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Key Points:
e Slip rates on normal faults vary by up to 2 orders of magnitude over a few million years

e Within a fault network, the slip rates and the shape of slip rate profiles on individual
faults are variable during different time periods

¢ In a network of faults, the recurrence interval for M>5 earthquakes can remain constant
over time with the contribution from individual faults varying
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Abstract

Slip rate is a key input for fault-based seismic hazard assessment, with temporal and spatial
variations in slip rate along and between faults influencing earthquake size and recurrence.
Temporal variations in slip rate have been attributed to earthquake clustering and anti-
clustering in tectonically active settings. Here we explore the combined temporal and spatial
assessment of slip rate variations of individual faults and the network they form part of. Here
we present slip rates derived from a seismically imaged, inactive fault network, offshore NW
Australia. We show spatial and temporal slip rate variations across million-year time scales for
individual faults within a network of across-strike faults. Slip rate profiles also differed through
time, with the location of maximum slip rate on individual faults migrating along-strike by
several kilometres between time periods (over 10° to 107 million years). We then calculate the
resulting temporal variations in seismic hazard arising from the changes in slip rates. We show
that within a fault network, whilst overall the earthquake recurrence rates over the entire fault
system remain similar, recurrence rates on individual faults vary on the million-year timescales
we study. Spatial and temporal variability of slip rate can introduce uncertainty in earthquake
probability calculations, highlighting the need to incorporate this into probabilistic seismic
hazard assessments.

Plain Language Summary

Understanding how quickly faults move over time, known as their slip rate, is an essential
element in understanding the seismic hazard posed by an individual fault or fault network. A
faults slip rate does not remain constant through time, but instead a fault can speed up or slow
down. Additionally, where faults occur as part of a wider fault network, the proportion of slip
taken up by a particular fault can vary through time with one fault faster than another at one
time period, and slower in another. This has a direct effect on the recurrence rates of
earthquakes, and therefore the hazard posed by individual faults and/or fault networks.

In this study, we used 3D seismic data to examine an ancient fault network preserved offshore
NW Austrailia. Although these faults are no longer active, they preserve a record of slip
spanning millions of years, allowing us to study how slip rates varied across the network over
these time periods. We found that the speed and location of slip on individual faults changed
over time, with the areas of maximum slip rate shifting by kilometers along a given fault
between studied time periods.

By analysing these changes, we show that whil the total activity of the fault system remained
broadly consistent across several time periods, individual faults showed large variations in the
magnitude and shape of their slip rate profiles. It was also found that the whole network sped
up in the final time period by a factor of 10. These changes directly impact calculated
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58  earthquake rates, and highlights how the spatial distribution and magnitude of seismic hazard
59  canvary across a lifetime of an active fault.
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1 Introduction

Slip rates are an important input into fault-based probabilistic seismic hazard assessment
(PSHA) (Chartier et al., 2019; Faure Walker et al., 2019; Pace et al., 2016a; Youngs &
Coppersmith, 1985), as they influence the moment accumulation rate and, therefore, the
earthquake occurrence rates (Brune, 1968). Fault-based PSHA relies on the available data
describing the fault activity, and these are often restricted to one single measurement of slip-
rate on a fault, that is calculated for a specific period of time (e.g., Gdmez-Novell et al., 2020;
Valentini et al., 2017; Williams et al., 2023) However, slip-rates on both active and inactive
faults are known to vary over decadal to million year timescales (Friedrich et al., 2003; G. P.
Roberts et al., 2024). Most previous studies into temporal slip-rate variability have focused on a
single along-strike location on a fault, for example paleoseismic trenching studies (e.g. (Dolan et
al., 2016; A. Nicol et al., 2010; Onderdonk et al., 2015; Wechsler et al., 2018; Zinke et al., 2019)
or cosmogenic isotope studies (Goodall et al., 2021; Mechernich et al., 2018), although some
studies do integrate numerous single locations across a region to discuss the broader behaviour
of the fault network (Cowie et al., 2017; Dolan et al., 20073; lezzi et al., 2021; Mildon et al.,
2022; A. Nicol et al., 2010; G. P. Roberts et al., 2024; Sgambato et al., 2025). For normal faults,
maximum displacement (and thus slip rate) is commonly observed near the centre of the fault,
and displacement (or throw) profile are commonly assumed to show a broadly bell-shaped,
elliptical or triangular form (Cowie & Scholz, 1992; Manighetti et al., 2004; Manzocchi et al.,
2006; Nicol et al., 2005; Roberts, 2007). However, slip rates and total displacement show
further variability along-strike (J. A. Cartwright & Mansfield, 1998; Faure Walker et al., 2009,
2010, 2012, 2019; lezzi et al., 2020; McClymont et al., 2009; Gerald P Roberts & Michetti, 2004;
Sgambato et al., 2020).

