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Abstract: Fault-scarp degradation complexes record rift-related erosion of normal fault scarps. At the scale of an individual
fault segment, the magnitude and distribution of erosion are related to the total and along-strike variability in fault throw.
However, previous studies on degradation complexes focused on one type of rift-related erosional unconformity, with the
factors controlling the development, magnitude and style of footwall erosion at a far larger scale (i.e. several fault blocks) being
poorly constrained. This study uses high-resolution subsurface data to constrain the timing, magnitude and style of footwall
erosion across the NW Shelf of Australia. By doing so, we test conceptual and numerical model predictions for the development
of rift-related unconformities. We show that development of footwall erosion complexes is dependent on the occurrence and
duration of footwall exposure and that fault throw and footwall uplift control the magnitude of erosion. Furthermore, the style of
footwall erosion depends on the driving process(es), with gravitational instabilities resulting in cuspate footwall crest erosional
surfaces, whereas peneplain-style surfaces develop in response to wave-driven erosion dictated by the base level. The results of
this study can help refine rift-related fault evolution and the effects of sea-level changes in tectonostratigraphic models of rift
basins.
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Rifts comprise margin domains of variable structures and morph-
ology (Osmundsen and Péron-Pinvidic 2018). Geodynamics con-
trols rift geometries and the distribution and magnitude of rift-related
strain, which strongly influences the development of rift-related
unconformities. These processes have been investigated using
numerical models. These models predict that the style and
distribution of rift-related erosional unconformities may record the
evolving strength of the underlying lithosphere and the associated
across-margin variations in subsidence and uplift (Pérez-Gussinyé
et al. 2020). Andrés-Martinez et al. (2019) and Ros et al. (2017)
also showed that different modes of deformation (e.g. the pattern of
symmetry or asymmetry, or distribution of faulting and subsidence)
are dependent on the initial rheological layers (i.e. upper and lower
crust, and lithospheric and asthenospheric mantle). Reeve et al.
(2021) described that the complex evolution of rift-related
deformation controls the distribution of uplift, erosion and non-
deposition along rifted margins and, as a result, the type and
distribution of rift-related unconformities. This study tests the
predictions of these models by analysing rift-related footwall
erosional unconformities affecting pre-rift or early synrift strata.
Generally, erosion of uplifted footwall blocks is localized to their
crest, leading to the development of footwall erosion complexes (i.e.
fault-scarp degradation complexes; Leeder and Jackson 1993;
Underhill et al. 1997; McLeod and Underhill 1999; Morley et al.
2007; Welbon et al. 2007; Bilal et al. 2018; Barrett et al. 2021,
Martinez et al. 2024). A range of erosional processes can occur,
including landslide, wave or tide impact or river incision (Bucknam

and Anderson 1979; Hesthammer and Fossen 1999; Kokkalas and
Koukouvelas 2005; Morley et al. 2007; Elliott et al. 2012, 2017;
Henstra et al. 2016; Bilal ef al. 2018; Barrett et al. 2021). Footwall
erosion has been described in several ancient basins, including the
East Greenland passive continental margin (Surlyk 1978; Henstra
et al. 2016), the Bremstein and Vingleia fault complexes, offshore
mid-Norway (Elliott ez al. 2012, 2017), the Viking Graben, northern
North Sea (Underhill ef al. 1997, McLeod and Underhill 1999;
McLeod et al. 2002; Welbon et al. 2007), the Sirikit Field, Thailand
(Morley et al. 2007), the Exmouth Plateau and the Dampier Sub-
basin, NW Shelf of Australia (Bilal ef al. 2018; Chen et al. 2021;
Barrett et al. 2021; Martinez et al. 2024), the Gulf of Suez, Egypt
(Sharp et al. 2000) and the Gulf of Corinth, Greece (Ferentinos et al.
1988; Kokkalas and Koukouvelas 2005).

Previous studies have largely focused on (1) the style, extent and
controls of footwall erosion, specifically fault-scarp degradation
across individual fault segments or systems (e.g. Underhill ez al.
1997; Baran et al. 2010; Elliott et al. 2012; Bilal et al. 2018),
(2) how the eroded material shapes the synrift stratigraphic
architecture and facies variability (Henstra et al. 2016; Bilal e al.
2018; Barrett ef al. 2021; Bilal and McClay 2022; Martinez et al.
2024), (3) the contribution of fault-scarp degradation as an intra-
basin source to synrift stratigraphic successions (Strachan et al.
2013; Barrett et al. 2021; Hughes et al. 2021; Badr et al. 2022) and
(4) the spatiotemporal distribution of break-up-related erosion
unconformities (Pérez-Gussinyé et al. 2020). Nonetheless, no
studies have yet documented and thus determined the factors that
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control the development and the variability in the style and
magnitude of rift-related footwall erosion unconformities at a large
scale (i.e. across numerous fault blocks at a rifted-margin scale).
Here, we quantitatively constrain the magnitude of footwall erosion
(i.e. m*), which means that our results can be used for future field
and subsurface studies on the contribution of rift-related footwall
erosion to synrift basin fill and its variability at a rifted-margin scale.

We selected the Northern Carnarvon Basin (NW Shelf, offshore
Australia; Fig. 1a) to constrain at a large scale the development and
the variability in style and magnitude of and the controls on footwall
erosion associated with Mesozoic rifting (Fig. 2). The Northern
Carnarvon Basin contains north- to NE-striking normal faults,
associated footwall highs and domino-style half-graben basins.
Previous studies have shown that erosion is locally common in the
footwalls of some of the faults (Barber 1994; Longley et al. 2002;
Marshall and Lang 2013; Bilal ez al. 2018; Barrett et al. 2021; Bilal
and McClay 2022; Chen et al. 2021; Martinez et al. 2024).
However, how the style and magnitude of and controls on rift-
related footwall erosion vary across a wide part of the margin have
never been studied. Here, we use five high-quality 3D seismic
reflection cubes (i.e. Panaeus 2001 East, Fortuna 2013,
Bonaventure, Thebe HEX70B and Agrippina 3D seismic cubes)
and data from 26 wells (Fig. 1b—d). These data allowed us to study
footwall erosional surfaces in the proximal (i.e. Dampier Sub-basin
and the eastern margin of the Rankin Platform) and distal (i.e.
Exmouth Plateau) parts of the basin (Fig. 1b—d). The objectives of
this study are to (1) identify, map and describe rift-related footwall
erosional unconformities (i.e. footwall erosion complexes), (2)
perform a structural analysis to determine the relationship between
the magnitude of footwall erosion and the geometry (e.g.
orientation, throw) and kinematic history of their related normal
faults and (3) determine spatial variations in the volume of material
eroded from the uplifted footwalls.

Regional geology of the Northern Carnarvon Basin
Basin structure

The Northern Carnarvon Basin covers an area of 535000 km?
(Hocking 1988) and is located offshore in the NW Shelf of Australia.
The basin is part of the Westralian Superbasin (Yeates ef al. 1987,
Pryer et al. 2002; Fig. la), which underwent several phases of
extension (Longley et al. 2002), evolving from an intracontinental
basin (Late Paleozoic) to a synrift basin (Mesozoic) and to a passive
margin (Cenozoic to present day; Hocking 1988; Tindale et al. 1998;
Gartrell 2000; Jablonski and Saitta 2004; Winata et al. 2023). The
Northern Cararvon Basin is bounded by the Cuvier, Gascoyne and
Argo abyssal plains to the SW, west and north, respectively (Fig. 1b).
The proximal part of the Northern Carnarvon Basin comprises two
structural highs (i.e. Lambert and Peedamullah shelves; Fig. 1b) and
four NE-trending sub-basins (i.e. Exmouth, Barrow, Dampier and
Beagle sub-basins; Fig. 1b), whereas the distal areas are defined by
the Exmouth Plateau (Fig. 1b). The proximal and distal areas are
separated by the Rankin Platform (Figs 1b and 3b).

Proximal area (Dampier Sub-basin)

The Dampier Sub-basin is an asymmetric, NE-trending, Jurassic to
Early Cretaceous marine rift basin that accumulated 5-4 km of
Mesozoic synrift sediments (Gartrell 2000; Deng et al. 2022, 2024;
Fig. 3b). The sub-basin is ¢. 150 km long and 60 km wide (Deng
and McClay 2020) and is bounded by the Mermaid and the
Rosemary fault systems to the east and the Rankin fault system to
the west (Fig. 3b and c). The formation of these fault systems is
related to the reactivation of inherited Permo-Carboniferous
basement-involved faults (Deng and McClay 2021; Deng et al.

