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Abstract

In mid-2022 two paleoseismic trenches were excavated across the Willunga Fault at Sellicks
Hill, ~40 km south of Adelaide, at a location where range front faulting displaces a thick colluvial
apron, and flexure in the hanging wall has produced an extensional graben. Vertical separation
between time-equivalent surfaces within the Willunga Embayment and uplifted Myponga Basin
indicate an average uplift rate of 40 m/Myr since 5 Ma across the Willunga fault at the trench
location, equivalent to a slip rate of 57 m/Myr across a 45° dipping fault.

The field sites preserve evidence for at least 4-5 large earthquake events involving
approximately 6.9 m of discrete slip on fault planes since the Mid to Late Pleistocene. If the
formation of red soil marker horizons in the trenches are assumed to relate to glacial climatic
conditions, then a slip-rate of 26-46 m/Myr since the Mid Pleistocene is obtained. These
deformation-rate estimates do not include folding in the hanging wall of the fault, which is likely
to be significant at this site as evidenced by the existence of a pronounced hanging wall
anticline. In the coming months, the results of dating analysis will allow quantitative constraint
to be placed on earthquake timing and slip-rate, and a structural geological study seeks to
assess the proportion of deformation partitioned into folding of the hanging wall.

The 2022 trenches represent the most recent of ten excavated across this fault. Integration of
the 2022 data with those from previous investigations will allow fundamental questions to be
addressed, such as whether the Willunga fault ruptures to its entire length, or in a segmented
fashion, and whether any segmentation behaviour is reflected in local slip-rate estimates.
Thereby we hope to significantly improve our understanding of the hazard that this, and other
proximal Quaternary-active faults, pose to the greater Adelaide conurbation and its attendant
infrastructure.
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1 Introduction

An unresolved question in Australian seismic hazard modelling is to what extent the record of
earthquakes over the last few decades is representative of what might be expected in the
future. This uncertainty is addressed in national-scale seismic-hazard models by the
incorporation of ‘background’ seismic source zones, within which regional maximum
magnitude (Mnax) earthquakes might occur anywhere, and by the incorporation of fault-source
models (Clark et al., 2016; Allen et al., 2020). Fault-source models are ideally parameterized
by paleoseismic data obtained as the result of fault-specific investigations. In the Australian
context, where non-periodic slip distributions have been proposed for several of the few well-
studied faults (Crone et al., 1997; Quigley et al., 2010; Clark et al., 2012; Clark et al., 2015;
Griffin et al., 2020), it is important to assess fault activity rates over the last several seismic
cycles and over the last few million years. Very few such datasets exist. Faults within and
bounding the Mounty Lofty Ranges, proximal of Adelaide (Figure 1), provide opportunities to
collect additional data in a region thought to pose a relatively high seismic hazard by intraplate
standards (Allen et al., 2020).
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Figure 1. The southwest Mt Lofty Ranges showing the Willunga fault, adjacent western range bounding
faults (source: neotectonics.ga.gov.au), and associated embayments. Basemap derived from Jaxa
AW3D30 world DEM. Blue and green areas indicate low elevation compared to brown and grey areas.
Intramontane basins are shown after Alley and Lindsay (1995). Section line A-A’ crosses the Willunga
fault near the trench locations. Willunga, Ochre Cove and Eden Burnside faults are likely to have
offshore extensions.
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1.1  The Mt Lofty Ranges

Tectonic relief-building has occurred in the fault-bound Mount Lofty Ranges at various times
during the Cenozoic; most recently in the last ca. 5 million years (Tokarev et al., 1999;
Sandiford, 2003b; Preiss, 2019b). Long-term uplift rates for the Ranges can be estimated by
examining the sedimentary record within small intramontane basins (cf. Alley and Lindsay,
1995). For example, Stoian (2004) document marine Mio-Pliocene sediments at an elevation
of 290 m AHD from within the Meadows Basin (Figure 1). The Miocene-Pliocene sea level
high-stand is constrained to have reached levels of up to 65 m above present in the Murray
Basin (Brown and Stephenson, 1991; Sandiford, 2003a; Miller et al., 2005), and the sediments
deposited in 20-60 m of water depth. The sediments have therefore been uplifted 245-285 m
since their ca. 5 Ma deposition, resulting in an average uplift rate of 49-57 m/Myr. Total uplift
of the Meadows Basin is attributed to reverse faulting along the Eden-Burnside, Ochre Cove-
Clarendon, and Willunga faults (Figure 1).