The effect of spatial-temporal variations in slip-rate of the kind described above on PSHA
remains relatively understudied (Faure Walker et al., 2019; Pace et al., 2014; Roberts et al.,
2024; Scotti et al., 2021). Faure Walker et al. (2019) investigated how along-strike changes in
slip-rate on a single fault affect the resulting seismic hazard. They found that different shapes of
slip-rate profiles affect the resulting seismic hazard curves, with probability calculations varying
for different profiles shapes beyond the uncertainty of Ground Motion Prediction Equations.
This highlights the importance of collecting high-spatial resolution slip rate data. However, as
slip-rate can also vary temporally, the magnitude and the position of maximum slip along an
individual fault may also vary through time (Benedetti et al., 2002, 2013; Cowie et al., 2017;
lezzi et al., 2021; Roberts et al., 2024, 2025), and thus the location of maximum slip within a
fault network may also vary. Understanding how throw accumulates through time, and
therefore how slip-rate evolves, is an important consideration for seismic hazard assessments
(Figure 1a). By investigating how much natural variability in slip-rate evolution might be
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expected, this can be incorporated as a source of uncertainty in fault-based PSHA (e.g. Cowie et
al., 2017; Roberts et al., 2025).

Faults do not occur in isolation but instead form networks of relatively closely spaced
structures. It is well-established that faults within broader networks interact over a range of
temporal (decadal to million years) and spatial (10s m to >100 km) scales, directly controlling
their slip rate and the related earthquake parameters (e.g., recurrence and magnitude). The
mechanisms of fault interaction can include co- and interseismic stress changes (Gupta &
Scholz, 2000; Harris & Simpson, 1998; Stein, 1999), the stress interaction between lower-crustal
shear zones to which upper-crustal faults are geometrically and kinematically connected
(Mildon et al., 2022; Roberts et al., 2024), and strain localisation (Cowie et al., 2005; A. Nicol et
al., 1997; Nixon et al., 2024). Short-timescale fault interaction has in places been considered
within seismic hazard studies, either via Coulomb stress changes (Pace et al., 2014; Toda &
Enescu, 2011; Toda & Stein, 2018; Verdecchia et al., 2019) or by testing different fault
segmentation scenarios and their potential to produce multiple fault ruptures (Mignan et al.,
2015; Milner et al., 2013). Over longer time scales (i.e., > Myrs), while it is well-established that
faults interact, affecting their throw accumulation (e.g., Childs et al., 2019; Fossen & Rotevatn,
2016; Nixon et al., 2024; Pan et al., 2022), it is unclear how fault interactions will affect
calculated earthquake rates across the network, contributing to the regional seismic hazard,
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114 compared to earthquake rates on individual faults, which mainly affect local seismic hazard)
115 (Figure 1b).
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117 Figure 1 — Two questions and associated hypotheses that will be tested in this study.
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3D seismic reflection surveys can be used to investigate slip rate variability over long timescales
(>Ma). Stratigraphic successions imaged and used to infer slip-rate patterns are often deposited
over tens of millions of years, far longer than timescales typically resolved for presently active
faults, enabling long-term variations in slip rate to be explored. Several assumptions and
limitations must be considered when using 3D seismic data including subjective bias of the
interpreter (Andrews et al., 2024; Bond, 2015), the need for sedimentation rates to exceed
throw rates (Jackson et al., 2017), uncertainties and resolution of age data relating to mapped
reflectors (e.g., Reeve et al., 2016), and the need of a reliable velocity model to convert throw
and fault dip from time to meters (Holden et al., 2024) which can also introduce uncertainties in
the interpreted fault dip. Despite these caveats, 3D seismic reflection dataset image the full
three-dimensional geometry of faults, allowing us to explore spatial patterns in slip-rate with a
dense sample spacing (100 m), and at multiple structural levels. Additionally, slip-rate profiles
can be used to infer how fault length, and therefore the maximum expected earthquake
magnitude, evolved through time. Such measurements are often not possible on active faults,
where the along-strike exposure of the fault is limited to the present-day surface, may not be
continuous, and/or the geomorphology may not be appropriate to extract slip-rate values.

In this study, we address two key questions related to the slip rate variability in a normal
fault network. The first question is: how does displacement accumulate along a fault over time?
We test two hypotheses: (1) the position of maximum slip remains fixed over time, or (2) it
varies temporally. To address these hypotheses, we construct fault slip histories across a
kinematically linked normal fault network over four to eight time periods spanning 72.2 million
years. This analysis is based on a 3D seismic reflection survey from offshore NW Australia, a
region that experienced Jurassic and Cretaceous rifting, which resulted in the formation of an
extensive normal fault network. We interpret several age-constrained seismic horizons, dated
using wells within the study area, and use horizon offsets and ages to infer slip rates along
selected faults. We first document the spatial and temporal variability of slip rates along a
single, geometrically isolated fault, before expanding to consider the broader fault network.
The second question we address is how does displacement accumulate across a fault network
over time? (Figure 1b). We test two hypotheses: (1) the proportion of displacement taken up by
individual faults is constant over time, or (2) the proportion of displacement taken up by
individual faults varies. Finally, we use the derived slip rates to infer how the average annual
earthquake occurrence rate would have changed through time and discuss the implications of
our findings for seismic hazard assessment.