2024). Four major structures are located within the Dampier Sub-
basin: two NE-trending anticlines, known as the Rankin and
Madeleine trends and two NE-trending synclinal depressions of the
Lewis and Kendrew troughs (Fig. 1d).

Distal area (Exmouth Plateau)

The Exmouth Plateau is a Mesozoic—Cenozoic plateau that was
sediment-starved during early Mesozoic rifting (Longley ef al.
2002; Marshall and Lang 2013; Gartrell et al. 2016; Fig. 2). The
plateau is c¢. 400 km wide and 600 km long (Bilal and McClay
2022). Relatively minor upper crustal extension affected the
Exmouth Plateau during Mesozoic rifting (Bilal er al. 2018),
which resulted in the development of normal fault-bounded half-
graben basins (Driscoll and Karner 1998; Fig. 3b).

Tectonostratigraphy

Permo-Carboniferous rifting was related to the break-up of Pangaea,
with the NW Shelf of Australia evolving into a NE-trending basin
(i.e. the Westralian Superbasin; Longley er al. 2002; Gibbons et al.
2012), which internally comprised the Bonaparte, Browse, Roebuck
and Northern Carnarvon basins (Fig. la). Permo-Carboniferous
rifting was followed by a phase of post-rift thermal subsidence,
resulting in a sag-like basin where a thick (1015 km; Hocking ez al.
1987; Hocking 1988; Deng et al. 2022) sedimentary succession
accumulated. This succession comprises the marginal-marine
Locker Shale (Early Triassic) and the fluvio-deltaic Mungaroo
Formation (Middle—Late Triassic; Fig. 2). Furthermore, erosion
affecting uplifted footwalls of the Northern Carnarvon Basin mainly
eroded the upper intervals of the Mungaroo Formation during the
subsequent Mesozoic rifting. Regionally, the Mungaroo Formation
passes westwards from fluvial deposits in the proximal areas (i.e. the
Dampier Sub-basin) to deltaic and coastal plain deposits in the
Rankin Platform and to marine deposits in the western more distal
areas (i.e. Exmouth Plateau) (Adamson et al. 2013). This basin-
scale change in the depositional environment, and more critically in
the related lithology and rheology, is considered in this study given
it may influence the distribution and style of footwall erosion across
the study area (Welbon ez al. 2007; Elliott et al. 2012; Bilal et al.
2018).

Mesozoic rift-related footwall erosion initiated during the Late
Triassic (Bilal et al. 2018; Barrett ef al. 2021; Martinez et al. 2024)
in the distal areas of the Northern Carnarvon Basin (i.e. Exmouth
Plateau), and during the Early Jurassic in the proximal areas (i.e.
Dampier Sub-basin; Longley et al. 2002; Marshall and Lang 2013;
Chen et al. 2021). Thick packages of synrift sediments, sourced
mainly from the Australian continent, accumulated within the
proximal sub-basins (Fig. 3b and c), whereas limited sedimentation
occurred in the Rankin Platform and the distal Exmouth Plateau
(Bradshaw et al. 1988; Marshall and Lang 2013; Gartrell et al.
2016; Makuluni et al. 2022; Figs 2 and 3b, c). Overall, Mesozoic
synrift stratigraphy comprises shelfal-offshore marine sediments
and near active normal faults coarser-grained fan deposits
(Geoscience Australia 2022). More specifically, during the Latest
Triassic to the Early Jurassic, deltaic to marine sediments (i.e. the
Brigadier Formation; Adamson et al. 2013) and marine sandy
deposits of the North Rankin Formation and the Murat Siltstone
(Fig. 2) were deposited above the Mungaroo Formation in response
to rapid, fault-driven subsidence. As Mesozoic rifting proceeded,
open-marine sediments (i.e. the Athol Formation, the Legendre
Formation) and transgressive shallow-marine sands (i.e. the
Calypso Formation; Stagg er al. 2004; Fig. 2) accumulated.
Rifting ceased during the Oxfordian, being defined regionally by
the Oxfordian sequence boundary (i.e. J40.0SB; Figs 2 and 3b, c;
Heine and Miiller 2005; Marshall and Lang 2013; McCormack and
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Fig. 1. (a) Map illustrating the structural elements that make up the Westralian Superbasin, including the Northern Carnarvon Basin, which is bounded by
the Roebuck Basin to the east, Gascoyne and Argo Abyssal Plains to the west and north, respectively, and Cuvier Abyssal Plain to the SW. (b) Structural
elements of the Northern Carnarvon Basin, comprising four proximal sub-basins (i.e. Exmouth, Barrow, Dampier and Beagle Sub-basins), the Rankin
Platform and a distal marginal plateau (Exmouth Plateau). Extent of the seismic data used, covering the Dampier Sub-Basin with the Fortuna seismic survey
(yellow) and the Panaeus seismic survey (red). Thebe (blue), Bonaventure (purple) and Agrippina (green) seismic surveys were used in the northwestern
area of the Exmouth Plateau. (c) Dataset used to study the distal areas: Thebe (blue), Bonaventure (purple) and Agrippina (green) seismic surveys,
displaying the main structural elements located across the area, the main faults and the wells used to age-constrain the seismic interpretation. (d) Dataset
used to study the proximal areas: Fortuna (yellow) and Panaeus (red) seismic surveys, displaying the main structural elements located across the area, the

main faults and the wells used to age-constrain the seismic interpretation. It should be noted that symbols used for the wells used to constrain the
depositional environment during the Mesozoic rifting are outlined in orange.

McClay 2013; Yang and Elders 2016; Bilal ef al. 2018). Tectonic The separation of Greater India from Australia began during the
quiescence was associated with the deposition of restricted marine Late Jurassic—Early Cretaceous (Fig. 2), leading to the reactivation
sediments of the Dingo Claystone (Longley ez al. 2002) and locally of pre-existing faults and culminating in the formation of the

deep-water sandstones of the Angel Formation (Figs 2 and 3c). Gascoyne and Cuvier Abyssal Plains (c¢. 135 and 133 Ma,
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respectively; Gibbons er al. 2012; Fig. la). This phase of
extension resulted in footwall uplift and erosion of synrift strata in
the eastern margin of the Dampier Sub-basin, across the Enderby
Terrace (Deng and McClay 2021). Deltaic shales and sandstones
of the Barrow Group (i.e. Upper Barrow and Lower Barrow
groups) were deposited during the Early Cretaceous, capping most
of the uplifted footwalls and, therefore, interrupting footwall
erosion (McLeod and Underhill 1999). Deposition of the Forestier
Claystone was coeval with that of the Lower Barrow Group (Figs
2 and 3c), although this unit is recognized only within the
Dampier and Beagle sub-basins (Hocking 1988; Black et al. 2017,
Fig. 3c). The K20.0SB stratal boundary marks the end of the
rifting phase in the Northern Carnarvon Basin (Reeve et al. 2016;
Geoscience Australia 2022) and defines the top of the Forestier
Claystone and Barrow Group (Fig. 3c). Nonetheless, along
restricted areas, uplifted footwalls are onlapped, and ultimately
capped, by postrift strata (i.e. Muderong Shale; Fig. 2),
suggesting that localized footwall erosion continued until at
least the Aptian (Chen et al. 2021).
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Dataset and methods

Dataset

We analysed five 3D pre-stack time-migrated (PSTM) seismic
reflection surveys covering a total area of c. 12 400 km? (Fig. 1b and
Supplementary material 1 Table 1). To identify footwall erosional
unconformities in the proximal area, we used the Fortuna and
Panaeus seismic surveys, which are located along the western and
eastern margins of the Dampier Sub-basin, respectively (Fig. 1b
and d). In the distal area (i.e. Exmouth Plateau), we used the Thebe,
Bonaventure and Agrippina seismic surveys (Fig. 1b and c).

