GC1069-66 is a medium-grained glaciolacustrine sand of presumed Early
Permian age from Sugarloaf Creek, and sample GC1069-67 is a fine-grained
sandstone obtained from an outcrop of the Ediacaran Brachina Formation on a wave-
cut platform beneath Black CIliff.

Sample GC1069-66 gave a pooled fission track age of 398.9 + 19.7 Ma based
on 20 grains (Fig. 4c) and a mean fission track length of 12.77 £ 0.13 um (Fig. 4d).
The majority of apatite grains contained <0.05 wt% Cl, with the remaining grains
exhibiting a range of contents from 0.07 to 0.74 wt% Cl (Fig. 4c). The fission track
age is considerably older than the depositional age of the sample and implies that
post-depositional heating was not of sufficient magnitude to produce significant age

reduction in the detrital apatite grains within the sample. This is confirmed by our
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thermal history analysis, which constrains one rather poorly defined period of post-
depositional heating and cooling, from a maximum palaecotemperature peak of 63 to
76°C beginning between 136 Ma and 12 Ma (Fig. 4e). There is evidence for two
periods of heating and cooling prior to the deposition of the sample. The earliest of
these is from a palacotemperature of >130°C beginning between 651 and 454 Ma,
with the second involving cooling from a palacotemperature of between 86 and 116°C
at some time between 498 and 320 Ma.

For sample GC1069-67 a pooled fission track age of 252 + 15.6 Ma was
determined based on 20 apatite grains (Fig. 4f) with a mean fission track length of
12.12 £ 0.16 um (Fig. 4g) and wt% CI contents mostly <0.18. Thermal history
analysis of this sample defines three episodes of heating and cooling (Fig. 4h). The
earliest episode involves cooling from a palacotemperature peak of >110°C before
300 Ma. This is followed by a subsequent episode of cooling from a lower
palaeotemperature peak of 91 to 103°C beginning some time between 315 and 204
Ma, with a final episode involving cooling from a palaeotemperature peak of 67 to
77°C between 56 and 6 Ma. This is interpreted to represent the same palacothermal
episode as the poorly resolved post-depositional episode observed in sample GC1069-

66.

4.3. Cape Jervis

This locality hosts the type section of the Cape Jervis Formation (Alley &
Bourman, 1984; Bourman & Alley, 1990; Normington et al., 2018). To the north of
the Cape Jervis lighthouse (Fig. 5a), glacigenic deposits of presumed Lower Permian
age unconformably overlie Lower Cambrian metasandstones belonging to the

Carrickalinga Head Formation (Kanmantoo Group), forming cliffs up to 30 m high
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(Alley & Bourman, 1984; Normington et al., 2018). The top of the Carrickalinga
Head Formation is marked by a fractured layer, ca. 0.5 m thick, interpreted to be the
result of frost-shattering (Alley et al., 1995), though no diagnostic sub-glacial erosion
features such as striae have been documented from this site. The glacigenic sequence
at Cape Jervis is approximately 40 m thick and exhibits significant lithological
variability that show a range of subglacial and postglacial environments (Alley et al.,
1995). A restricted arenaceous marine foraminiferal assemblage from the shallowest,
silt- and clay-dominated unit at the type section indicates a Sakmarian age (Alley et
al., 1995).

We collected two samples from this locality. Sample GC1069-68 is a
sandstone from an interstratified section of the Permian sequence approximately 10 m
above the unconformity, and sample GC1069-69 is a Lower Cambrian metasandstone
from an exposure approximately 10 m below the unconformity (Fig. 5a). Sample
GC1069-68 was collected in order to evaluate the degree to which the Permian
section had been more deeply buried, whilst sample GC1069-69 was collected to
show the time when the metasediments were initially exhumed to the surface.

The Lower Permian sample GC1069-68 yielded a pooled fission track age of
339.5 £ 17.8 Ma from 20 apatite grains containing between 0.00 and 0.65 wt% Cl
(Fig. 5b), together with a mean fission track length of 11.61 + 0.22 pum (Fig. 5¢). The
thermal history results for this sample are similar to those for the Permian sample
GC1069-66 from Hallett Cove. Thermal history analysis defined one pre-depositional
and one post-depositional episode of heating and cooling, plus an intermediate
episode that overlaps the timing of deposition (Fig. 5d). The pre-depositional episode
involves cooling from a palacotemperature peak of >130°C beginning between 582

and 443 Ma. The intermediate episode is characterized by cooling from a
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palaeotemperature range of 95 to 100°C between 380 and 244 Ma. The post-
depositional cooling episode is from a palacotemperature range of 71 to 80°C
beginning sometime between 73 and 8 Ma. Assuming that this sample experienced a
similar history to sample GC1069-69 (discussed below) allows the constraints on the
most recent episode of heating and cooling at this location to be further refined to
cooling from a palaeotemperature of 71 to 75°C beginning between 50 and 8 Ma.
The Lower Cambrian sample GC1069-69 gave a pooled fission track age of
260.6 £ 14.1 Ma from 20 apatite grains with wt% CI contents of <0.01 (Fig. 5e), with
a mean fission track length of 12.23 4+ 0.15 um (Fig. 5f). Thermal history analysis of
this sample revealed three palacothermal events (Fig. 5g). The earliest episode of
cooling is from a palacotemperature peak of >130°C beginning some time before 307
Ma. This is followed by a subsequent episode of cooling from a lower
palaeotemperature range of 92 to 103°C beginning some time between 317 Ma and
211 Ma. The final episode of cooling is from a palacotemperature range of 65 to 75°C

beginning between 50 Ma and the present-day.

4.4. Inman Valley

The township of Inman Valley contains a classic geological locality that led
Selwyn (1860) to record the first evidence from South Australia for the widespread
glaciation of Gondwana during the Late Palaeozoic. In the bed of the Inman River
there is an outcrop of Lower Cambrian Kanmantoo Group (Backstairs Passage
Formation) metasedimentary rocks marked by a glacially striated, grooved and
polished bedrock surface (Fig. 6a). This outcrop is now a geological monument that is
commonly referred to as 'Selwyn Rock' or 'Glacier Rock' (Alley, 1995). The southern

bank of the Inman River is formed by a sequence of ?Permian glacial deposits that
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unconformably overlies the Kanmantoo Group and contains a large erratic of the
Encounter Bay granite.