2 Geological setting

This study focuses on a fault network situated in the Exmouth Plateau region of the
Northern Carnarvon Basin, offshore NW Australia (Fig 2a, b). The ~400 km wide Exmouth
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Plateau lies outboard of several sub-basins (Fig 2a) and is characterised by a complex
tectonostratigraphic history (Bilal & McClay, 2022; Gartrell et al., 2016; Gartrell, 2000). The
area experienced three main phases of extension: 1) NW-SE directed extension during the Late
Carboniferous to Permian that imparted a structural grain across much of the Northern
Carnarvon Basin (Bilal & McClay, 2022; Deng & McClay, 2019, 2021; Etheridge & O’Brien, 1994;
Gartrell, 2000), 2) Lower to Middle Triassic extension evident across west-dipping NE-SW to
NNW-SSW normal faults (Bilal & McClay, 2022), and 3) Upper Triassic to Middle Jurassic (209.5
to 162.5 Ma) ~E-W directed extension that caused wedge-shaped growth strata to develop
along N-S to NNE-SSW trending faults (Bilal et al., 2020; Bilal & McClay, 2022; Black et al., 2017;
Karner & Driscoll, 1999; Lathrop et al., 2021) (Fig. 2c) — this is the phase of extension that we
focus on. Between the Lower to Middle Triassic extension, and initiation of Upper Triassic
extension, a ~400 m thick succession of fluvio-deltaic sandstones and mudstones of the
Mungaroo formation blanketed the earlier phase of extension. Following the main phases of
extension (162.5 to 137.3 Ma), minor throw accumulation continued with local fault
reactivation, tip propagation, and abundant sills, dykes and dyke-induced faults during an
otherwise post-rift phase (Black et al., 2017; Direen et al., 2008; Magee et al., 2023; Magee &
Jackson, 2020a, 2020b). This was followed by the deposition of passive margin sequences
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(137.3 to 0 Ma) following continental breakup during a period of thermal subsidence and
passive margin development (Black et al., 2017; Direen et al., 2008).
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Figure 2 — Overview of the Chandon 3D seismic cube used in this study. a) Location of the
Chandon 3D seismic cube. b) Depth to base syn-rift horizon (Top Mungaroo, TM) showing the
locations of faults and the distribution of throw across the area. Open circles show the locations
of wells used to provide age constraints on the stratigraphy of the area. The single fault with
relatively simple geometry that is first studied is indicated. The studied fault network is shown
as black fault polygons. c) Seismic cross-section across the fault network of interest, showing
the key horizons and ages used in this study. d) Stratigraphic age framework used to determine
the slip rates over different time periods, where the ages are given with a ~, these are
approximate ages based on constant sedimentation rates, and where ~ is not present, the ages
refer to local ages derived from well reports (see main text for further discussion on age related
uncertainties).

In this study, we explore slip-rate evolution from the Upper Triassic (209.5 Ma) through
to the end of the post-rift phase (137.3 Ma). The Exmouth Plateau was starved of sediment
input throughout active rifting (Reeve et al., 2016, 2022). This caused large offset faults to have
a surface expression at the time of faulting and undergo footwall degradation, and most faults
to have condensed footwall stratigraphic successions (Bilal & McClay, 2022; Karner & Driscoll,
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1999). The faults in our study area show no evidence of footwall degradation and most horizons
are preserved on both the footwall and hanging wall of all faults, suggesting subsidence rate
exceeded sediment accumulation rate for the studied fault network. Following the main phase
of extension, some major faults in the Exmouth Plateau underwent ‘tip-retreat’, whereby fault
length decreases with continued throw accumulation (Lathrop et al., 2022). The long-lived
nature of the studied faults and lack of footwall degradation enable us to explore how slip rate
differs through space and time across a complex fault network over >70 Myr.

3 Methods
3.1 Seismic reflection interpretation and data extraction
3.1.1 Seismic reflection data

The fault network in this study is imaged in the Chandon3D seismic cube (Fig 2), a 3D,
time-migrated, zero-phase seismic reflection survey that has a record length of 6 s two-way-
time (TWT) and a bin spacing of 25 m. Seismic data is displayed in SEG reverse polarity, where a
downward increase in acoustic impedance corresponds to a trough (black) reflection, and a
downward decrease in acoustic impedance corresponds to a peak (red) reflection. The spatial
resolution within the interval of interest (2.9 to 3.4 s TWT) is estimated by calculating the limits
of separability (the minimum vertical distance whereby interfaces will produce distinct
reflectors, ~17-21 m) and visibility (the vertical distance where interfaces are indistinguishable
from background noise, 2-3 m) (Brown, 2011).

3.1.2 Borehole data and age framework

To constrain the age and lithology of mapped reflectors, we tied four different
boreholes (Chandon-1, Chandon-2, Chandon-3 and Yellowglen, located 25.5 km west of
Chandon-1) to the survey, with well reports available through the Geoscience Australia Portal
(https://portal.ga.gov.au/). Boreholes were drilled into the footwalls of tilted blocks and extend
into the upper portion of the Mungaroo Formation. They contain information about the depth
and age of formation tops, alongside geophysical information such as gamma ray, sonic,
neutron porosity, and bulk density data. We use age data derived from biostratigraphic
information reported in the well reports to constrain the age of five reflectors between the Top
Mungaroo (209.5 Ma) and the Top Upper Barrow (137.3 Ma) Formations. Due to stratigraphic
thinning of the footwall, some regional reflectors are not observed in the boreholes (e.g.,
subdivisions of the Athol Formation). To account for this, and to expand our age framework we
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inferred the age of an additional four reflectors assuming constant sedimentation rates
between age constrained reflectors (after Lathrop et al., 2021; Pan et al., 2022).