The data are zero-phase and displayed with the European—
Australian normal polarity convention, meaning a downward
increase in acoustic impedance is visualized as a negative (blue)
reflection. We utilized check-shot data, velocity reports, formation
tops and well-logs from 26 wells (Fig. lc and d; Supplementary
material 1 Table 1), which, when combined with the Marshall and
Lang (2013) stratigraphic scheme for the NW Shelf of Australia,


https://doi.org/10.6084/m9.figshare.c.7393745
https://doi.org/10.6084/m9.figshare.c.7393745
https://doi.org/10.6084/m9.figshare.c.7393745

Downloaded from https://www.lyellcollection.org by Universita Di Bologna on Feb 11, 2025

Footwall rift-related unconformities

112E 116 E
1 1

118E

Pemberton 1 Dixon 2

g . Distal area Proximal area -
@l Exmouth Plateau Dampler Sub-basin
n Rankin Platform Enderby Terrace

Janus 1

Mermaid
Fault System

Tingle 1

" | Rankin Fault System

|25emary Fault System
———

81 —
K40.058 K20.058 =— K10.2MFS —— ]40.05B —— TR30.1TS \Normal faults
Post-rift Syn-rift Pre-rift
101 EI megasequence EI megasequence EI megasequence EI Bagement S0 km
I F—F v 7
Distal area Proximal area
Exmouth Plateau Dampier Sub-basin
?{ankin PIatFt;:m “Enderhy Terrace
Far|
:l‘_ KA40.0SB g

TR DK

] 10 ]
D=t
o

[T T T TiEelslal 110

S

Rankin Fault System|

IENEEEREREREERE
w gse

]
=2

)

;Rnsemnr\f Fault System |

[] Legendre Formation [ Murat/athol Formation  [E Brigadier Formation [ Mungaroo Formation

[ Muderong Shale [T Barrow delta [ Forestier Claystone [ Angel Formation [ Dingo Claystone [ Elfiassen Formation [] Calypso F

Fig. 3. (a) Schematic map of the Northern
Carnarvon Basin with the seismic surveys
displayed and showing the location of (b)
and (c). (b) Schematic regional cross-
section along the Northern Carnarvon
Basin. Major structures, fault systems, key
boundaries and megasequences are
displayed. (¢) Regional log correlation
from the Dampier Sub-basin to the
Exmouth Plateau. Formations deposited
during the Mesozoic rifting and their
accumulation areas are displayed.

allowed us to accurately constrain the age of the interpreted formation, distribution and evolution. Following the regional-
reflections. Well completion reports were used to infer the lithology stratigraphic framework established by Longley et al. (2002) and the
of the substrate affected by footwall erosion; as previous research revised stratigraphic scheme proposed by Marshall and Lang
noted, stratigraphically imposed mechanical anisotropy may have (2013), five key horizons were mapped throughout the interval of
an impact on the distribution and style of footwall erosion (e.g. interest, allowing the identification of the Mesozoic pre-, syn- and
Welbon ef al. 2007; Elliott e al. 2012; Bilal e al. 2018). We used post-rift megasequences (Fig. 2).

palynological information from well data to determine the Footwall erosional surfaces representing the base of the rift-
environment within which footwall erosion occurred, as it is related footwall erosion complexes were identified on the time—
fundamental when interpreting the processes driving erosion. structure map of the TR30.1TS horizon (top Mungaroo Formation).
Seventeen wells are located along the footwalls of the major The basal surface of these footwall erosion complexes is generally
faults (Fig. lc and d). The remaining nine wells penetrate the characterized by the truncation of the upper intervals of the pre-rift
hanging-wall portion of major faults in the proximal area (Fig. 1d). megasequence (i.e. Mungaroo Formation, Fig. 4) and onlap of late
However, these wells do not reach the base of the synrift interval of synrift or post-rift strata. In some areas, such as the proximal area

interest (Late Triassic—Early Jurassic).

and along the southern areas of the Exmouth Plateau, the synrift

Brigadier Formation is also eroded. In these cases, footwall erosion

Seismic interpretation and identification of rift-related
footwall erosional unconformities

complexes were analysed on merged time—structure maps of the
TR30.1TS and the top Brigadier Formation horizons.

To quantify the magnitude and variability of erosion along the
Seismic interpretation was used to identify rift-related footwall uplifted footwalls, we reconstructed their pre-erosion geometry. The
erosional unconformities and to determine their extension, timing of reconstruction led to the creation of pseudosurfaces built by
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projecting the fault plane subvertically and the uneroded top pre-rift
surface subhorizontally (Fig. 4). Degradation measurements were
taken in terms of vertical (VE) and headward (HE) erosion (Fig. 4),
following the method outlined by Barrett e al. (2021) and
subsequently used by Martinez et al. (2024). The VE represents
the vertical distance (in milliseconds two-way travel time; TWT)
between the highest intact point of the footwall, which essentially
defines the inboard edge of the footwall erosion complex, and the
edge of the reconstructed footwall, whereas HE represents the
horizontal distance (in metres) between the inboard edge of the
footwall erosion complex and the edge of the restored footwall
(Fig. 4).

The timing of footwall erosion was determined based on the
seismic-stratigraphic architecture of the rift-related footwall ero-
sional unconformities. More specifically, the onset of degradation
was based on the age of the youngest strata eroded, whereas the
cessation of the erosional process was defined by the oldest strata
overlying, onlapping and essentially sealing the unconformity.
Wedge-shaped synrift deposits located immediately adjacent to and
that pinch-out away from the main faults, which are internally
characterized by chaotic reflections (Fig. 4), are interpreted as fault-
controlled base-of-scarp deposits. These base-of-scarp deposits
accumulate degraded products sourced from the erosional process
affecting the footwall (Fig. 4; see Bilal et al. 2018; Hoth et al. 2018;
Chiarella et al. 2021; Barrett et al. 2021; Hughes et al. 2021,
Martinez et al. 2024). To determine periods when footwall erosion
was more pronounced, we used the age-constrained horizons
bounding these synrift wedges.

Structural analysis

We undertook a structural analysis of 48 rift-related faults (Fig. 1c
and d) to establish possible relationships between the development
and magnitude of footwall erosion and the geometrical properties
(e.g. strike, total throw and its along-strike variability) and
kinematic history of their related faults (Leeder and Jackson 1993;
Elliott et al. 2012; Bilal ef al. 2018).

Fault throw was measured on the top pre-rift horizon (i.e.
TR30.1TS) and taken as the vertical distance (ms TWT) between the

hanging-wall and footwall cut-offs (Fig. 4). It should be noted that
the top pre-rift horizon was used given it records the cumulative rift-
related strain. To avoid measuring the so-called continuous
deformation (i.e. folding) related to fault growth and to mitigate
the local effect of footwall erosion, we projected the TR30.1TS
hanging-wall and footwall surfaces to their cut-offs following their
regional dip (Fig. 4; Walsh and Watterson 1991; Walsh et al. 1996;
Jackson et al. 2017; Alghuraybi ez al. 2021). We then obtained two
fault throw measurements (i.e. minimum and projected fault throw).
Minimum fault throw was measured from the hanging-wall cut-off
point to the highest intact point of the fault scarp (Fig. 4). In contrast,
the projected fault throw was measured from the projected footwall
cut-off to the projected hanging-wall cut-off (Fig. 4), thereby not
including the so-called continuous deformation (i.e. folding) in the
measurement of throw. We then plotted against the fault length the
fault throw (i.e. minimum and projected fault throw) and erosion
measurements (i.e. VE and HE) to determine their spatial
relationship, if any.

Volume of rift-related footwall erosion

To accurately calculate the volume of material eroded along each
footwall erosion complex, the TR30.1TS time—structure map, the
merged time—structure map of the TR30.1TS and the Brigadier
Formation horizons, and the projected pseudosurfaces were depth-
converted. The depth-converted surfaces were then used to calculate
the volume of material eroded, which represents the interface
between the rift-related footwall erosion unconformities and the
projected pseudosurfaces. Bulk volume maps and erosion measure-
ments (i.e. VE and HE; Fig. 4) were used to constrain the variability
in the magnitude of footwall erosion along each footwall erosion
complex.