While Alley and Lindsay (1995) considered the possibility of a weak marine connection
between the Meadows and Myponga basins (Figure 1), direct sedimentary correlatives are yet
to be documented (Preiss, 2019b). However, if it is accepted that the Miocene-Pliocene
unconformity (MPU) surface marking the onset of the current neotectonic stress regime
(Dickinson et al., 2002; Sandiford et al., 2004) is developed in the top of the Port Willunga
Formation (e.g. McGowran et al., 2016), then there is approximately 200 m of vertical
separation of this surface between the Myponga Basin, and the Willunga Embayment to the
west, across the Willunga Fault (Figure 2a). An unmapped southerly extension of the
Williamstown-Meadows fault is perhaps responsible for an extra 50 m of uplift of the MPU
between the Myponga and Hindmarsh Tiers basins (cf. Figures 1 and 2b), yielding a 250 m
total uplift estimate for the Mt Lofty Ranges consistent with that further north. An average uplift
rate of ~50 m/Myr since ~5 Ma is obtained, and attributed to reverse faulting on the Willunga
Fault and the southern extension of the Williamstown-Meadows Fault.

1.2  The Willunga Fault and associated sedimentary stratigraphy

The Willunga Fault is mapped as extending more than 55 km from the Mt Bold area in the
north, to Sellicks Beach in the south, where it continues offshore for an indeterminate distance
(Figure 1). The fault shares east-west contractional strain with the Eden-Burnside and Ochre
Cove-Clarendon faults in the northern third of this length, and is the master range-bounding
fault in the southern two thirds. This setting is reflected in the total offset across pre-Cenozoic
basement rocks across the fault, which is significantly greater to the south (Figure 3).

The fault separates an approximately 300 m thickness of Cenozoic sediments within the
Willunga Embayment from Cambrian and older basement rocks that form the core of the Mt
Lofty Ranges (Figure 2a). The Early Oligocene to Middle Miocene calcareous sediments of the
Port Willunga Formation (McGowran et al., 2016) form the greatest thickness of sediments in
the Willunga Embayment (Figure 2a), and are recorded with similar thickness of section in the
uplifted Myponga and Hindmarsh Tiers Basins (Figure 2b). This suggests that uplift of the
intramontane basins post-dates the deposition of the Port Willunga Formation, consistent with
the interpretation that the top of this formation represents the MPU surface seen in all
southeast Australian basins (McGowran et al., 2016).

Approximately 80-100 m of Pliocene and younger sediments overlie the MPU (Figure 2). At
their base, Pliocene near-marine and coastal swamp sediments in the Meadows Basin (Stoian,
2004) may be correlative to the Late Pliocene Hallett Cove Sandstone in the Willunga and
Noarlunga embayments (cf. Fairburn, 2000; McGowran et al., 2016; Preiss, 2019a). The Plio-
Pleistocene Burnham Limestone, and the early Pleistocene Seaford Formation (>1.07 Ma),
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overlie the Hallett Cove Sandstone and represent the uppermost marine sediments in the
embayments and intramontane basins.