3.1.3 Seismic interpretation and calculation of slip rate

Slip rate can be calculated for faults where subsidence rate exceeds throw rate and the
age of mapped horizons are known (e.g., due to well ties) (e.g., Lathrop et al., 2021; Nicol et al.,
2005; Pan et al., 2022; Childs et al., 2003). In this study we interpret nine age constrained
reflectors that could be mapped across the studied fault network to investigate slip-rate
variations across eight time periods (Fig 2d). To extract throw across each mapped horizon, we
construct fault-perpendicular transects (e.g. Fig. 2c). Sampling was undertaken by transposing
this line by 100 m, with the orientation of the transect adjusted where fault strike changed by >
15° to mitigate against obliquity errors (Andrews et al., 2024). At each sample location, we
collect fault cut-off data that includes near-fault continuous deformation for each horizon by
projecting the regional dip of the horizon onto the fault plane and measuring the projected
footwall and hanging wall horizon-fault plane cut-off pairs (Figure S1). Continuous deformation
will account for the long-term strain accumulated on the fault and includes non-discrete strain
(e.g., folding) and/or brittle deformation that is below the limit of separability of the dataset
(e.g., Childs et al., 2017; Delogkos et al., 2020).

Cut-off pairs are converted from TWT to meters by using a velocity model constructed
by fitting a polynomial best fit to the combined check-shot data from the nearby wells
(Supplementary 1) and used to calculate throw for each horizon. To calculate slip-rate across
two horizons (H1 and H2), the difference in throw is calculated as:

Athrow = throwy, — throwy; (Equation 1)

For cases where Athrow is positive, indicating accumulated slip across the horizons, we used
the dip across H2 to convert Athrow to the change in slip:

Athrow

P (Equation 2)

slip(m) =
Equation 2 assumes that displacement across the fault is purely dip-slip (i.e., the slip vector is
perpendicular to the measurement transect), and that the present-day dip of the fault can be
considered representative of fault dip at the time of extension. If Athrow is <0, indicating no slip
accumulation, slip-rate will be zero at this location. We then used Aslip to calculate the slip-rate
by dividing by the difference in age between H1 and H2 (Equation 3):

ASlipH2H1~1OOO

Equation 3
Ageqz —Agen: ( q )

Slip rate (r;—rrn) =
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We repeated these calculations at each paired cut-off, as well as for the deepest and shallowest
mapped horizons, to calculate the rift-averaged slip rate. For the latter, we used a rift-average
dip (dipra) to convert Athrow to Aslip by considering the difference in depth and horizontal
distance between the footwall pick across H1 and the hanging wall pick across TM.

3.1.4 Uncertainty in our slip rate calculations

In this section we describe the uncertainties associated with the calculation of slip rate
and the methods used to address them:

Age of mapped horizons: Uncertainty in horizon age may arise from errors in formation
ties or from uncertainties and/or the vertical spacing of biostratigraphic data used to derive
formation ages from well data. This is the case for the Mesozoic succession, where published
ages differ across the Exmouth Plateau. For instance, the Top Mungaroo (TM) has an age of
209.5 Ma within the sample area, whereas elsewhere in the Exmouth Plateau it ranges from
210 to 204 Ma (Reeve et al., 2022). In this study, we take ages from local well reports as we are
interested in relative changes in slip-rate across a fault network and not across the basin.
Additional uncertainty in age occurs where we have inferred age based on constant
sedimentation rates. If this assumption does not hold, then the absolute slip-rate between time
periods bounded by these reflectors may be either overestimated or underestimated relative to
the true value. However, as the same age is used throughout the study area, these horizons
with inferred ages act as ‘time-lines’, and the shape of slip-rate profiles as well as relative slip-
rate between faults within that time period will be unaffected by this uncertainty providing a
greater temporal resolution of slip rate variations across the network. To account for
uncertainty in absolute horizon age, we apply a 0.25 Myr error to horizon ages when calculating
minimum and maximum slip-rate values. We consider this to be sufficient to account for
uncertainties within the study area whilst also considering local ages derived from wells to be
reliable.

Horizon mapping and correlation across faults: Horizon picks rely on consistent
waveform reflections (Brown, 2011), and as this study requires information about the age of
the reflector, horizons should ideally be linked to well data (Schaaf & Bond, 2019). To mitigate
uncertainties and ensure consistency across the study area, we selected a fault network near
three wells (Fig 2b), allowing horizons to be mapped confidently around fault tips (Bond, 2015;
Chellingsworth et al., 2015). Whilst the significant footwall degradation observed elsewhere in
the Exmouth Plateau (Barrett et al., 2021; Bilal et al., 2020; Martinez et al., 2024) was not
present in the study area, footwall stratigraphy was sometimes condensed, locally hindering
the mapping of horizons. Where a horizon is only missing in the footwall, we take the cut-off of
the next youngest horizon as the footwall cutoff, thereby constraining the minimum throw
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across this specific horizon. Where the horizon is missing on both sides of the fault, slip rate is
calculated for this sample point using the Athrow to the next youngest horizon (i.e., if H2 was
missing, slip rate would be calculated between H3 and H1).