The depth conversion was performed by applying a two-layer
constant velocity model (V'=V,=V;,). We used the same average
velocity for the first layer (water column; 1500 ms™') in all the
seismic surveys. However, the average velocity used for the second
layer (rock layer) varies between seismic surveys (i.e. Panaeus,
Fortuna, Thebe, Bonaventure and Agrippina). To calculate the
average velocity of the second layer, we used checkshot data from the
wells drilled within each seismic survey coverage and only those
reaching the Mungaroo Formation (i.e. pre-rift formation). We then
obtained a mean average velocity value for each seismic survey (i.e.
2466.47,2785.45,2064, 2064 and 1792.75 m s~, respectively). To
reduce uncertainties related to applying a velocity model that
assumes a constant velocity with depth when calculating volumes of
material eroded (i.e. over- and under-volumetric estimation), we
applied the method outlined by Barrett et al. (2021). This method
determines the height variability of the vertical axis with depth. The
range of estimates for the vertical axis based on the average velocities
taken from the seabed to the TR30.1TS horizon (i.e. top pre-rift
formation; Supplementary material 2 Table 2, V) indicated that 1 ms
TWT represents 0.77—1.39 m (Supplementary material 2 Table 2).
This variability in the vertical-axis height is assumed to be dependent
on the nature and thickness of the sedimentary coverage capping the
footwall erosion complexes, as average velocities for wells are used
within this method. Supplementary material 2 Table 2 shows the
uncertainty related to the calculated volumes of material eroded
within each seismic survey. (See Supplementary material 3 Table 3
and Figure 10 for further details on volumetric uncertainties.)

Results

This section describes the seismic expression, depositional
environment and the regional variability of the pre-, syn- and
post-rift megasequences across the Northern Carnarvon Basin. We
paid particular attention to the palynological data and the
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sedimentary characteristics of the synrift megasequence to
determine the environment (i.e. submarine v. subaerial) within
which footwall erosion occurred and, therefore, the potential
erosional process (e.g. fluvial incision, submarine or subaerial
landslides, etc.). We then present the results of our structural and
kinematic analysis before documenting the regional variability (i.e.
from proximal to distal areas) in the style and magnitude of footwall
erosion.

Megasequences
Pre-rift megasequence

The Mungaroo Formation is characterized by parallel to subparallel
variable-amplitude reflections. It is bounded at the top by the
TR30.1TS horizon (Fig. 4). The Mungaroo Formation is overlain by
the early synrift Brigadier Formation (Fig. 2), although the latter has
not been deposited or preserved everywhere. Footwall erosion in the
Northern Carnarvon Basin mainly eroded the pre-rift megase-
quence, more specifically, the upper intervals of the Mungaroo
Formation, although locally, the early synrift Brigadier Formation is
also eroded.

The proximal to distal lithological variations of the Mungaroo
Formation, which may have influenced footwall erosion variability
at a rifted-margin scale, were determined based on well completion
reports from six wells (i.e. Roebuck-1, Eliassen-1, Tidepole-2, Lady
Nora-1, Thebe-1 and Vos-1; Fig. Ic and d). In proximal areas, the
Mungaroo Formation comprises 16—58 m thick sandstone-domi-
nated units (BHP Petroleum 1991; Apache Northwest 2003; Ellis
2008b; Taylor 2010) defined by blocky, low gamma-ray values (c.
36 gAPI; Fig. 3c, Pemberton-1; Ellis 2007). Sandstone-dominated
units are intercalated with c. 80 m thick heterolithic intervals
comprising interbedded sandstone, siltstone, claystone and minor
coal (BHP Petroleum 1991; Apache Northwest 2003; Ellis 2008b;
Taylor 2010). These latter units are characterized by an erratic,
serrated gamma-ray log pattern (c. 125-156 gAPIL; Fig. 3c,
Pemberton-1; Ellis 2007). In the distal areas, the Mungaroo
Formation is overall finer grained, consisting of thin sandstone-
dominated intervals (c. 6 m thick), characterized by blocky, low
gamma-ray log pattern (c. 49 gAPI; Fig. 3c, Thebe-1 and
Eendracht-1; Twartz 1981), intercalated with thick (c¢. 160 m
thick) more heterolithic intervals of interbedded siltstone and
claystone (Ellis 2008a; Van der Aa and Rodger 2012) defined by a
serrated gamma-ray pattern (c. 79—159 gAPI).

Synrift megasequence

The base and top of the synrift megasequence are the TR30.1TS (i.e.
Top Mungaroo Formation) and K20.0SB (i.e. Top Barrow Group—
Forestier Claystone) horizons, respectively (Figs 2 and 3b). The
thickness of the megasequence varies drastically from ¢. 2600 ms
TWT in the proximal area (i.e. Dampier Sub-basin) to ¢. 400 ms
TWT in the distal area (i.e. Exmouth Plateau; Fig. 3b and c).

The synrift megasequence in the Dampier Sub-Basin (Deng and
McClay 2020) and Exmouth Plateau (Bilal and McClay 2022) is
divided into early and late synrift strata (Fig. 2). Early synrift strata
are bounded at the base and the top by the TR301.TS and J40.0SB
horizons, respectively (Fig. 3). In the proximal area, the early synrift
sequence (i.e. Brigadier, North Rankin, Murat Siltstone, Athol,
Legendre and Calypso formations; Fig. 3) accumulated in the
Dampier Sub-basin and along its eastern margin. This seismic
sequence, when deposited along subsided hanging walls, is
generally wedge-shaped and composed of moderately continuous,
divergent, medium- to low-amplitude reflections (Fig. 5a). In the
western margin of the Dampier Sub-basin, more specifically along
the Rankin Platform, the early synrift sequence is not complete (i.e.

Brigadier, North Rankin, Athol and Legendre formations).
Moreover, in this area (i.e. Rankin Platform), the earliest synrift
Brigadier Formation is characterized by parallel to sub-parallel,
low-continuity reflections (Fig. 5S¢ and d) concordant with the pre-
rift formation (i.e. Mungaroo Formation, Fig. 5c) and it is deeply
eroded along some of the footwall erosion complexes. To constrain
erosional patterns we determine changes in the synrift depositional
environment from well cuttings. Cuttings from the earliest synrift
Brigadier Formation, taken from the Lady Nora-1 and the Tidepole-
2 wells in the proximal area (Fig. 1d), identified marine palynofacies
(A. reducta spore—pollen zone; Ellis 2008b; Taylor 2010). Cuttings
from early synrift strata (stratigraphically above the Brigadier
Formation) in the Roebuck-1 well (Figs 1d and 2) indicate a change
from a brackish (Sinemurian—Pliensbachian; C. torosa zone) to a
nearshore (Toarcian—Aalenian; C. furbatus Lower sub-zone)
environment, and then back to an overall brackish marine setting
(Aalenian—Bajocian; C. turbatus Upper sub-zone), which overall
indicates shallow-marine settings at this time (Apache Northwest
2003). Along the uplifted footwall blocks, the Brigadier Formation
is overlain by the Forestier Claystone (late-synrift strata) or the
Muderong Formation (post-rift strata).

In the distal area (i.e. Exmouth Plateau), the early synrift
sequence (i.e. Brigadier, Murat Siltstone and Athol formations)
accumulated in the immediate hanging walls of half-graben basins
as wedge-shaped units characterized by moderately continuous,
divergent, medium- to low-amplitude reflections, which are missing
or highly condensed along the footwall blocks (Fig. 5e and f). In the
distal area, cuttings from the Thebe-1 well (Fig. 1¢) indicate that the
A. reducta zone includes the upper 36 m of the Mungaroo
Formation (i.e. pre-rift strata) and the entire Brigadier Formation
(Ellis 2008a). Moreover, cuttings from the early synrift sequence
(i.e. Murat and Athol formations, Fig. 2) define the N. deflandrei
zone (Ellis 2008a), indicating a change to deeper or distal marine
conditions compared with the proximal areas.

The late synrift sequence is bounded at the base and the top by the
J40.0SB and K20.0SB horizons, respectively. An unconformity
(i.e. K10.2MFS) is also observed within the late synrift strata (Figs 2
and 3c). In the proximal area, the late synrift sequence (i.e. Dingo
Claystone, Angel Formation and Forestier Claystone) accumulated
in the Dampier Sub-basin, being characterized by discontinuous,
parallel to subparallel, medium- to low-amplitude reflections
(Fig. 5a). However, in the western margin of the Dampier Sub-
basin (i.e. Rankin Platform) only the Forestier Claystone is
recognized. Deposition of the late synrift sequence (Fig. 2) occurred
in the proximal area under marine conditions, indicated by the E.
torynum zone being defined within the Forestier Claystone in the
Lady Nora-1 well (Ellis 2008b). In the distal area (i.e. Exmouth
Plateau), the late synrift sequence (i.e. Dingo Claystone and Barrow
Group) is characterized by continuous, parallel to sigmoidal,
medium- to low-amplitude reflections, which filled accommodation
in the immediate hanging walls of the half-graben basins (Fig. 5e
and f). As in the proximal area, deposition in the distal area occurred
under marine conditions defined in the Thebe-1 well, in the Barrow
Group, which contains B. reticulatum, D. lobispinosum and C.
delicata zones (Ellis 2008a).