Coarse talus to proximal fluvial sediments of the Kurrajong Formation were deposited on and
adjacent to the Willunga, Eden-Burnside and Para faults in the Early Pleistocene, suggesting
that these faults were all active at this time. At Sellicks Beach the Seaford Formation, and the
overlying mid-Pleistocene Ochre Cove formation (<1.07 Ma), consist of alluvial/colluvial sand
and gravel-dominated sediments derived from the nearby Mount Lofty Ranges (Ward, 1965,
1966; May, 1992; Pillans and Bourman, 2001), indicating continuing uplift on the Willunga Fault
through the mid-Pleistocene. The overlying grey-green, and generally finer-grained Ngaltinga
Clay mantles the landscape and lacks sedimentary structures in the Sellicks Beach area,
consistent with a mainly aeolian origin (Pillans and Bourman, 2001). Alluvial/colluvial clayey
sand and gravel-dominated sediments of the Christies Beach Formation (also called the
Pooraka Formation) overlie the Ngaltinga formation clays. These sediments mantle a 125,000-
year shore platform at Sellicks Beach (Murray-Wallace and Bourman, 2002), and form terraces
as young as ca. 85 ka (Bourman et al., 2020; Bourman et al., 2022). A succession of younger
units are identified from Sellicks Creek (Bourman et al., 2020), with the Holocene Waldeila
Formation, which forms inset terraces, being uppermost.

Noﬂh Ij Plio-{.'luatermtryD Chinaman Gully S?&s"m
400 4 sediments Formation
@ Port Willunga Cape Jervis
Formation Beds SA Black Coa
Blanche Point Syndic:i; Bore
200 Formation D Basement Selicks Hil ]
4 . !
—_ I:I Maslin Sands m fault I
% - unmimed] ] I I."
S WLGA4 WLG40 wLes fault | =
= _{ L
S 04— =0 — =T] = b i T —— I\ 7~ f 1
'.a IIIIIIIIIIIIIIIII |
N Lk i
wen I -
II Ochre Cove Willunga I
i 1
20011 Faurt | Fault ‘l}
7 |
i i
400 !
0 2 46 810
Kilometres
Hl
B Metres (ASL) B
400 ;
Hindmarsh Tiers Walker's
300 Basin Bore
Myponga Basin
200
St Vincent g‘:;:ﬁy
1004 Basin -~ AN ==/ Secol
0 \\ Sea Level ool
_,d—J \ . \\ \ \
\§ Willunga Fault . \\\ Meadows Fault
T * T T — T T T
0 5 10 15 20 25 30
Distance (km) 204589.039

Figure 2. Geological sections showing vertical separation of the Miocene-Pliocene unconformity
between marginal embayments and intramontane basins (A) section A-A’ across the Willunga Fault
[modified after Cooper (1979) and Furness et al (1981)]. MPU = Miocene-Pliocene unconformity.
Topographic profile from Jaxa AW3D30 world DEM. (B) section B-B’ across the entire Mt Lofty Ranges
[modified after Pledge et al.(2015)]. See Figure 1 for section locations.
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Figure 3. Planar view of fault-parallel profiles shown on Figure 1, showing vertical separation of pre-
Cenozoic basement surface (modified after Wilson (2018)). Note that vertical separation increases to
the south as the Willunga Fault becomes the dominant structure accommodating E-W shortening.
Location of section line A-A’ from Figure 1 is marked.

2 Sellicks Hill trench sites

In order to assess the activity rate on the Willunga Fault over the Pleistocene Epoch, our 2022
study focused on the southern part of the scarp near Sellicks Beach (Figure 1), where
displacement of the MPU is greatest, and a long-term uplift rate of ~40 m/Myr applies (as per
Section 1.1). Two trenches were excavated near Sellicks Hill (Figure 4a), at a location where
fault planes relating to range front faulting displace a thick colluvial apron, and flexure in the
hanging wall has produced an extensional graben (compare Figures 4a and 4b). In addition, a
natural exposure within a gully we denoted ‘olive gully’ was mapped. Olive gully exposes an
additional ~10 m of section extending upslope of the colluvial trench to the bedrock over-thrust.
At the time of writing, 15 samples taken for optically stimulated luminescence (OSL) dating
were being processed in order to constrain the timing of paleo-earthquakes interpreted from
exposures in the two trenches and olive gully.