Fault interpretation: Uncertainties in fault interpretation stem from an interpreter’s
conceptual model of the study area, seismic reflection strength, image quality and vertical
exaggeration (Alcalde et al., 2017; Schaaf & Bond, 2019). To limit any differences across the
study area, we maintained a constant vertical exaggeration (~1:3), and as the reflectors are
well-imaged in the interval of interest and our interpretations conform to the region’s tectonics
(Fig 2c), anticipate minimal and consistent uncertainty in interpreting the position of faults.

Cut-off extraction: The interpretation of how reflections intersect faults (i.e., cut-offs)
involves uncertainty influenced by the type of measured cut-off (discontinuous or continuous),
the obliquity of the measurement transects, and the positioning of the horizon and fault
(Andrews et al., 2024; Faleide et al., 2021; Magee et al., 2023). These uncertainties affect the
extraction of key fault parameters used in our slip-rate calculations (e.g., throw, dip). To
mitigate against obliquity errors, all cut-off pairs are picked on a transect with a measurement
obliquity of <15°. Throw values that take into account continuous deformation introduce more
uncertainty that those that do not due to the interpreter having to extrapolate regional dip
onto the fault plane (Andrews et al., 2024). However, because the initial stage of fault growth
across the Exmouth Plateau includes localised monocline development (Pan et al., 2022),
continuous deformation needs to be considered in in our investigation of long-term slip-rate.
To account for uncertainties in throw and dip, we applied error values of the greater value of
+8% or +3 m for throw and £14% or £5° for dip, consistent with values reported by Andrews et
al. (2024) from the same seismic cube.

Depth conversion: The method used for depth-conversion can influence the extracted
fault parameters (Holden et al., 2024). In our study, we employed a polynomial fit to check-shot
data. Given that the depth of the studied faults is similar and throw across faults modest (<456
m), any errors arising from the depth conversion are internally consistent in the study and are
thus not considered with the throw errors used to calculate slip-rate.

Compaction-related loss of throw: The studied faults are deeply buried (i.e., 2 to 3 km),
meaning compaction could rotate faults to less than their syn-extensional dip (Allen & Allen,
2013), thereby reducing throw across syn-sedimentary faults by <15% (Taylor et al., 2008). In
this study, we do not undertake decompaction due to the similar depth of the faults, relatively
uniform lithologies (Bilal & McClay, 2022), and uncertainties in decompaction parameters,
particularly for the hanging wall sediments that are not penetrated by wells. Consequently, our
slip-rate estimates represent a minimum, noting post-slip compaction, whilst affecting absolute
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values, is thought to have a negligible effect on the overall patterns of slip-rate across the fault
network (Taylor et al., 2008).

To account for uncertainties in slip rate (SR) estimates, we calculate the minimum
(SRmin) and maximum (SRmax) values for each paired horizon by using the propagating individual
errors applied to our throw, dip, and age data through equations 1-3. Despite the uncertainties,
the seismic reflection dataset allows us to explore the spatial-temporal evolution of slip rate at
100 m intervals along each fault, providing useful insights into the long-term evolution of faults
and fault networks.

3.1 Seismic hazard modelling

To investigate the effect of variable slip rate and changes in fault length observed across
the studied fault network we use the MATLAB package FiSH (Pace et al., 2016a), to calculate the
expected earthquake occurrence rates across four time periods (209.5 to 192 Ma, 192 to 170
Ma, 170 to 142.3 Ma, and 142.3 to 137.3 Ma) for two examples: 1) a single fault with a
relatively simple geometry (i.e., limited sinuosity and no hard linkage to nearby faults); and 2) a
fault network that includes the single fault (see Table S4.1 for input parameters). FiSH derives
expected earthquake rates based on fault data such as fault length, slip-rate, fault dip,
seismogenic thickness, and established empirical relationships (Pace et al., 2016a). For fault dip
and slip-rate we take the arithmetic mean of all picks along a given fault, using rift average dip
to limit horizon specific errors. The along-fault length (i.e. considering the presence of fault
bends, not tip-to-tip length) is extracted based on slip-rate profiles. FiSH requires the
seismogenic thickness (aka depth extent of the fault) to be input to calculate the area of the
fault surface. We take a slightly different approach herein because (a) faults may extend below
the surveyable depth and (b) we cannot constrain the seismogenic thickness when these faults
were active. Instead, to calculate the depth extent of the faults, we assume faults have a
constant length to height aspect ratio of 2.15 (A. Nicol et al., 1996), although we note that a
wide range of fault aspect ratio values exist (Roche et al., 2013; Soliva et al., 2006; Torabi &
Berg, 2011). This approach was adopted instead of using a consistent fault width (e.g.,
extending to the seismogenic thickness of the crust), which would lead to unrealistic fault
surface geometries, particularly for short faults. If these assumptions are incorrect, and the
faults have larger or smaller aspect ratios, then the resultant earthquake magnitudes would be
higher or lower respectively. Although the studied faults are not presently active, our aim is to
constrain how earthquake rates change as the slip rates within a fault network changes over
different time periods and to investigate how seismic hazard could vary.
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4 Results
4.1 Single fault (Fault 1)