In summary, during the synrift period, the depositional
environment was overall marine, fluctuating between shallow and
shelfal conditions. Palynofacies data contain no evidence for non-
marine or subaerial conditions during deposition of the synrift
strata.

Post-rift megasequence

The post-rift megasequence is characterized by medium- to low-
amplitude, parallel to subparallel reflections of the Muderong Shale
(Fig. 3c). The unit comprises mainly claystone and represents the
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lowermost part of the post-rift megasequence. This formation covers
the entire Northern Carnarvon Basin and is bounded below and
above by the K20.0SB and K40.0SB horizons, respectively.
Palynological data for the Muderong Shale from Thebe-1 (distal
area), Tidepole-2 and Lady Nora-1 (proximal area) wells define the
S. tabulata and M. australis zones, indicating that the unit was
deposited in a marginal marine setting.

Structural analysis
Proximal area (Dampier Sub-basin)

The Mermaid, Rosemary and Enderby Terrace fault systems define
the eastern margin of the Dampier Sub-basin (Fig. 3b), which is
imaged in the Panaeus seismic survey (Fig. 6a). The Rankin fault
system defines the western margin of the sub-basin (Fig. 3b) and is
imaged in the Fortuna seismic survey (Fig. 6a).

In the eastern margin of the Dampier Sub-basin, the Rosemary
and the Enderby Terrace fault systems comprise NE-SW-striking
fault segments that dip toward the NW and SE, respectively (Figs 5a
and 6a). The faults bound a horst (i.e. the Eliassen Terrace; Figs Sa
and 6a). The SW portion of the Eliassen Terrace is bounded by the
Mermaid fault system (Fig. 6a), which comprises NNE-SSW-
striking ramp—flat—ramp fault segments that dip to the NW (Fig. 5b).
The faults developed at the eastern margin of the Dampier Sub-
basin accumulated 200-850 ms TWT of maximum projected throw
(Fig. 6¢). Throw is overall greatest in the centre of individual fault
segments, decreasing towards their tips (Fig. 6¢). The growth
history of these faults is determined based on the age of the synrift

(e)~(h).

sedimentary wedges accumulated along their subsided hanging
walls (Fig. 5a and b). The reactivation of Permo-Carboniferous
structures resulted in the Rosemary, Enderby Terrace and Mermaid
fault systems (Deng and McClay 2021; Deng et al. 2024), which our
results indicate were active from the latest Triassic to the Late
Jurassic, Middle Jurassic and Early Cretaceous, respectively.

In the western margin of the Dampier Sub-basin, Permo-
Carboniferous reactivation of faults led to the slip of the Rankin
Fault System, which resulted in the formation of NNE-SSW-
striking horsts and hanging half-graben basins (Figs 5S¢ and 6a). The
fault system comprises (1) NE-striking, SE-dipping segments (i.e.
WF1, WF2, CF1, EF1, EF1A and EF2; Fig. 6a) and (2) NNE-
striking, WNW-dipping segments (WFR2, CFIR and EFIR;
Fig. 6a) that accumulated between 880 and 1880 ms TWT of
maximum projected throw (Fig. 6b). Overall, the NNE-SSW-
oriented horst structures are generally bounded to the east and west
by NE- and NNE-trending faults, respectively (Fig. 6a). Along both
fault populations, throw is typically greater near their southern tips
(Fig. 6b), resulting in a significant uplift of the horsts’ southern
portions and the tilting of the top Mungaroo Formation north-
castwards (Fig. 5d). The throw measurements along the faults’
bounding hanging half-graben basins (i.e. WF1 and EF2) show a
parabolic trend, with greater values along the centre of the fault
segments, decreasing towards their tips (e.g. EF2; Fig. 6b). Faulting
is inferred to have initiated during the Early Jurassic (Pliensbachian),
after deposition of the Brigadier Formation, as in this area the
carliest synrift unit conformably overlies the Mungaroo Formation
(Fig. 5c¢). Faulting continued until the Early Cretaceous (Fig. 5¢).
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Distal area (Exmouth Plateau)

Faults in the distal area are grouped into four populations based
on their strikes (i.e. NNE-SSW-, north-south-, NW-SE- and
NE-SW-striking normal faults; Fig. 6e). Within the Bonaventure
and Thebe surveys, slip of the faults with the largest throws (i.e.
west-dipping NNE-SSW- and north—south-striking faults; Fig. 6d, f
and h) results in the development of domino-style half-graben
basins (Fig. Se—g). These faults are generally hard-linked by shorter
NW-SE- and NE-SW-striking fault segments or are soft-linked by
unbreached relay ramps (Fig. 6e). Faults within the Agrippina
seismic coverage generally strike north—south and dip east or west
(Figs 5h and 6e). A gradual change in fault orientation from NNE-
SSW- to north—south-striking is inferred to occur southwards, as
seen by the transition from NNE-SSW-striking faults in the Thebe
survey to the north—south-striking faults in the Agrippina survey
(Fig. 6e). This change in fault orientation aligns with lower throw
values measured in the north—south-striking faults in the Agrippina
survey (c. 350 ms TWT; Fig. 6g), in comparison with the fault
throw values measured in the Bonaventure and Thebe surveys (c.
900 ms TWT; Fig. 6d, f and h). However, when analysing
individual segments, all faults are characterized by larger throws
near their centres, decreasing towards their tips (Fig. 6d and f~h).

The attitude of strata in the uplifted footwalls adjacent to faults in
the distal area varies from 1 to 5°, depending on the local fault strike
and throw. For example, higher dips (i.e. 3—4°) are observed near the
centre of large-throw, NNE-SSW-striking faults, decreasing to 2—3°
towards their tips. Near the centre of north—south-striking faults,
footwall strata dip a maximum of 2°, decreasing to 1° towards the
fault tips. The greatest footwall strata dips (i.e. 5—6°) are observed
along the areas where the large-throw faults (i.e. NNE-SSW- and
north—south-striking) hard-link (Fig. 5f).

The age of syn-kinematic strata deposited adjacent to faults in the
distal area suggests that faulting in the Bonaventure and Thebe
seismic surveys initiated during the Late Triassic (Fig. Se and f),
whereas faults in the Agrippina survey initiated later during the
Early Jurassic, as indicated by the consistent thickness of the
overlying early synrift Brigadier Formation (Fig. Sh). Minor fault
slipping relative to sediment aggradation rate occurred during the
deposition of the Barrow Group, until at least the Early Cretaceous
(i.e. K20.0SB, top Barrow Group; Fig. 5e and f) as indicated by the
lack of footwall erosion affecting the Barrow Group (Fig. 5e-h).
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Fig. 5. Continued.

Rift-related footwall erosion complexes

In this section, footwall erosion complexes are analysed in terms of
their seismic expression, their quantitative (i.e. spatial variations in
magnitude of erosion) relationship to their related fault segments
and the environment in which they potentially formed. The
identified complexes are named based on their genetically related
fault systems and their location within the seismic surveys. Based on
their shared structural characteristics (e.g. linkage), fault segments
are grouped into fault complexes.

Proximal footwall erosion complexes

Observations. Across the Dampier Sub-basin, footwall erosion
complexes affecting pre-rift or earliest synrift strata (i.e. Mungaroo
and Brigadier formations) are identified only along the basin
western margin, in association with the uplifted footwall blocks of
the largest (>880 ms TWT throw) structures within the Rankin Fault
System (Figs 6b, 7a, b and 8). Five footwall erosion complexes are
recognized in this area, herein referred to as WH, CH, EH, WG and
EG (Fig. 9a). WH, CH and EH developed on the crest of horsts that
are tilted and wider towards the NNE (Fig. 9a and d). In detail,
footwall erosion is not only restricted to the fault scarp itself but
rather defines a relatively planar flat, erosional surface that caps the
footwall (Figs 5d and 9e), which we interpreted as an inter-rift
peneplain-style surface. In contrast, WG and EG are related to the
immediate footwall scarps of faults bounding hanging half-graben
basins (Fig. 9a and c). All the footwall erosion complexes are
characterized by truncation of the underlying Mungaroo and
Brigadier formations, which are tilted c¢. 4-6° towards the NNE.
Although beyond the scope of this study, erosion of Middle Jurassic
strata is observed in the eastern margin of the Dampier Sub-basin,
specifically along the Enderby Terrace (Fig. 5a). These features
were not included in the analysis as they are related to a late synrift to
post-rift phase not considered in this study.