We collected a metasandstone sample (GC1069-70) from an outcrop of the
Kanmantoo Group from beneath the Permian glacial strata (Fig. 6a). Though the
outcrop we sampled did not contain any diagnostic subglacial features, we infer that it
experienced a similar post-Permian geological history to the polished bedrock surface
based on its close proximity (several metres). This sample gave a pooled fission track
age of 260 + 16.1 Ma based on 19 apatite grains containing between 0.02 and 0.10
wt% Cl (Fig. 6b), with a mean track length of 11.94 + 0.20 um (Fig. 6¢). Our thermal
history analysis of this sample defines three episodes of heating and cooling (Fig. 6d).
The earliest episode involves cooling from a maximum palaeotemperature of >110°C
some time between 504 and 317 Ma. The intermediate episode is characterized by
cooling from a palaecotemperature peak of 90 and 100°C between 279 and 158 Ma.
The latest cooling episode is from a lower palacotemperature peak of 60 to 70°C

beginning between 78 and 0 Ma.

4.5. Rosetta Head (The Bluff), Victor Harbor

Rosetta Head (The Bluff) is a prominent landform located ca. 5 km to the
southwest of Victor Harbor. It is comprises an outcrop of the Encounter Bay Granite
intruding the Kanmantoo Group (Milnes et al., 1977). The smooth, rounded profile of
Rosetta Head has been described by some workers as an example of a roche
moutonnée, and thus directly related to the passage of an overlying glacier, though no
direct evidence for glacial activity has been reported from this locality (Bourman &

Milnes, 1977). A sample of medium-grained megacrystic granite (GC1069-71) was
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395  collected from this locality to provide additional constraints on the exhumation

396  history of the Encounter Bay Granite suite.

397 A pooled fission track age of 273.1 + 12.5 Ma was determined for this sample
398  from 20 apatite grains containing <0.04 wt% Cl (Fig. 7a), with a mean fission track
399  length of 11.89 + 0.15 pm (Fig. 7b). Thermal history analysis of this sample revealed
400 three episodes of heating and cooling (Fig. 7¢). The earliest episode involves cooling
401  from a palaeotemperature peak of >120°C beginning sometime between 372 and 322
402  Ma. The intermediate episode involves cooling from a palacotemperature range of 90
403  to 100°C beginning sometime between 301 and 112 Ma. The final episode of cooling
404  is from a palaeotemperature of 60 to 77°C beginning sometime between 47 and 0 Ma.
405

406 4.6 Sellicks Hill

407 The ~NE-SW striking Willunga Fault is one of the most prominent

408  neotectonic structures in southeastern Australia (Sandiford, 2003). The fault is

409  characterized by a distinctive scarp with elevation up to 400 m, which juxtaposes the
410  downthrown Willunga Embayment (containing Cenozoic strata) from the upthrown
411  Sellicks Hill (composed of Cambrian and Neoproterozoic metasedimentary rocks)
412  (Sandiford, 2003; Lubiniecki et al., 2019; Preiss, 2019). The most proximal

413  occurrences of Permian sedimentary rocks are found several km to the southeast of
414  Sellicks Hill in the Myponga Basin, where groundwater wells indicate that Permian
415  strata reach a thickness of ~300 m (Barnett & Rix, 2006). The Permian strata in the
416  Myponga Basin are unconformably overlain by Middle Miocene limestones (Pledge
417  etal, 2015). It has been argued that the Willunga Fault originally formed during the
418  mid Eocene as a bounding fault to a NNW-SSE oriented half-graben (Flottmann &

419  Cockshell, 1996), though Preiss (2019) has recently argued for a more complicated
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history, with initiation of the fault in the Early Cambrian and multiple phases of
extensional and compressional reactivation during the Palacozoic and Mesozoic. It is
generally agreed that the Willunga Fault has experienced dominantly reverse
reactivation since the mid-Cenozoic (Sandiford, 2003; Preiss, 2019) with post-Early
Miocene displacement estimated at ~240 m (Tokarev et al., 1999).

A coarse-grained arkose sample (GC545-2) of the Cambrian Mount Terrible
Formation was collected at a roadside cutting along Main South Road. The sample is
situated in the hangingwall of the Willunga Fault, approximately 1.5 km south of an
exposure of the fault in Cactus Canyon (Holford et al., 2011b). A central fission track
age of 238.6 + 18.3 Ma was determined for this sample from 20 apatite grains
containing <0.2 wt% Cl (Fig. 8a), with a mean fission track length of 12.56 + 0.14 um
(Fig. 8b). Thermal history analysis of this sample revealed two episodes of heating
and cooling (Fig. 8c). The earliest episode involved cooling from a paleotemperature
peak of >103°C beginning sometime between 334 and 248 Ma. The latest episode of
cooling is from a palaecotemperature of 71 to 78°C beginning sometime between 94

and 26 Ma.

4.7 Myponga Beach

To obtain additional insights into the exhumation history in the hangingwall of
the Willunga Fault, we analysed two siliciclastic samples of the Lower Cambrian
Sellick Hill Formation collected at Myponga Beach, ~7 km to the WSW of the road
cutting where GC545-2 was collected (Section 4.6). The Myponga Beach samples
were collected ~10 km to the south and east of the interpreted offshore trace of the
Willunga Fault (c.f. Preiss, 2019). Based on geological mapping and four measured

stratigraphic sections at Myponga Beach, Alexander & Gravestock (1990) identified
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five facies associations within the Sellicks Hill Formation. GC545-3 was collected
from the base of Section 5 (Facies A), and GC545-4 was collected from the base of
Section 4 (Facies B).