To first investigate how slip rates vary along a single fault through time, we choose a
single fault (Fault 1) that is physically (if not mechanically and kinematically) isolated from other
nearby faults and is relatively geometrically simple (i.e. limited changes in strike and dip). We
extract total displacement over the total lifetime of the rift (Figure 3a), as well as displacement
over four different time periods (Figure 3b-e). For the four time periods, the displacement is
converted to slip rate using the ages of the offset horizons (see Figure 2d for the age
framework).
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a. Present day displacement and throw accumulation from base syn-rift (209.5 Ma) to top-rift (137.3 Ma)
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Figure 3 — Variation of slip rate through time along a single fault with relatively simple
geometry. a. i. Present day geometry and throw at the base syn-rift (TM, Top Mungaroo) and
the top rift horizon (H1, Top Upper Barrow). ii. The cumulative throw plotted for the four
studied time intervals between 209.5 and 137.3 Ma and plotted against distance along the fault
trace. b-e. Slip rates during different time periods, plotted as i) a colour scale along the fault
trace in map view and ii) against distance along the fault (with errors shown by grey dashed
lines). Note that the colour scale and vertical axis change scale in each of these sub-plots. Both
the magnitude of slip rate and the shape of the slip rate profile changes throughout time.
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Considering the total displacement (Figure 3ai), the displacement profile has higher
displacement in the centre of the fault, with a slight skew to the northern end of the fault, and
lower displacement at the fault tips.

The slip rate in four different time periods is calculated and plotted in map-view (Figure
3b-e, i) and as distance along the fault (Figure 3b-e, ii). Slip is recorded along the full length of
the fault for all time periods, suggesting the fault established its length within the first time
period (i.e., following a constant-length model of fault growth (e.g., Rotevatn et al., 2019).
Across the different time periods, the magnitude of slip rate is variable over the rifting period.
Between the first (209.5-192 Ma, Figure 3b) and second periods (192-170 Ma, Figure 3c), the
slip rate on the fault decreases, with the maximum slip rate remaining constant 0.0054%3:55%,
mm/yr to 0.0053*5:391% mm/yr, although the mean slip rate slightly increases from
0.00235:3992 mm/yr to 0.0026*5-099% mm/yr. The second and third time periods (170-142.3
Ma, Figure 3c) are also characterised by a decrease in slip rate, with the maximum slip rate
reducing from 0.0053%3:551% mm/yr to 0.0029%3:9552 mm/yr, and the mean slip rate
approximately halving from 0.0026%3:399% mm/yr to 0.0013*3:055¢ mm/yr. The final period
(142.3-137.3 Ma, Figure 3e) contrasts with earlier ones, in that the slip rate increases by an
order of magnitude, with the maximum slip rate increasing from 0.0029*5-399% mm/yr to

0.046+5:912 mm/yr, and the mean slip rate from 0.0013*5:099¢ mm/yr to 0.016+5:33% mm/yr.

In addition to variability in the magnitude of maximum and mean slip rate, the shape of
the along-strike slip rate profile also varies with time (Fig 3). The position of maximum slip rate
measured along the fault changes over time (indicated on Figure 3b-e, i), but these may be
localised maxima relating to a single point on the fault (e.g. Figure 3di). However, variations are
also observed in the overall shape of the slip-rate profile (Figure 3b-e, ii). For example, the slip
rate profiles are less skewed towards the northern end of the fault in the first two periods (Fig.
2b-c,ii), whereas in the third period, the profile is more elliptical than triangular (Fig. 2dii). In
the final period, the shape of the profile (Fig. 2eii) is similar to the long-term profile (i.e. the
whole rifting phase, Figure 3aii); this is likely because the higher slip rate (~10x times greater
than other time periods) in the final time period has a large impact on the long-term profile.

4.2 Fault network

The fault above occurs within a fault network comprising nine faults, some of which are
physically linked (Figure 4a). One fault, Fault 7 is perpendicular to the other nine faults and we
therefore omit it from our analysis of along-strike trends across the fault network (Figure 4a).

Considering the total displacement across the network, many of the faults show higher
throw near their centres across all time periods (e.g., Faults 1, 4 and 8; Figure 4ai). Note that
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due to the ~2.5 km section of Fault 4 that shows no slip during the earliest time period (Figure
4b), this fault is characterised by multiple strands during this period (Figure 4b), but that over
time the tips of these strands grew and coalesced to form a single structure by 192 Ma (Figure
4c). The cumulative throw across each individual fault over the four periods studied is plotted in
Figure 4aii, as well as the total along-strike throw profile (which sums the throws perpendicular
to the orientation of the network).