2.1  Colluvial Trench and Olive Gully

The main colluvial apron trench exposes approximately 40 m of section, and olive gully
exposes perhaps a further 10 m of section upslope of the trench (Figure 5). Reverse faulting
results in the superposition of older stratigraphy over younger, with the consequence that unit
ages will in general be younger down-slope away from the bedrock fault. Cambrian
Heatherdale Shale (u10) is the oldest unit exposed in the sections, at the upper end of olive
gully. This is overlain by a proximal clast-supported talus breccia (u20) which may relate to the
Early Pleistocene Kurrajong Formation. In the upslope base of the Colluvial trench, a partly
silicified angular clast-supported clayey gravel (u25) is the oldest mapped unit. This unit has
been interpreted to be proximal mid-Pleistocene Ochre Cove Formation (<1.07 Ma, Wolfgang
Preiss pers. comm. 2022). This unit is in sharp contact with an overlying structureless sandy
clay interpreted to be mid Pleistocene Ngaltinga Formation (u30). The aeolian Ngaltinga
Formation clay has a distinctive carbonate accumulation at its top (cf. McGowran et al., 2016),
which suggests a correlation with unit u35 in olive gully. The Ngaltinga clay is overlain by a
sandy clay with variable mottling, red soil development and proportion of pedogenic carbonate
development (unit u40). There is a marked increase in the degree of mottling and soil and
carbonate development across fault F3. Downslope across the position of F5, the sediment
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becomes a matrix supported clayey gravel. This unit is overlain by a gravelly sandy clay that
thickens downslope (u60) suggesting it may be a colluvial unit relating to movement on F5. A
soil horizon is developed at the top of this unit (u65), which is displaced across F1-F3. This
soil is buried by sandy clay unit u70, which in turn has a soil (u75) developed within it. The soil
is overlain by a package of gravelly sands and clays (units u80-u83) that grade to gravels close
to the bedrock fault in olive gully (u85).
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Figure 4. (A) Drone-derived digital elevation model of the Sellicks Hill study site showing the locations
of the 2022 trenches, and the 2018 trenches (red outlines). Lines of intersection between the range front
reverse faults and the surface, and normal faults relating to a hanging wall flexural graben, are shown.
A natural exposure of the fault in an erosion gully (called olive gully) is also marked. (B) Cartoon showing
the tectonic setting of the 2018 and 2022 trenches.

AEES 2022 National Conference, Nov 24 - 25 6



(w) aoue)siq
(/[ T4 0c Gl ol S 0

NW 0.60609 “JW €£00V.C ‘vSVOW/PEYAD
ainsodxa |einjeu A|ng aAljO

1INEJ JUSAS JU8231 1SO\

SIUIN @8 ‘e22I9) B| SalWer ‘Uuew (@S uliyas £abind yep ‘Uil ueyleuor e ueq Ag pabbo
NW 0€50609 ‘JW 06€.T ‘FSYOW/FEYAD TTOT/90/S0 — TTOT/SO/ET
IIH s32118S - Jined ebun|ip - (jlem yuiou) yauan [eianjjo)

(w) uoijeas|a anneay

oL

Figure 5. Colluvial trench log with the upper part of olive gully as inset. See text for unit descriptions.
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Four, possibly five, fault planes displace the stratigraphy (Figure 5 — main panel). These have
been numbered according to their interpreted relative age, with F1 representing the most
recent event (MRE). A fissure fill (marked Fs) was identified at the top of the trench. The
upward continuation of this feature could not be determined due to intense soil development
and weathering (suggesting it formed prior to the event focused on F3). The natural exposure
in olive gully preserves a further five fault planes upslope of the position of the main trench
(Figure 5 — inset). Recognising that a single earthquake event might produce rupture on
several fault planes, faults in olive gully may be tentatively correlated to faults in the main
trench according to displaced stratigraphy (e.g. F1=0r1, F2= Or2=0Or3, F4=0k4). Inset terraces
relating to Holocene Waldeila Formation in the gully immediately west of the trench (Figure 4a)
do not appear to be deformed.