A central fission track age of 271.7 + 20.2 Ma was determined for sample
G(C545-3 based on the analysis of 20 apatite grains containing <0.6 wt% CI (Fig. 9a),
with a mean fission track length of 12.61+ 0.15 pm (Fig. 9b). Thermal history
analysis of this sample revealed two episodes of heating and cooling (Fig. 9¢). The
earliest episode involved cooling from a paleotemperature peak of between 107 and
117°C beginning sometime between 364 and 264 Ma. The latest episode of cooling is
from a palaeotemperature of 65 to 74°C beginning sometime between 60 and 0 Ma.

A pooled fission track age of 284.4 + 18.1 Ma was determined for sample
GC545-4 based on the analysis of 20 apatite grains containing <0.5 wt% CI (Fig. 9d),
with a mean fission track length of 12.61% 0.14 pm (Fig. 9¢). Thermal history analysis
of this sample revealed two episodes of heating and cooling (Fig. 9f). The earliest
episode involved cooling from a paleotemperature peak of >113°C beginning
sometime between 370 and 298 Ma. The latest episode of cooling is from a

palaeotemperature of 64 to 77°C beginning sometime between 93 and 18 Ma.

S. Discussion

The major finding of this study is that both glaciated bedrock features of
presumed Early Permian age and overlying Permian glacial sediments at various
localities around the Fleurieu Peninsula in southeastern Australia have been
significantly hotter than present-day temperatures in post-Permian time Our results
thus provide compelling support for the notion that burial and exhumation has played

a key role in the survival of ancient, Gondwanan geomorphic features in the
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contemporary Australian landscape. Following a regional synthesis of our AFTA
results, the ensuing discussion focuses on two key questions: firstly, when were the
bedrock surfaces upon which the glacial features are developed initially exhumed to
the surface? And secondly, by what thickness of cover have they been buried

subsequent to their most recent exhumation?

5.1. Synthesis and discussion of results

Our results reveal three dominant palacothermal episodes, which are observed
in the majority of the AFTA samples (Fig. 10). Most of the Neoproterozoic and
Cambrian samples we collected provide evidence for one or two stages of Late
Palaeozoic— early Mesozoic cooling from palacotemperatures of >86°C, whilst all
samples we analysed, including those from outcrops of late Palacozoic-age glacigenic
sediments, provide evidence for cooling from palaeotemperatures of the order of 60 to
80°C beginning during the Late Cretaceous or Cenozoic. Furthermore, the two
samples of Late Palaeozoic-age glacial sediments provide evidence for a pre-
depositional cooling episode from palacotemperatures >130°C during the late
Neoproterozoic to Early Palaeozoic. In the absence of any significant igneous activity,
or evidence for conductive heating by hydrothermal fluids in our study area over the
past ~300 Myr, we consider it likely that much of the observed heating and cooling is
principally related to the deeper burial (with peak burial depths occurring around the
time of peak palaeotemperatures) and subsequent exhumation of the apatite grains
analysed in our samples. This interpretation is consistent with regional fission track
studies, which suggest that large tracts of southern and southeastern Australia have
been exhumed by several kilometres since the Late Palaecozoic (Gibson & Stiiwe,

2000; Gleadow et al., 2002; Kohn et al., 2002; Boone et al., 2016; Hall et al., 2016).
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5.1.1. Late Neoproterozoic—Early Palaeozoic cooling

We interpret the earliest cooling episode identified in this study, which is
recorded by detrital apatites that have been recycled into the two glacigenic samples
of assumed Permian age, as recording the initial period of exhumation of
Neoproterozoic and Lower Cambrian metasediments in the Fleurieu Peninsula. In
both samples, this event is characterized by cooling from palacotemperatures
exceeding 130°C. Combining the individual timing constraints from these samples
suggests an onset of cooling beginning between 582 and 454 Ma (Fig. 10). The
youngest preserved Lower Palacozoic sedimentary rocks in the Fleurieu Peninsula
belong to the Middle Cambrian Kanmantoo Group (Gravestock, 1995), though Milnes
et al. (1977) have suggested that at least 5 km of additional sedimentary section may
have existed above the Kanmanatoo Group to account for the observed metamorphic
grade. The Cambrian and Neoproterozoic sequences were deformed during the
Delamerian Orogeny, which is believed have commenced around ~514 Ma and
terminated by ~490 Ma (Foden et al., 2006), though some workers have presented
geochronological evidence to suggest an earlier onset of deformation (~554 Ma), prior
to the deposition of the Kanmantoo Group (Turner et al., 2009). Our favoured
interpretation is that this Late Neoproterozoic-Early Palacozoic cooling episode
identified in this study represents uplift and exhumation associated with the

termination of the Delamerian Orogeny.

5.1.2. Late Palaeozoic cooling
Our results define two periods of cooling during the Late Palaeozoic—early
Mesozoic (Fig. 10). The earliest of these is observed in all samples except for

GC1069-33 (from Port Elliot), and is characterized by cooling from
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palaeotemperatures ranging from between 86 to 116°C (sample GC1069-66 from
Hallett Cove) and >130°C (sample GC1069-69 from Cape Jervis). In sample
GC1069-70 (from Inman Valley), the timing of cooling (beginning between 504 and
317 Ma) overlaps with the earlier cooling episode described in Section 5.1.1, though
combining the individual timing constraints from all samples leads us to conclude that
this represents a distinct cooling episode that commenced between 334 and 322 Ma.

We identify a subsequent cooling episode that is recorded in four AFTA
samples (GC1069-33, 67, 69 and 71) which we interpret to represent the final stage of
exhumation leading to the surface exposure of the Neoproterozoic and Cambrian
metasediments and granitic intrusions, upon which the glacial erosion features are
developed at various locations around the Fleurieu Peninsula. The constraints on the
timing of this episode are broadly similar for samples GC1069-67 from Hallett Cove
(beginning between 315 and 204 Ma), GC1069-69 from Cape Jervis (beginning
between 317 and 211 Ma) and GC1069-71 from Victor Harbor (beginning between
301 and 112 Ma).