Along-strike profiles of slip rate for each fault are plotted for each period, with the
profiles for individual faults aligned for easy across-strike comparison. While complex, there are
several key observations. First is that, like for the single fault, the magnitude of slip rate of
individual faults and the entire fault network varies over time, and that all faults increase their
slip rate in the final period (142.3-137.3 Ma, note the different vertical scale in Figure 4e).
Second, the shape of the along-strike slip rate profile varies for individual faults over time; for
example, Fault 2 has a profile that is relatively flat in the first two periods (209.5-192 Ma and
192-170 Ma, Figure 4b and c), near-triangular in the third period (170-142.3 Ma, Figure 4d), and
skewed towards its northern end in the final period (142.3-137.3 Ma, Figure 4e). In addition to
the variable slip rate profile on individual faults, the shape of the cumulative or summed profile
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423  varies over time; for example, in the third period, slip is skewed towards the southern end of
424 the fault network (Figure 4d).



425

manuscript submitted to Tectonics

a. Total displacement and cumulative throw from base syn-rift (209.5 Ma) to top rift (137.3 Ma)

3 51000
. \,:-2. ) F1 > £ € s00
\—\_ Tr(m:;w i _ * denotes
F4a 0 A splay
(splay) \/\’ 1 rz I : * fault
0 Fi ‘
(5piy) e BM
0 km 5 o g
| £
"\, iy e I I |
S 581192170 Ma ]
0 . 650 ‘co 209.5-192 Ma
Displacement (m) [Northing (m) 7825000 7830000 7835000 7840000 7845000
b. Slip rate during 209.5 Ma to 192 Ma time period
i. F2 F1 £ Summf:_eld
’ o £ 0.014 profile]
. F4a "~ - > %é ]
- ™ Slip rat
S . ] N
Faa F6 jF7 0004y | o]
(splay) - ks Fg~ ]
F5 (o) . 0.000 FBlt * E
splay ) F3 .
0 km 5 - F4b1 ~ F8 j
0 0.008 L : : . .
S||p rate (mm/yr) Northing (m) 7825000 7830000 7835000 7840000 7845000
c. Slip rate during 192 Ma to 170 Ma time period
i F % c Summed
F1 o £ 001 profile
. ) N\ Slip rate
s F4 ~ F3 - (mmiyr) 1F1
F4 _ F6 iE7 0.004] !
(splay) F5 = F5 F8 0000
splay) 4
0 km 5 " Fg Fa
(splay)

0.008
Slip rate (mm/yr)

IR

Northing (m)

T T T T
7825000 7830000 7835000 7840000 7845000

d. Slip rate during 1

70 to 142.3 Ma time period

S~

F4
F4 e

(splay) g

i. F2

-

S

F1

F3

e

~F5

splay)

0 km 5
[ e—

0.008
Slip rate (mm/yr)

F6 TF7

F8

\v

F9

>

~“Fg

(splay)

% B ] Summed
o £ 0014 profile
® g b il -
Slip rate
(mm/yr)
0.004
J F2
0.000J |, ‘F1
4 *L
F4 Be B
Northing (m) 7625000 7830000 7835000 7840000 7845000

e. Slip rate during 142.3 to 137.3 Ma time period

i. F2

K

“
_Fa4 F3 \
~ —

F4 =

(splay) 5 <

(splay)

0 km 5
L S—

] 0.054
Slip rate (mm/yr)

>

F6 - F7
\FBN*\
F8
F9 .K(splay)

>

gA 0.084 Summreld
2E 004 profle
nE

Slip rate
(mm/yr)
004 F2 / § F1
*|
o.ooJ N

Northing (m)

T T
7825000 7830000 7835000 7840000 7845000




426
427
428
429
430
431
432
433
434
435
436

437
438
439
440
441
442
443
444

445
446
447
448

manuscript submitted to Tectonics

Figure 4 — Along-strike variations in slip rate across the fault network. a) Present day throw
across the i) base syn rift horizon (TM) and ii) cumulative throw plots for individual faults and
the fault network. Each shade in the cumulative throw plots represents the throw accumulated
in a specific time period, the solid colour represents the throw accumulated in the earliest time
period, the lighter colours are for later time periods, and the colours match those used in Figure
5. b-e) Slip-rate shown in both map view and as profiles for the four studied time periods. To
enable overall profile trends to be explored, the data was smoothed using a window sample of
10 datapoints, for raw data please see Supplementary 3. Note that Fault 4 is two separate
faults (4a and 4b) in the first time period (b), and they coalesce together in later time periods.
Also, the colour scales of panels i and vertical scales in panels ii differ to better show the trends
within a given time period.

We select six transects through the fault network, orientated approximately
perpendicular to its overall trend, to study how the slip rate varies over time and throughout
the fault network. For the transects, we can investigate variations in slip rate with a higher
temporal resolution, resolving all eight time periods shown in Figure 2d. The location of
transects was chosen such that temporal variation in slip rate can be explored at key along-
strike locations, capturing different faults and encompassing a different number of across-strike
faults (Figure 5a). In all transects, the rapid acceleration of slip rate towards the end of rifting
can be seen in Figure 5bi, consistent with the observations from the single fault.