The magnitude of footwall erosion (i.e. the volume of material
eroded) varies drastically within and between erosion complexes
associated with the Rankin Fault System (see Supplementary
material 4 Table 4). The greatest volume of material is eroded
across the complexes related to horst structures (c. 88 400 x 10°
and 4900 x 10 m*® in WH and EH, respectively; Fig. 7b), with
significantly less material eroded across those complexes related
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to faults bounding hanging half-graben basins (c. 191 x 10° m?
in EG).

The magnitude of erosion along the length of the footwall erosion
complexes is directly related to how throw varies along the strike of
individual faults. For example, as mentioned above, major faults
bounding horst structures (Fig. 6b, WF2, WF2r, CF1, CFl1r, EF1
and EF1r fault segments) accumulated greater throw along their
southern tips, coinciding with areas of greater footwall erosion (i.e.
WH, CH and EH; Fig. 9a). These areas are affected by gravity-
driven normal faulting along the edge of the uplifted footwalls,
which enhances the footwall erosion process (Fig. 5c). Moreover, in
relation to those faults bounding hanging half-graben (e.g. EG;

Fig. 9a), erosion is localized along the uplifted footwall crest and its
magnitude is greatest near the centre of the faults, decreasing
towards their tips (i.e. EG and WG; Figs 7a, b and 9a).

The timing of footwall erosion along the Rankin Fault System is
constrained by the age of the eroded strata and of the synrift
reflections that onlap the tilted peneplain surface and the edges of
the footwall scarps. Footwall erosion began during the Early
Jurassic, after the deposition of the Brigadier Formation. K40.0SB
(Aptian) caps the WG, and the peneplain surfaces and footwall
scarps of WH, CH and EH (Fig. 9¢), meaning that they were
exposed at least until the Early Cretaceous. In contrast, EG is capped
by K10.2MFS (Kimmeridgian) (Fig. 9c), indicating that the
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footwall scarp was exposed at least until the Late Jurassic—earliest development of the footwall erosion complexes along the western
Cretaceous and suggesting that erosion ceased earlier than in WG, margin of the Dampier Sub-basin (Fig. 10c) in response to the
WH, CH and EH, an interpretation consistent with the fact it is at a following.
structurally lower elevation (Fig. 9b and c).

Interpretation. Our results indicate that footwall erosion (1) During Late Triassic to Early Jurassic nftlng, extension led
complexes developed during the Early Jurassic—Early Cretaceous. to Permo-Carboniferous fault reactivation, resulting in the
Previous studies conducted in similar settings (eg Dahl and Solli deformation of the Sedimentary cover (1e Mungaroo and
1993; Berger and Roberts 1999; Hesthammer and Fossen 1999) Brigadier formations; Fig. 10c) and the development of a
described hlgh rates of fault Sllp and footwall upllft ()CCuITing durlng fault_propagation fold (i.e‘ Rankin Trend; Deng et al
the rift climax. Accordingly, we expect a major collapse along the 2024). Short, disconnected, low-displacement, secondary
uplifted footwall crest, and thus enhanced footwall erosion to occur extensional faults formed owing to outer-arc extension
during the Callovian, as Deng and McClay (2020) indicated this around the fold (F]g ]Oc)’ Creating horst_and_graben
stage as the rift climax across the Dampier Sub-basin. Nonetheless, structures (Fig. 5c¢).
we suggest that footwall erosion was still active until the capping of (2) During the Early to Middle Jurassic the reactivated Permo-
the footwall erosion surfaces. Carboniferous fault reached the surface, which resulted in

Based on our observations and considering the tectonostrati- the development of gravity-driven faults along the edge of
graphic framework proposed for the Dampier Sub-basin by Deng the uplifted footwall, facilitating the fault-scarp erosion
and McClay (2020), reactivation of Permo-Carboniferous normal process (F]gs 5¢c and ]Oc) During this nﬁ]ng phase’ the

faults during the Mesozoic rifting (Deng ef al. 2024) led to the eastern portion of the Rankin Platform (i.e. western margin
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Fig. 7. Along-strike relationship between footwall erosion complexes magnitude and fault geometry and throw values. Diagrams of key samples displaying
the relationship between erosion measurements (orange, VE; grey, HE) and fault throw along-strike variability (blue line, projected fault throw; yellow line,
minimum fault throw). (a) Proximal area key samples include WF1, WF2 and WF2r fault segments, which are related to WG and WH erosion complexes.
(b) WG and WH bulk volume maps and extension. Location shown in the displayed map. (¢) Distal area TE erosion complex bulk volume map and
extension. Location shown in the displayed map. (d) Distal area key sample includes E-Th fault system, which is related to TE erosion complex. It should
be noted that key sample results, related to the C-Bn fault system and the related BC erosion complex, are available in the Royal Holloway, University of
London Figshare repository (https:/doi.org/10.6084/m9.figshare.25879459).
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of the Dampier Sub-basin) was in a shallow-marine setting
(Fava et al. 2023), hence we suggest that the peneplain-
style erosional surface in this location reflects erosion by
wave action (Fig. 10c).

(3) Middle-Upper Jurassic rifting (Fig. 2) led to the growth of
existing faults (i.e. Permo-Carboniferous and secondary
faults), resulting in the tilting of the peneplains to the NNE
(Fig. 10c) and the reactivation of gravity-driven faults,
enhancing the fault-scarp erosion process along the
footwall edge (Fig. 10c).

Distal footwall erosion complexes

Observations. Footwall erosion on the Exmouth Plateau
occurred along the uplifted footwalls of large-throw (>420 ms
TWT) NNE-SSW- and north—south-striking normal faults that
generally bound domino-style half-graben basins (Fig. 9f-i).
However, along some NE-SW- and NW-SE-striking fault
segments, footwall erosion development also occurred. Eight
footwall erosion complexes are identified in this area (Fig. Sh).
Within the Bonaventure and Thebe seismic surveys, we distinguish
between the western (W), central north (CN), central (C) and eastern
(E) footwall erosion complexes. More specifically, in Thebe, we
identified TW, TCN, TC and TE (Fig. 9h), whereas BW, BC and BE

22 Normal fault .~ Reflection termination

- K40.058

Fig. 9. Proximal area identified footwall
erosion complexes (a—e). Distal area
identified fault-scarp degradation
complexes (f—j). Bulk volume maps of
the material eroded along the identified
footwall erosion complexes (a, h).
Seismic sections displaying the
characteristic of the footwall erosion
complexes. All identified complexes are
characterized by the truncation of the
eroded substrate, onlapped by synrift
strata. The degraded products accumulated
along the immediate hanging wall are also
displayed (c, e, f, g, i). Three-dimensional
time—structure maps displaying the
projected psudosurfaces built to constrain
the magnitude of erosion (b, d, j).

are identified in Bonaventure (Fig. 9h). Finally, only one complex is
identified in the Agrippina seismic survey (AG; Fig. 9h).

Footwall erosion complexes in the distal area are localized along
the crest of the uplifted footwall blocks and involve truncation of the
upper intervals of the pre-rift succession (i.e. Mungaroo Formation;
Fig. 9f and g), although along BW and AG the Brigadier Formation
is also eroded (Fig. 91). Along individual faults the greatest erosion
occurs near the fault centre, decreasing towards the tips (Fig. 7c
and d). However, where large throw fault segments (>800 ms TWT)
hard-link, the magnitude of erosion is locally enhanced (Fig. 9g
and j). Regionally, the magnitude of degradation-related erosion
(e.g. VE) decreases southwards (see Supplementary material 4
Table 4). For example, a total of c. 17.800 x 10°, 8.060 x 10° and
2.450x 10°m? in TE, BC and BE was eroded where NNE-SSW-
striking faults dominate, whereas southwards in north—south-striking
BW c. 759 x 10% m® is eroded (Fig. 9h; see Supplementary material
4 Table 4). This southward decrease in the volume of material eroded
is consistent with the overall variability in throw and related footwall
uplift described above across the distal area.