As described above, precise constraints on the timing of Late Palaeozoic
glaciation events across the Fleurieu Peninsula are broad because of a paucity of
robust biostratigraphic data. Restricted foraminiferal assemblages from the type
locality of the Cape Jervis Formation indicate a Sakmarian age (295.0 to 290.1 Ma)
for the uppermost, marine-influenced unit (Alley et al., 1995). The Lower Cambrian,
metasedimentary sample we analysed from this location (GC1069-69) required
cooling from a palaeotemperature of 92 and 103°C beginning some time between 317
and 211 Ma in order to explain the observed AFTA parameters (Fig. 4g). Whilst this
allows the possibility of cooling having occurred subsequent to the deposition of the

glacigenic section at this locality, the Permian-age sample GC1069-68 does not show
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this episode, instead cooling from a maximum post-depositional palacotemperature of
71 to 80°C beginning between 73 and 8 Ma (Fig. 4d). We thus interpret the results
from GC1069-69 as recording the exhumation of the Kanmantoo Group
metasediments to surface levels during the Carboniferous-earliest Permian, prior to
development of the glacial landscape features. We infer a similar history for the
Neoproterozoic metasediments at Hallett Cove, upon which the glacial erosion
features are developed, with AFTA sample GC1069-67 recording cooling from a
palaeotemperature peak of 91 to 103°C beginning between 315 and 204 Ma.

The sample of Upper Cambrian Encounter Bay Granite (GC1069-33) we
collected from a joint plane close to the polished glacial surface at Port Elliot exhibits
a similar thermal history style to the Lower Palaeozoic and Neoproterozoic samples
from Cape Jervis and Hallett Cove, with cooling from a maximum palacotemperature
peak during the Late Palacozoic, followed by a subsequent period of cooling during
the late Mesozoic—Cenozoic (Fig. 3d). Interpretation of the early cooling episode is
not straightforward, because analysis indicates cooling from a maximum
palacotemperature of >103°C beginning between 292 and 239 Ma i.e. after the
Sakmarian, when the Cape Jarvis Formation is thought to have been deposited. This
episode could be interpreted as recording rapid burial of the polished glacial surface
by a thick (probably >3 km) Permian section, with exhumation beginning shortly after
peak burial conditions (Scenario 2 in Fig. 3d). We do not think that this scenario is
likely; though we were not able to sample the Cape Jervis Formation at Port Elliot,
our samples from Cape Jervis and Hallett Cove indicate maximum post-depositional
palaeotemperatures of 71-80°C and 63-76°C for the glacigenic sediments at these

respective localities.
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Our preferred interpretation is that this early episode represents the rapid
exhumation of the Encounter Bay Granite prior to the development of the polished
surface (Scenario 1 in Fig. 3d), with AFTA defining the onset of cooling from
>110°C as beginning some time between 292 and 239 Ma. Furthermore, the general
consistency between the results from this sample, and those from Cape Jervis and
Hallett Cove supports an interpretation of this event in all samples in terms of
exhumation immediately prior to glaciation. Evidently, some direct biostratigraphic
constraints on the age of the Permian section at Port Elliot, coupled with additional
thermochronological analysis of Encounter Bay Granite samples from this location
are desirable if the pre-glacial exhumation history of the polished surface is to be
more fully understood. One possible implication of the interpretation of our results is
that the age of the glacigenic sediments of the Cape Jervis Formation in the Fleurieu
Peninsula, which have been approximately constrained as Asselian—Sakmarian, may
be somewhat younger than hitherto thought.

Assuming that the Late Palacozoic—early Mesozoic cooling episodes recorded
by samples GC1069-33, 67, 69 and 71 represent the same event, a consistent onset of
cooling beginning between 292 and 239 Ma is defined (Fig. 10). We note that our
interpretation of the AFTA results, which indicates two periods of Late Palacozoic
cooling beginning between 334 and 322 Ma, and 292 and 239 Ma, is broadly
consistent with the earlier AFTA investigation by Gibson & Stiiwe (2000), which was
conducted just to the north of our study area. Gibson & Stiiwe (2000) reported that
selected AFTA samples from the Mount Lofty Ranges exhibit evidence for cooling
from palacotemperatures >120°C beginning prior to 350 Ma, and from ~95 to 115°C
during a subsequent event beginning between 300 and 270 Ma. The likely causes of

these cooling episodes are discussed later in this paper.
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5.1.2. Early-mid Mesozoic cooling?

One of the samples we analysed (GC1069-70 from Inman Valley) provided
evidence for a distinct cooling episode from a well-defined palaeotemperature peak of
90 to 100°C beginning between 279 and 158 Ma (i.e. during the Mid-Permian to the
Late Jurassic; Fig. 6d). In contrast to sample GC1069-69 from Cape Jervis, which
records the exhumation of the Kanmantoo Group prior to Permian glaciation and
sedimentation, it is possible that the results from GC1069-70 record the reburial of the
glaciated, polished bedrock surface by thick Permian (and possibly Triassic and
Jurassic) sediments. This cooling episode appears to be restricted to the Inman Valley
and is not recorded by the samples of the Cape Jervis Formation that we collected
from the type locality and Hallett Cove. The restriction of this episode to Inman
Valley may reflect the locally thicker accumulation of Permian section here, with the
recorded thickness of Permian sediments in the Inman Valley region exceeding 300 m
but potentially being much thicker (Crowell & Frakes, 1971).

An alternative interpretation of this episode is that it reflects the same Permian
to Mid-Triassic (292-239 Ma) event that is observed in samples from Hallett Cove,
Cape Jervis, Rosetta Head and Port Elliot. The magnitude of the palacotemperature
peak (~90-100°C) is very similar to that in the other samples that show this event,
though assuming that GC1069-70 records the same cooling episode would suggest a
later onset of cooling across the region, beginning between 279 and 239 Ma. This
would imply an even younger age (Mid—Late Permian?) for glacial activity in this
area, which we think is probably unlikely. A further possibility is that this episode
records localized heating by hot fluids, presumably through permeable units within
the Permian strata or at the unconformity between the Cambrian metasediments and

the Permian section. A further alternative explanation for the apparently later cooling
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in sample GC1069-70 is that the timing constraint could simply represent a statistical
outlier from the 292-239 Ma cooling episode, since with 20 individual estimates of
the onset of cooling, one might reasonably be expected to fall outside 95% confidence

limits. On balance, this option represents our preferred interpretation.