2.2 Graben Trench

The graben trench exposes approximately 30 m of section across the upslope bounding fault
of the hanging wall flexural graben (Figure 6). Normal faulting in general results in the
superposition of younger stratigraphy over older, with the consequence that unit ages will in
general be younger down-slope away from the bedrock fault. In this trench, the
accommodation space developed immediately adjacent to the graben bounding faults is filled
with a younging upward sequence of sediments. Cambrian Heatherdale Shale (u10) is the
oldest unit exposed in the section, at the upper end of trench. This is overlain by a proximal
clast-supported talus breccia (u20) which in this case is likely to relate to disaggregated
bedrock smeared down the fault plane. The oldest graben-fill sediments are clayey sands
grading upwards to sandy clays (u30), of unknown affinity and age. This unit is in sharp faulted
contact with (F2) a structureless clay interpreted to be highly weathered mid-Pleistocene
Ngaltinga Formation (u33). Unit u33 is separated from a much less weathered equivalent (u35)
by Fault F3. As in the colluvial trench, the aeolian Ngaltinga Formation clay has a distinctive
carbonate accumulation at its top (u40, u41 and maybe u42, cf. McGowran et al., 2016). Also
mirroring the colluvial trench, the Ngaltinga clay is overlain by a sandy clay with variable
mottling, red soil development and proportion of pedogenic carbonate development (unit u50).
This soil layer is overlain by gravelly sediments infilling accommodation space generated by
seismic events on faults F2 and F3 (u60). A pervasive red soil (u70, u75) is developed across
all materials older than and including u60.This is time equivalent to u75 in the colluval trench.
This soil is faulted across F1 and the accommodation space generated is filled with colluvial
gravels (u80). Further gravels postdating the filling of the local accommodation space mantle
the upper and mid slope (u85).

Three fault planes were mapped to emerge from the trench floor. F2 and F3 have strands that
upward terminate at the level of colluvial Unit u60, and F2 and F1 have strands that terminate
at Unit u70. Only F1 has strands that displace u70. On this basis, a minimum of three separate
seismic events may be inferred. Additional events may have occurred, but are difficult to
recognise given that fault strands may accommodate slip in multiple events.
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Figure 6. Graben trench log. See text for unit descriptions.
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3 Correlation of events between trenches, and preliminary
uplift history

The two pedogenic horizons mapped in each trench (u65, u75 in the colluvial trench and u50,
u70 in the graben trench) provide tie points between the trenches (Table 1). Two fault strands
(F1 and F2) displace the upper soil horizon in the colluvial trench. Faults Or1, Or2 and Ors also
appear to displace this horizon in the olive gully exposure. Faults F3, F4 and F5 do not displace
the upper soil layer (u75) in the colluvial trench. The lower soil horizon (u65) does not appear
to be displaced by F5, and it is not possible to determine for F4.

Table 1. Potential correlation of seismic events between trenches and measured displacements on the
fault traces attributed to each event. Note that we assume that the slip estimates from upper olive gully
faults (Figure 5 inset) are additional to fault strands further down the gully, which are correlative to those
seen in the main trench. MRE = most recent event. PE = penultimate event.

Event Trench/Fault Max dlsplacemeht (m)
Colluvial + Olive

Colluvial Olive Graben

MRE F1 Oy F1 1.7+04

PE F2 Oz, Ops 0.4+0.3+0.4

Upper red soil

2PE F3 F2 1.1

JPE F4 Oga F3 1.1+0.5

4PE? F5 Oeso 1.0

lower red soll

4PE7? F5 Oess

In the graben trench the upper soil horizon is displaced only by F1, with perhaps minor folding
across F2. The lower soil horizon is deformed by event(s) on F3, and so by law of superposition
also by event(s) on F2. In the graben trench, the two soil horizons (u50, u70) merge downslope,
suggesting very little deposition in the centre of the graben in the time interval between them,
despite there having occurred at least two seismic events.

The age of the red soil development is not well constrained, and we await the results of our
dating. Further, the climatic conditions under which the red soils form are not known. A trench
at Mt Bold exposed a surficial red soil, with the sediments that it was developed in dated to
~72+8 ka (Kuang, 2018). Sediments underlying the surficial red soil at McLarens flat had IRSL
ages of 135210 and 16111 ka (Wilson, 2018). A surficial red soil near Tarlee has been
displaced by a faulting event (42t5 - 6118 ka) and continued to form to a limited degree
following faulting (Geoscience Australia, unpublished data).