Footwall erosion in the northern part of the distal area initiated
between the Late Triassic and Middle Jurassic, as indicated by the
accumulation of fault-controlled base-of-scarp deposits between
TR301.TS and J40.0SB horizons (i.e. TE, TCN, TC, TW, BE and
BC degradation complexes; Fig. 9f and g). In contrast, in the
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southern part of the distal area, base-of-scarp deposits accumulated
between the Late Jurassic and Early Cretaceous (i.e. BW and AG;
Fig. 91). The fault-scarp degradation complexes are onlapped by the
Early Cretaceous strata (e.g. BC and TE; Fig. 9g), except for TCN
and a portion of TW, which are capped by Late Jurassic strata of the
Angel Formation as recorded in Thebe-2 (Ellis 2009; Fig. Se). This
is consistent with its related fault segments, which are characterized
by lower throws than those associated with complexes that were
sealed slightly later (Fig. 6h).

Interpretation. In the distal area of the Northern Carnarvon
Basin, fault activity related to NNE-SSW- and north—south-striking
faults controlled the magnitude and timing of fault-scarp degrad-
ation. We suggest that the variability in the magnitude of fault-scarp
degradation from the Thebe to the Agrippina seismic surveys is
related to a southward decrease in the rift-related strain, supported
by the southerly decrease in fault throw (Fig. 6g and h). Moreover,
periods of significant fault growth, during the Late Triassic to Late
Jurassic, are inferred to have resulted in prominent degradation
owing to high slip and footwall uplift rates responsible for
gravitational instabilities (i.e. landslides) along the fault scarps
(Fig. 10b). Fault-controlled base of scarp deposits are the
stratigraphic record of this erosion (Fig. 9f and g).

The magnitude of fault-scarp degradation related to individual
fault segments in the distal area is larger in the centre of the faults,
decreasing towards the tips, following the expected trend of footwall

140058~ K1D.ZMFS K20.058 k40.058 [0 Fault-controlled base-of-scarp deposits

& Normal fault g~ Reflection termination

Fig. 9. Continued.

erosion along normal faults (Elliott et al. 2012; Bilal e al. 2018;
Barrett ef al. 2021). However, maximum degradation is recorded
along the areas where two long, large-throw (c. 800 ms TWT)
normal faults (i.e. NNE-SSW- or north—south-striking normal
faults) hard-link (Fig. 9g and j). These areas where maximum
degradation is measured are characterized by higher post-linkage
slip rates, uplift and erosion (see field examples described by Faure
Walker et al. 2009; Lezzi et al. 2018) and have been previously
described by Martinez et al. (2024) in this area.

Discussion

Within this section, we first consider the regional controls
influencing the location and development of footwall erosion
complexes by considering tectonics and the structural evolution of
the area, as well as the sediment supply thickness variability
associated with Mesozoic rifting. We then focus on the factors
controlling the variability in footwall erosion processes, style and
magnitude at a local scale.

Control of rift dynamics on regional footwall erosion

Structural and tectonic evolution

The present structure of the Northern Carnarvon Basin resulted from
multiphase extension during the Permo-Carboniferous and
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Mesozoic (Longley et al. 2002). Following Permo-Carboniferous
rifting, the associated crustal thinning and thermal decay affected
the rheological behaviour of the lithosphere, increasing its strength
and brittleness (Gartrell 2000). As a result, in proximal areas of the
Northern Carnarvon Basin, later Mesozoic rift-related extension
resulted in the reactivation of Permo-Carboniferous structures
(Deng et al. 2024) and the creation of narrow rift basins (i.e.
Dampier Sub-basin). These narrow basins are bounded by
basement-involved faults, along which fault slip resulted in the
development of large uplifted fault blocks (Fig. 10a). Their western
margins are characterized by high magnetic anomalies, spatially
coincident with the location of the proximal footwall erosion
complexes described in this study (i.e. WH, WG, CH, EH, EG;
Fig. 9a). In this sense, the genetic and spatial relationships between
magnetic anomalies, vertical crustal motions and erosion are similar
to those described by Reeve ef al. (2021), who proposed that uplift
and erosion may be driven by a load of extrusive magmatic material.
In contrast, in the distal area (i.e. Exmouth Plateau), Mesozoic
extension resulted in the development of NNE-SSW-, north—south-

, NW-SE- and NE-SW-striking normal faults and the emplacement
of'sills (Rohrman 2013). We suggest that footwall erosion across the
Exmouth Plateau during Mesozoic rifting occurred owing to the
creation of large-scale domino-style rotational normal faults
(Fig. 10a and b; >420 ms TWT) and their related footwall uplift,
as distal footwall erosion processes are localized along the crest of
those uplifted blocks (Fig. 9h).

Conceptual and numerical models (e.g. Falvey 1974; Pérez-
Gussinyé et al. 2020) suggest that the development of erosional
unconformities along rift shoulders and on fault-bounded, intra-rift
structural highs result from thermal and fault-driven uplift and
erosion. Furthermore, the general landward migration of rift-related
strain along rifted margins results in multiple episodes of uplift and
the development of rift-related unconformities (Reeve ez al. 2021).
Tectonostratigraphic models of the Exmouth Plateau and Dampier
Sub-basin describe that Mesozoic extension initiated during the late
Triassic in the distal areas, being minor in the proximal areas (Bilal
et al. 2018; Deng and McClay 2020), in agreement with the margin-
wide variability in tectonic subsidence described by Makuluni ez al.
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(2022) along this area. Subsequently, during the Early to Middle
Jurassic, rifting was shifted and localized in the proximal areas
(Deng and McClay 2020; Makuluni et al. 2022). This shifting is
also recorded in our results and is inferred to control the initiation of
footwall erosional processes, which initiated in the distal areas (Late
Triassic) and migrated towards the proximal areas (Early Jurassic).
We suggest that the process through which the Northern Carnarvon
Basin accommodated Mesozoic rift-related strain and the spatial
variations in the magnitude of this strain (i.e. fault throws)
influenced the location and development of footwall erosion
complexes.

Regional sedimentation patterns and thickness variability

Sediment thickness variability in the Northern Carnarvon Basin
during Mesozoic rifting has been addressed by Makuluni et al.
(2022). A thicker sedimentary sequence accumulated in the
Dampier Sub-basin (Fig. 10a) owing to the trapping of sediments
sourced from the Australian continent, and it should be noted that
this also led to sediment starvation on the Rankin Platform (western
margin of the Dampier Sub-basin) and the Exmouth Plateau
(Marshall and Lang 2013; Gartrell et al. 2016; Makuluni et al.
2022). We suggest that the uplifted footwalls in the Rankin Platform
and Exmouth Plateau were exposed for a longer period, facilitating
the development of footwall erosion complexes (i.e. footwall
erosional unconformities). Conversely, footwall erosion of pre-rift
and/or earliest synrift formations (i.e. Mungaroo and Brigadier
formations, respectively; Fig. 2) is absent in the eastern margin of
the Dampier Sub-basin (i.e. the rift flank), where based on
conceptual and numerical models, footwall erosion should have
developed. We suggest that the lack of footwall erosional
unconformities affecting pre-rift or early synrift strata (i.e.
Mungaroo and Brigadier formation, respectively) along the
eastern margin of the Dampier Sub-basin is probably related to
(1) the uplifted footwall being quickly buried, which prevented
footwall erosion, owing to high sedimentation rates (Makuluni e al.
2022), and (2) the low fault throw values measured across this
margin in comparison with that observed on the western margin of
the Dampier Sub-basin (Fig. 6b and c), which directly affects
footwall uplift and exposure. Nonetheless, synrift strata bounded at
the top by J40.0SB (Fig. 2) are affected by footwall erosion and
significant peneplanation (Fig. 5a), which Deng and McClay (2021)
related to extension during the Early Cretaceous driving footwall
uplift and erosion. This extensional phase is related to the formation
of the Gascoyne Abyssal Plain.