5.1.3. Paleogene cooling

All samples analysed in this study record evidence from cooling of
palaeotemperatures in the region of 60 to 80°C beginning during the Cretaceous or
Cenozoic (Fig. 11). In some samples (e.g. GC1069-66 from Hallett Cove) the
constraints on the onset of this cooling are quite broad (beginning between 136 and 12
Ma) whilst in other samples the onset of cooling is more precisely defined (e.g.
GC1069-69 from Cape Jervis which began cooling between 50 and 0 Ma). Whilst no
known Cretaceous rocks occur within this study area, Cenozoic marine and non-
marine units are variably preserved in marginal basins that flank and occur within the
Mt Lofty Ranges (Lindsay & Alley, 1995; Pledge et al., 2015). These units help place
some additional constraints on the probable time of exhumation associated with this
cooling episode. Hallett Cove is situated in the hangingwall of the Eden-Burnside
Fault, where there is considerable evidence for Cenozoic displacement (Bourman &
Lindsay, 1989; Sandiford, 2003; Clark et al., 2012). At this location the Cape Jervis
Formation is unconformably overlain by the Upper Pliocene Hallett Cove Sandstone,
a one-meter-thick, transgressive, shallow marginal marine calcareous sandstone to
sandy limestone (Lindsay & Alley, 1995). Hence at this location the Permian section
must have been exhumed to the surface by the Late Pliocene, consistent with results
from sample GC1069-66 that indicate that the second phase of cooling recorded by

the sample of the Brachina Formation had begun by at least 12 Ma.
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Combining timing constraints for all samples suggests that cooling began
between 47 and 26 Ma (Fig.10). Using a present-day surface temperature of 20°C,
and applying an arbitrary palacogeothermal gradient of 30°C km™! implies that
samples that crop out throughout our study area were buried by more than ~1 km of
Permian to Paleogene section prior to the onset of cooling in this episode. If
exhumation occurred rapidly, and advective heating raised geothermal gradients at
shallow crustal levels, or if the thermal conductivity of the removed section was low,
the amount of required section to be eroded would be reduced. Some evidence for this
notion is provided by constraints on subsurface temperatures acquired during the
drilling of the Stansbury West-1 well on the Yorke Peninsula in 1966 (Fig. 12). This
well encountered ~303 m of ?Permian-aged sedimentary rocks, overlying ~1.4 km of
Cambrian and older strata. Subsurface temperatures were measured during a series of
drill-stem tests (DSTs) conducted at various depths within the well. When the DST
temperatures are plotted against depth (Fig. 12), they reveal evidence for a non-linear
geothermal gradient, with the ?Permian sequence characterised by a higher
geothermal gradient (46.2°C km! assuming a present-day surface temperature of
21°C), and the Cambrian and older strata characterised by a lower geothermal
gradient (24.7°C km™). These data indicate that the thermal conductivity of preserved
Permian sedimentary rocks is considerably lower than that of underlying Cambrian

and older sequences.

5.2. Tectonic and palaeogeographic implications
5.2.1. Late Palaeozoic
Our AFTA results imply that Lower Palaecozoic and Neoproterozoic

metasedimentary rocks and granitic intrusions at several locations around the Fleurieu
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Peninsula in southeastern Australia were exhumed to the surface prior to or during the
Early Permian glaciation of Gondwana, from burial depths of up to 3 km. Previous
workers (e.g. Milnes & Bourman, 1972) have suggested that much of this exhumation
may have been accomplished during and by the glacial activity, but we note that a
significant Late Palaeozoic exhumation event is observed throughout much of
southern Australia. In a study conducted immediately to the north of our study area,
Gibson & Stiiwe (2000) presented AFTA results from a suite of samples collected
from outcrops across the Mount Lofty Ranges that cooled from palacotemperatures of
>120°C before 350 Ma, and from around 95-115°C beginning between 300 and 270
Ma. Further to the north, Mitchell et al. (2002) described an extensive suite of apatite
fission track data from the northwestern Curnamona Craton and northernmost
Flinders Ranges that indicated variable but regional cooling of these areas from
palaeotemperatures of >110°C during the Late Carboniferous to Early Permian
(commencing between ~310 to 260 Ma). To the northwest of our study area, Tingate
& Duddy (2002) report Carboniferous-Permian cooling (350 to 250 Ma) in AFTA
samples from several wells in the Officer Basin and Hall et al. (2016) report rapid late
Carboniferous-early Permian cooling in apatite fission track data from the Peake and
Denison Inliers in northern South Australia. A regional compilation of AFTA and
organic maturity data from several basins (the Amadeus, southern Georgina, Perdika
and Simpson Desert) located in central Australia also documents widespread cooling,
broadly commencing during the Late Carboniferous to Early Permian (Gibson et al.,
2005). In all these studies, the authors interpret this cooling in terms of exhumation
related to the proximal or distal effects of the Alice Springs Orogeny, which was
characterized by a distinct episodic temporal evolution (cf. Shaw et al., 1991; Haines

et al., 2001; Raimondo et al., 2014). Our results provide further support for the notion
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of widespread exhumation across southern Australia during the latest Carboniferous-
earliest Permian. Glacial erosive processes may have accentuated this exhumation, but
we suggest that the regional extent of this exhumation points to a driving mechanism

that is primarily tectonic in origin.