A potential mechanism for formation of the red soils is that carbonate is blown from St Vincents
Gulf at times of sea level low-stand, mantling the western slopes of the Mt Lofty Ranges in a
similar way (but not to a similar volume) as the Ngaltinga Clay. In the following relatively
warmer and wetter interglacial period a red soil is developed, partly in the Aeolian material, but
also in pre-existing colluvial deposits. If this is the case, it is possible that red soils date to the
Last Glacial Maximum/Marine Isotope Stage 2 (LGM/MIS2, ~20 ka), MIS3-4 (57-71 ka) and
MIS6 (~150 ka) (Grant et al., 2014). The latter is perhaps more likely at our site in that Unit
u81 is consistent with Christies Beach/Pooraka formation (120-85 ka) and does not have a red
soil developed within it. The lower soil might be MIS8 (~270 ka) in that case (Grant et al.,
2014).
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Our preliminary analysis indicates that there has been a minimum of ~6.9 m of discrete slip
across faults as a result of surface rupturing earthquake events in our trenches, and the olive
gully exposure (Table 1). Assuming the conservative interpretation, that the lower red soil
formed after MIS8, a slip rate across the ‘Willunga fault’ of 26 m/Myr is obtained. If the upper
soil formed after MIS3-4 and the lower MIS6, then a slip rate of 46 m/Myr is obtained. These
estimates do not include off-fault folding, which the existence of the hanging wall anticline (see
Figure 4b) suggests may be a significant component of seismogenic deformation at this
location. These estimates compare to a slip rate of 57 m/Myr, averaged over the last 5 Ma,
assuming that the vertical separation between correlative sediments in the Willunga
Embayment and the Myponga Basin was achieved by slip across a 45° dipping Willunga Fault
at this latitude.

4  Future work

It is expected that the dating results of 15 OSL samples taken from the trenches and olive gully
will significantly improve our understanding of the late Pleistocene slip history of the southern
Willunga Fault. These data will likely help constrain the timing of formation of the various red
soil horizons ubiquitous along the western flanks of the Mt Lofty Ranges, and so provide a
relative landform dating tool going forward.

A strategically placed stratigraphic borehole in the footwall of our colluvial trench may help
reconcile the missing slip compared to the long term slip rate by assessing the total
displacement of the readily identifiable Ngaltinga Clay (Figure 5, u30) across all mid to late
Pleistocene fault traces. This would best be coupled with a structural geological study to
estimate the component of deformation that might be expected to be accommodated by folding
in the hanging wall.

At a broader scale, the results from the 2022 trenching will be combined with the results from
trenches investigated at other locations on the fault (e.g. Sellicks Beach, McLaren Flat, Mt
Bold) (Terzic et al., 2017; Kuang, 2018; Wilson, 2018; Macklin et al., 2019) to clarify
fundamental aspects of active intraplate fault behaviour. These include:

o a marked displacement gradient from the northern tip to the southern onshore
exposure of the Willunga Fault (Figure 3), presumably corresponding to a varying
proportion of strain sharing with neighbouring faults. Comparison of paleoseismic
records from along the fault will allow for appraisal of whether this displacement
gradient is reflected in Pleistocene slip-rate estimates (with application to PSHA).

o the minimum 55 km active length of the Willunga Fault is sufficient to host an Mw7.2
earthquake or greater (Leonard, 2014; Yang et al., 2021). An earthquake of this
size would be catastrophic for the Adelaide region. Comparison of paleoseismic
records from along the fault will allow for an assessment of whether full-length
rupture occurs, or if the fault ruptures in shorter, lesser-magnitude events (or a
mixture of both). Segmentation is very poorly understood on Australian active faults
and fundamentally determines whether earthquakes are very large and infrequent
(e.g., Mw7.2 every few tens of thousands of years) or large and more frequent (e.g.
Mw6.5 every few thousands of years).

By resolving the above, we hope to significantly improve our understanding of the hazard that
this, and other proximal Quaternary-active faults, pose to the greater Adelaide conurbation and
attendant infrastructure.
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