Footwall erosion variability across the Northern
Carnarvon Basin

Footwall erosion processes and styles

Footwall erosion in extensional systems has been widely studied,
with particular attention paid to the factors triggering the process
and thus controlling the resultant depositional products and the
magnitude of erosion (e.g. Stewart and Hancock 1988; Underhill
etal. 1997; McLeod and Underhill 1999; Morley et al. 2007; Elliott
et al. 2012; Bilal et al. 2018; Barrett ef al. 2021; Martinez et al.
2024). The main mechanism responsible for footwall erosion is
gravitational instability (i.e. slope failure), resulting from the uplift
and rotation of footwall blocks (e.g. Underhill e al. 1997; McLeod
and Underhill 1999; Bilal et al. 2018). However, the style of
degradation can also be related to the depositional environment (i.e.
subaerial or submarine) experienced by the uplifted footwall if
affected by wave or storm action or river incision (e.g. Morley et al.
2007; Barrett et al. 2021). In this study, we suggest that footwall
erosion occurred as a result of normal faulting (i.e. slope failure

driving landsliding) and shallow-marine erosional processes (i.e.
wave action), consistent with that proposed by Deng and McClay
(2020) and Bilal et al. (2018) in the proximal and distal areas of the
Northern Carnarvon Basin, and Pechlivanidou ez al. (2019) in the
Corinth rift margin, Central Greece, respectively. We also propose
that the varying styles of the footwall erosion complexes are locally
controlled by the specific erosional process. For example, in the
proximal areas, the development of horst-capping inter-rift
peneplain-style surfaces (Figs 5d and 9e) resulted from shallow-
marine erosional processes (e.g. wave action; Fig. 10c) producing a
ravinement surface. A similar process has been proposed to interpret
the widespread Waipounamu erosional surface in New Zealand
(Landis et al. 2008), developed in response to the New Zealand
subcontinent drifting away from Gondwana from Cretaceous to
Cenozoic times. In contrast, erosion localized to the crests of
uplifted footwalls, as observed in the southernmost portion of the
horsts (Figs 5¢ and 10c¢), is related to the growth of major faults and
the development of gravity-driven normal faults along the edge of
the uplifted footwalls, which by their slip facilitated the footwall
erosion process (i.e. gravitational failure; Fig. 10c; Sharp et al.
2000). We suggest that solely the latter fault-driven gravitational
failure was responsible for the development of the fault-scarp
degradation complexes in the distal area (Pechlivanidou et al. 2019;
Scarselli et al. 2022; Martinez et al. 2024; Fig. 10b) similar to that
described across the updip edges of tilted fault blocks in the Gulf of
Suez (e.g. Afifi et al. 2016), NW Red Sea margin (e.g. Khalil and
McClay 2016), and in the northern North Sea (e.g. Underhill ez al.
1997). Furthermore, tectonic subsidence meant that the distal area
was in relatively deep water or, at the very least, below the depth
subject to wave-driven erosion (Fig. 9f—).

Controls on the magnitude of footwall erosion

Fault throw and the magnitude of footwall erosion are positively
correlated (e.g. Bilal ef al. 2018; Barrett ef al. 2021; Hughes et al.
2021; Scarselli et al. 2022; Martinez et al. 2024). This relationship
exists because larger fault throws cause greater footwall uplift,
generally enhancing slope failure. The results of our study are
consistent with those of previous studies. Regionally, for example,
footwall erosion complexes developed in the Northern Carnarvon
Basin are related to large-throw rift-related faults (i.e. >880 and
>420 ms TWT in the proximal and distal areas, respectively;
Figs 7a—d and 8). Locally, along individual fault systems or
segments, footwall erosion (VE and HE) is enhanced in the areas
with higher fault throw (i.e. near the fault centre in the distal area and
across the southernmost part of the horst in the proximal area;
Fig. 7a—d). Furthermore, the magnitude of degradation is greatest
where two large throw (NNE-SSW- and north—south-striking)
faults hard-link (Fig. 9j); this case may be related to higher post-
linkage slip rates, uplift and erosion along these linkage points
(Faure Walker ez al. 2009; Lezzi et al. 2018), coinciding with the
areas characterized by the greatest footwall strata dips (i.e. 5-6°;
Fig. 9g, h and j).

Substrate rheology

Previous studies have noted the control that substrate stratigraphy
exerts on the position of slip surfaces at the base of footwall
erosion complexes in the Viking Graben, northern North Sea
(Welbon et al. 2007) and the Halten Terrace offshore Mid-Norway
(Elliott ef al. 2012). In the Exmouth Plateau, Bilal er al. (2018)
described that stratigraphically imposed mechanical anisotropy
within the substrate promotes the development of gravity-driven
listric faults on the degradation scarp, which are detached from the
incompetent and heterolithic shale-dominated Mungaroo
Formation, controlling footwall erosion. The resulting degradation
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complexes are of similar dimension (c. 35 km long and ¢. 2000 m
HE) to those shown in this study, specifically those in the distal
areas of the Northern Carnarvon Basin (c. 40 km long and 800—
1800 m HE; Fig. 7c and d). In relation to our study, VE is
relatively large in the proximal areas (c. 1650 ms TWT; Fig. 7a),
where the heterolithic, coal-bearing Mungaroo Formation and the
earliest synrift siltstone of the Brigadier Formation are eroded
(Fig. 10c and d). In comparison, VE is relatively low in the distal
areas (c. 350-500 VE; Fig. 7d), where both the Mungaroo and
Brigadier formations are finer grained (Fig. 10d). In this area,
footwall erosion mainly affected the Mungaroo Formation,
although it also eroded the Brigadier Formation along specific
footwall erosion complexes (i.e. along BW and AG). We suggest
that footwall erosion, driven by gravitational failure, and the related
magnitude of erosion, may have been influenced by the variability
in the stratigraphically imposed mechanical anisotropy of the
substrate (i.e. Mungaroo and Brigadier formations) across the
margin. Furthermore, based on the regional tectonostratigraphic
evolution of the Northern Carnarvon Basin and the duration of
footwall exposure related to the overall sediment starvation
conditions in the Rankin Platform and Exmouth Plateau, we
assume that the material forming the Mungaroo (Carnian—Norian)
and Brigadier (Rhaetian) formations was not yet lithified before
erosion. The lack of lithification may have facilitated footwall
erosion, explaining the large volumes of material eroded in the
proximal areas related to the development of peneplain-style
surfaces (Supplementary material 4 Table 4). The lack of
lithification would have also prevented the accumulation of slide
blocks as observed in the hanging wall of synrift North Sea
analogue deposits (e.g. Underhill er al. 1997; Berger and Roberts
1999; McLeod and Underhill 1999; Welbon et al. 2007).

Conclusions
The main conclusions of our study are as follows.

(1) At amargin scale, the loci and development of rift-related
footwall erosional complexes are dependent on the
tectonics and structural evolution of the basin, as well as
the sedimentation rate variability during the extensional
period. In the Northern Carnarvon Basin, development of
rift-related footwall erosional unconformities is interpreted
to be controlled by the magnitude and migration of
extension, which, combined with sediment starvation
conditions in the Rankin Platform and Exmouth Plateau,
resulted in the long-lived exposure of the uplifted
footwalls.

(2) Locally, the style of footwall erosion complexes varies
from the proximal to the distal areas of the Northern
Carnarvon Basin (Fig. 7), being dependent on the process
(es) driving erosion (i.e. landslide v. wave action).
Footwall erosion is localized along the crest of the
uplifted footwall blocks if the erosional process results
mainly from gravitational instabilities, which may lead to
landslides, whereas footwall erosion complexes that
extend into the footwall (i.e. inter-rift peneplain-style
surfaces), as observed in the proximal horsts, are
interpreted to be related to sea-level variations, where
shallow-marine erosional processes dominate (e.g. wave
action).

(3) A quantitative approach is presented to constrain the
magnitude of footwall erosion across the Northern
Carnarvon Basin. The variability in the magnitude of
erosion depends on (a) the accumulated fault throws (i.e.
large throw led to greater erosion) and (b) the depositional
environment to which the uplifted footwalls were exposed.

For example, for the proximal horst-capping peneplain-
style surfaces, which extend <20 km (WH) into the Rankin
Platform, footwall degradation occurred as a result of the
action of submarine erosional process (i.e. wave action)
affecting the uplifted footwall.

(4) This study considers the control of the substrate rheology
on footwall erosion processes. We interpreted that erosion
affected an unconsolidated substrate, which may have
facilitated footwall erosion, sourcing relatively significant
amounts of loose material into the hanging wall and
preventing the accumulation of slide blocks.
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