5.2.2. Permian-Mesozoic

Following the development of the glacial surfaces of presumed Early Permian
age, our AFTA results indicate that these features underwent variable but significant
burial. Deeper burial at Inman Valley may have culminated by the Late Jurassic,
although AFTA results from the other sites we have sampled imply that maximum
post-Permian burial depths occurred by the Late Cretaceous or Paleogene. We
speculate that a significant component of this now-removed section across the region
comprised Permian sediments. The maximum known thickness of Permian sediments
in the Fleurieu Peninsula is ~300 m in Back Valley, to the south of Inman Valley
(Alley & Bourman, 1995). To the west of the Fleurieu Peninsula, 339 m of
sedimentary rocks assigned to the Cape Jervis Formation were penetrated by the
Enchilada-1 well drilled in Gulf St Vincent, similar to the 303 m of presumed
Permian-age strata encountered by Stansbury West-1 on the Yorke Peninsula. To the
east of the Fleurieu Peninsula, the Donna-1 petroleum exploration well encountered at
least 167 m, but possibly as much as 549 m of Cape Jervis Formation sediments
(Brakel & Totterdell, 1995). However, seismic reflection data acquired to the south of
the Fleurieu Peninsula (Fig. 2) suggests the existence of up to ~2 km of Permian
section in a trough incised into underlying Lower Palaeozoic crystalline and
metasedimentary rocks (Flottmann & Cockshell, 1996). This Permian section is in

turn overlain by up to 1 km of Cenozoic section (Alley & Bourman, 1995). This
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section is yet to be tested by drilling, but if the interpretation of Flottman & Cockshell
(1996) is correct, this implies that the preserved offshore Permian sequence is
comparable in thickness to the degree of burial of the Permian glacial surfaces and
sediments onshore as suggested by our AFTA results.

Further support for the existence of a thick cover of Permian strata across parts
of the Fleurieu Peninsula is provided by the occurrence of abundant reworked
Permian palynomorphs in Cretaceous siliciclastic rift and post-rift successions in the
Ceduna and Duntroon (Alley and Clarke, 1992) and Otway basins (Duddy, 2003) to
the southwest and southeast of the Fleurieu Peninsula, respectively. A dredge sample
of the Maastrichtian-early Danian Potoroo Formation, obtained from the Duntroon
Sub-basin about 150 km west of Kangaroo Island, contained palynomorphs indicative
of Kungurian (283.5 to 272.3 Ma) or younger Permian assemblages (Alley & Clarke,
1992). Sediments of this age are not known from proximal Permian basins including
those around the Fleurieu Peninsula, with the nearest Kungurian or younger Permian
sediments found in small Permian-Triassic Springfield Basin in the southern Flinders
Ranges, approximately 600 km to the northeast of the dredge site. Alley & Clarke
(1992) thought it unlikely that the recycled palynomorphs were derived from this
location, suggesting that the source was more probably a now eroded unit from the
proximal Permian basins (including the Troubridge Basin), or perhaps much more
distant (e.g. the Cooper Basin in northeastern South Australia).

Alley & Clarke (1992) also reported a large proportion of recycled Late
Jurassic to Early Cretaceous palynomorphs within Upper Cretaceous (Turonian-
Maastrichtian) sediments recovered from dredge sites in the eastern Ceduna and
Duntroon sub-basins, though similar recycling is not observed in Turonian-Santonian

mudstones recovered from IODP site U1512 in the western Ceduna sub-basin
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(Wainman et al., 2020). Whilst Alley & Clarke (1992) ascribed a local source for the
palynomorphs identified in dredge samples (particularly for Aptian-Albian
dinoflagellates interpreted to have been reworked from eroded marine facies), it is
possible that some of the palynomorphs were derived from Jurassic—Cretaceous
sedimentary units that were deposited in the hinterland to these basins, but which now
have been largely removed by erosion. This view is consistent with the AFTA data
presented in this study, and from previous AFTA studies in the Adelaide Fold Belt
(Gibson & Stiiwe, 2000), Flinders Ranges (Tingate et al., 2007) and Officer Basin
(Tingate & Duddy, 2002). These studies consistently show that exposed or subsurface
rock samples mostly from the Lower Palaeozoic throughout this region were heated
throughout the Mesozoic, prior to cooling beginning in the Late Cretaceous or early
Cenozoic. This heating is interpreted to reflect the burial of these areas by a Mesozoic
sedimentary sequence.

Independent support for this notion is provided by a provenance study of
Santonian—Maastrichtian sediments recovered from the Gnarlyknots-1 well, which
was drilled in the deepwater Ceduna sub-basin. MacDonald et al. (2013) presented U-
Pb and fission track ages from 786 detrital zircon grains obtained from cuttings
samples recovered by this well, and concluded that the dominant zircon populations
were best explained by the recycling of Permian- to Early Cretaceous-age
sedimentary sequences from the hinterland following Late Cretaceous exhumation.

We note that the concept of the accumulation of substantial thicknesses of
Permian—Cretaceous sedimentary rocks over large areas of contemporary southern
Australia stands at odds with some existing latest Palacozoic-Mesozoic
palaeogeographic reconstructions for Australia, which typically show the Fleurieu

Peninsula and surrounding areas as emergent or undergoing erosion (Bradshaw &
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Yeung, 1990; Brakel & Totterdell, 1996). This approach is common in many
paleogeography studies, with areas of positive relief devoid of cover today interpreted
as representing long term stable regions. A detailed reappraisal of the
palaeogeography of this region is beyond the scope of this study, but should be a
focus of future research guided by the growing body of data from low temperature
thermochronology, in order to help better constrain the petroleum prospectivity of
Mesozoic sedimentary basins located along the southern Australian margin (cf.
Holford et al., 2010; MacDonald et al., 2012; Tassone et al., 2014, 2017). Improved
tectonic models are also required incorporating this revised view, in order to explain
the timing and style of continental breakup in eastern Gondwana, resulting in the
formation of the conjugate southern Australian and Antarctic margins (e.g. Espurt et

al., 2009; White et al., 2013).

5.2.3. Cenozoic

The preceding discussion has highlighted existing thermochronological and
geochronological evidence for Cenozoic exhumation in a region surrounding the
Fleurieu Peninsula. AFTA sample GC1069-33 from Port Elliot allows for the onset of
cooling during the Late Cretaceous or later (beginning between 76 and 0 Ma), but
results from Hallett Cove, Cape Jervis and Rosetta Head point to an early Cenozoic
onset of exhumation, with cooling beginning after 56 Ma at Hallett Cove, after 50 Ma
at Cape Jervis and after 47 Ma at Rosetta Head. Assuming that the late cooling
episode recorded by AFTA represents the same event, sample GC545-2 from Sellicks
Hill indicates that cooling and exhumation must have commenced prior to 26 Ma,
whilst sample GC1069-66 from Hallett Cove indicates that cooling and exhumation

must have commenced prior to 12 Ma.
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We suggest that the cooling and exhumation most likely occurred during the
early Cenozoic (Late Palacocene—Early Eocene) (cf. Gibson & Stiiwe, 2000) in
conjunction with the development of the Cenozoic St Vincent Basin, which has been
interpreted by some to be a flexural depression that developed in response to
topographic loading following the compressional reactivation of the Mt Lofty and
southern Flinders Ranges (Flottmann & Cockshell, 1996). Preiss (2019) has suggested
that compressional reactivation of the Willunga Fault commenced during the Eocene
and is marked by a hiatus at the top of the North Maslin Sand during the Bartonian
(McGowran et al., 2016). The evidence for the onlap of the Willunga Fault by
Oligocene and Miocene strata indicates that the Willunga Scarp had been established
by the mid-Cenozoic (Preiss, 2019). Given the presence of Late Oligocene to Middle
Miocene age marine sediments in isolated intermontane basins such as the Myponga
Basin and Hindmarsh Tiers Basin (Lindsay & Alley, 1995; Pledge et al., 2015), it is
clear that Cenozoic exhumation and burial of the Fleurieu Peninsula was highly

differential, and thus probably involved discrete fault reactivation (Preiss, 2019).

6. The preservation of ancient landscapes in the Australian continent:
Implications for the tectonic stability of continental interiors

Our results are consistent with the findings of a series of recent studies into the
preservation of pre-Cenozoic, Gondwana-era landforms across the Australian
continent. The Western Australian Shield, including the Yilgarn and Pilbara cratons,
is made up of Achaean and Proterozoic rocks, some of which date back to ~4 Ga
(Wilde et al., 2001), and has generally been regarded as one of the most ancient
landscapes on Earth (e.g. Jutson, 1914). Evidence for the subaerial exposure of the

Yilgarn Craton during the Phanerozoic is provided by Permian—Carboniferous glacial
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deposits preserved along its eastern margin (Eyles and de Broekert, 2001) and by
weathering imprints in open pit gold mines in the northern Yilgarn Craton that have
been dated as Late Carboniferous and Late Cretaceous by palacomagnetic data
(Pillans, 2007). Apatite fission track data from the northern Yilgarn Craton presented
by Weber et al. (2005) point to the pre-Permian exhumation of this region followed
by re-burial of this region by ~3 km of Permian sediments, followed by exhumation
leading to re-exposure by the Late Cretaceous (Pillans, 2007). Similarly, Belton et al.
(2004) presented apatite fission track data supported by cosmogenic radionuclide
('°Be and 2°Al) analyses that bear on the evolution of the Ashburton Surface in the
Tennant Creek area, a series of elevated (~500 m asl) planar ridge tops that have been
purported by some authors to have been continuously exposed since the Cambrian
(Stewart et al., 1986). However, Belton et al.’s (2004) results imply that this region
was also buried beneath several kilometres of Palaeozoic—early Mesozoic sedimentary
cover prior to exhumation that began during the latest Jurassic to Cretaceous.
Similarly, in the Eastern Highlands in southeastern Australia, many ancient landscape
remnants and associated regolith materials (e.g. deep weathering profiles) have been
preserved alongside remnants of Mesozoic sedimentary cover (Hill, 1999). This is
especially apparent on the margins of the Gippsland Basin at Wilsons Promontory and
Phillip Island in Victoria (Hill, 1999).

The results of this study, when considered alongside those of Belton et al.
(2004) and Weber et al. (2005), imply that much of the contemporary Australian
continent experienced a strikingly coherent pattern of vertical motions from the late
Phanerozoic onwards. Both the Fleurieu Peninsula, the northern Yilgarn Craton and
the Pilbara Craton appear to express a record of Late Palaeozoic exhumation, perhaps

representing distal responses to the intraplate Alice Springs Orogeny (e.g. Raimondo
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et al., 2014; Moron et al., 2020). Across the Fleurieu Peninsula and Yilgarn Craton
this was followed by km-scale burial and the accumulation of a thick Permian-lower
Mesozoic sedimentary cover. Renewed exhumation leading to the removal of much of
this cover commenced variably during the Cretaceous—Cenozoic, possibly in response
to the modification of stress regimes following the termination of subduction along
eastern Gondwana and the evolving separation of southern Australia and Antarctica
(Matthews et al., 2012; Holford et al., 2014). These observations lend support to the
notion that repeated cycles of burial and exhumation are a characteristic feature of
intraplate tectonic settings (Holford et al., 2009, 2010). Similar histories have been
defined in other cratonic settings (e.g. Flowers and Kelley, 2011; Ault et al., 2013) as
well as numerous passive margins (Green et al., 2013, 2018). Such cycles may be
symptomatic of the responses of continental regions to oscillatory fluctuations of
intraplate stress regimes (from extensional to compressional and vice versa) driven by
changes in distant plate boundary activity over long (tens to hundreds of Myr)
geological timescales (Sandiford, 2010). This oscillatory behaviour has played a
central role in preserving ancient landscapes by burial prior to subsequent
exhumation, not only in Australia but many other parts of the world (Green et al.
2013). Thus, the presence of ancient landscapes at the surface today is testimony to

recent, rather than ancient, exposure.

7. Conclusions

Ancient geomorphic landforms that are preserved in the contemporary
landscape provide an opportunity to assess the long-term tectonic stability of the
continental crust. The occurrence of such features in parts of Australia has led some

workers to argue for the long-term (i.e. hundreds of Myr) subaerial emergence of the

EarthArXiv preprint 36



869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

889

890

891

892

893

Holford et al. Burial and exhumation of late Palaeozoic landsurfaces

Australian landscape, but through the application of thermochronological tools such
as apatite fission track analysis (AFTA), several recent studies have shown that some
notable ancient (Early Palacozoic) geomorphic features in Australia have experienced
significant burial and exhumation during the Mesozoic and Cenozoic eras. In this
study we applied AFTA to a suite of samples collected from localities in the Fleurieu
Peninsula, southeastern Australia, that contain evidence for glacial erosion and thus

subaerial exposure during the Early Permian. Our results suggest that the preserved

rocks at these localities have been buried by ~1 km of now-eroded Permian—-Mesozoic

sedimentary cover prior to exhumation that probably began in the Paleogene. These
findings have profound implications for palacogeographic and tectonic
reconstructions of this part of the Australian continent, whilst lending further
credibility to the emerging view that burial and exhumation provides an effective
mechanism for the preservation of ancient geomorphic features in the contemporary

landscape.
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Figure Captions

Figure 1: Late Carboniferous-Early Permian paleogeographic reconstruction of
Gondwana, highlighting the extensive glaciations and sedimentary basins containing
glacial or peri-glacial deposits. Modified after Lopez-Gamundi (2010) and Blewett et

al. (2012).

Figure 2: Simplified geological map of the Fleurieu Peninsula and surrounding
regions, highlighting the main sampling localities and wells referred to in this study.
Cross-section A-A’ through the St Vincent, Myponga, Hindmarsh Tiers and Murray
basins modified after Pledge et al. (2015). Seismic reflection profile B-B’ showing the
interpreted presence of a thick sequence Permian-Carboniferous offshore to the south

of the Fleurieu Peninsula, modified after Flottmann & Cockshell (1996).

Figure 3: (a) Photograph showing location of sample GC1069-33 at Knights Beach,
Port Elliot. Sample was collected from the surface of a NE-striking joint plane,
approximately 5 metres to the west of a glacially polished, striated surface developed
on the Encounter Bay Granite (shown in inset). (b) Variation of fission track age with
Chorine content for individual apatite grains within sample GC1069-33. (c) Plot of
fission track length distribution for sample GC1069-33. (d) Thermal history solutions
extracted from AFTA data from sample GC1069-33. As discussed in the text, our

preferred interpretation is scenario 1.

Figure 4: (a) Photograph showing glacially polished, striated surface developed on
siltstones of the Neoproterozoic Wilpena Group at Black Cliff, Hallett Cove. (b)
Simplified geological map of Hallett Cove showing locations of samples GC1069-66

and 67, modified after Normington et al. (2018). (c) Variation of fission track age
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with Chorine content for individual apatite grains within sample GC1069-66. (d) Plot
of fission track length distribution for sample GC1069-66. (¢) Thermal history
solutions extracted from AFTA data from sample GC1069-66. (f) Variation of fission
track age with Chorine content for individual apatite grains within sample GC1069-
67. (g) Plot of fission track length distribution for sample GC1069-67. (h) Thermal

history solutions extracted from AFTA data from sample GC1069-67.

Figure 5: (a) Simplified geological map of Cape Jervis showing locations of samples
GC1069-68 and 69, modified after Normington et al. (2018). (b) Variation of fission
track age with Chorine content for individual apatite grains within sample GC1069-
68. (c) Plot of fission track length distribution for sample GC1069-68. (d) Thermal
history solutions extracted from AFTA data from sample GC1069-68. (e) Variation of
fission track age with Chorine content for individual apatite grains within sample
GC1069-69. (1) Plot of fission track length distribution for sample GC1069-69. (g)

Thermal history solutions extracted from AFTA data from sample GC1069-69.

Figure 6: (a) Photograph showing glacially polished, striated surface developed on
Kanmantoo Group metasedimentary rocks at Inman Valley, and location of AFTA
sample GC1069-70. (b) Variation of fission track age with Chorine content for
individual apatite grains within sample GC1069-70. (c) Plot of fission track length
distribution for sample GC1069-70. (d) Thermal history solutions extracted from

AFTA data from sample GC1069-70.

Figure 7: (a) Variation of fission track age with Chorine content for individual apatite

grains within sample GC1069-71. (b) Plot of fission track length distribution for
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sample GC1069-71. (c) Thermal history solutions extracted from AFTA data from

sample GC1069-71.

Figure 8: (a) Variation of fission track age with Chorine content for individual apatite
grains within sample GC545-2. (b) Plot of fission track length distribution for sample
GC545-2. (c) Thermal history solutions extracted from AFTA data from sample

GC545-2.

Figure 9: (a) Variation of fission track age with Chorine content for individual apatite
grains within sample GC545-3. (b) Plot of fission track length distribution for sample
G(C545-3. (c) Thermal history solutions extracted from AFTA data from sample
G(C545-3. (d) Variation of fission track age with Chorine content for individual
apatite grains within sample GC545-4. (e) Plot of fission track length distribution for
sample GC545-4. (f) Thermal history solutions extracted from AFTA data from

sample GC545-4.

Figure 10: Comparison of the timing information derived from all AFTA data that
show evidence for higher palaeotemperatures post-deposition or intrusion. Synthesis
of results identifies a number of discrete phases of cooling, indicated by the vertical
bands. Grey boxes indicate the range of stratigraphic ages for single samples.
Horizontal bands define range of timing for the onset of cooling derived from AFTA
data in each sample within a 95% confidence interval. The timing constraints from
AFTA data are compared with AFTA results from the Otway Basin, the generalized

stratigraphy of the study area and the proximal Ceduna sub-basin, and with co-eval
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plate tectonic events (after Holford et al., 2011a; MacDonald et al., 2013; Raimondo

etal., 2014).

Figure 11: Simplified geological map of the Fleurieu Peninsula emphasising the
observed and inferred locations of faults that exhibit evidence for displacement during
the Cenozoic, in relation to the surface distribution of Cenozoic and Permian-
Carboniferous sedimentary rocks. The map also highlights AFTA samples that exhibit
evidence for cooling at some point during the Cenozoic, with associated constraints

on the temperature and timing of the cooling in individual samples.

Figure 12: Diagram showing constraints on estimated present-day temperatures as a
function of depth in the Stansbury West-1 well in the Yorke Peninsula. Note the
elevated geothermal gradient associated with the Permian strata, implying that these

rocks have lower thermal conductivity than the underlying Cambrian sequence.
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