For each transect (Figure 5c-h), the slip rate on each individual fault is measured and
plotted over time (Figure 5c-h, i). To enable comparison and to investigate how the dominance
of different faults changes over time, we calculate and plot the percentage of total slip rate
accommodated on each fault across the transect (Figure 5c-h, ii). This indicates how the
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449  extension is being shared across the fault network, and whether this remains constant or varies
450  overtime.
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Figure 5 — Slip rate variations across a fault network. a) Fault polygons for the base syn-rift
horizon showing the locations of the transects taken perpendicular to the overall strike of the
fault network. The colour coding of each fault is consistent throughout the figure. b) Cumulative
slip rate along each transect (i), calculated by summing the individual slip rates for each fault.
This shows the general pattern of the fault network speeding up and slowing down over time.
The balance of slip rate along-strike of the fault network is shown to vary over time (ii). c-h) Slip
rate changes for faults along each individual transect, shown as absolute slip rate values (i) and
as a percentage of the total slip rate along each transect (ii). Note that the percentage of slip-
rate taken up on individual faults varies with time, indicating that the relative dominance of
faults in this small rift is changing over time.

Whereas the magnitude of slip rate varies through time across all transects, another key
observation is how the dominance of different faults changes, as seen on all transects (Figure
5c-h, ii). For example, in Transect 1, Fault 8 accommodates the majority (i.e., >50%) of the
deformation from 200-192 Ma and 181-137.3 Ma, whereas Fault 9 is dominant from 209.5-200
Ma and 192-181 Ma. A similar pattern can be seen in Transect 3 (the other transect with only
two faults across strike), with Fault 1 being dominant from 209.5-192 Ma and 181-140 Ma, and
Fault 5 from 192-181 Ma and 140-137.3 Ma. Where there are more than two faults across
strike (i.e., all other transects), the patterns of dominance between the faults are more
complex, with: (1) faults sharing the extension approximately equally, e.g. Transect 4, 170-
142.3 Ma (Figure 5f.i.i.), or (2) two out of three faults taking up the extension, e.g. Transect 2,
181-142.3 Ma, during which time Fault 9 is not slipping (Figure 5dii), or (3) one fault being
dominant (e.g. Transect 6, Fault 4 accommodating 70% of extension during 209.5-200 Ma and
92% of extension during 181-175 Ma, with Fault 2 taking-up 92% of extension during 200-192
Ma (Figure 4hii)). This demonstrates that the way that extension is shared across a normal fault
network is complex and varies through time, with activity and dominance switching between
faults.

4.3 Seismic hazard due to slip rate variations

The cumulative annual earthquake occurrence rates of individual faults (Fig 6a) and the
fault network (Fig S4.2; S4.4) were calculated using fault properties extracted across the full
time window (i.e., 209.5 to 137.3), and the four-time intermediate time intervals investigated in
this study (Table S3). Similarly to other faults across the Exmouth Plateau (Lathrop et al., 2021),
we observe fault length to be established quickly across most faults, and therefore for most
faults we use the same fault length for all time intervals. An exception to this is sections of F4,
and the tips of F2, that show no slip during the 209.5 to 192 ma time period (Fig 4b, c),
suggesting these faults grew between the first two time periods. To account for this, we split F4
into F4a and F4b during the 209.5 to 192 Ma time period and calculate earthquake occurrence
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rates for each section separately, while using different lengths of F2 in the first and subsequent
time periods. To compare different time windows, recurrence intervals for earthquakes with
Mw > 4.0 (Table S4.2) and Mw > 5.0 (Table S4.3) were calculated by taking the inverse of their
annual cumulative rates. In this study, we are primarily interested in the variation of the
calculated recurrence intervals, rather than the absolute values, because the studied faults
studied are presently inactive.

4.3.1 Earthquake rates on Fault 1

For Mw > 5.0 earthquakes on Fault 1, the recurrence interval calculated using rift-
averaged slip rate is 27,900 years; however, this differs from recurrence intervals calculated
using intermediate horizons (Table S4). Similar recurrence intervals were calculated for the
209.5 to 192 Ma (35,700 years) and 192 to 170 Ma (31,900 years) time periods, before rates
increasing by a factor of two during the 170 to 142.3 Ma time period (68,600 years), and
decrease by a factor of 10 in the final time period (142.3 to 137.3 Ma, 4,380 years). Similar
trends are also observed for Mw > 4.0 earthquakes (Table S4.2). The chosen time window that
slip-rate is calculated over therefore has a large effect on recurrence rates. For example,
earthquake rates calculated using slip-rate extracted from the 3rd time interval would
underestimate the seismic hazard in the following 4th time interval, and the use of time-
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505  average slip-rate could either over-, or under- estimate the recurrence times of damaging
506  earthquakes when compared to using rates calculated using intermediate horizons.
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Figure 6 — Seismic hazard calculations utilising variable slip rates. a. Annual cumulative rate of
earthquakes for the single fault, using the slip rates derived from different time intervals. The
variation in recurrence interval for earthquakes M>5.5 is tabulated. This shows that the order
or magnitude variation in slip rate results in an order of magnitude variation in the recurrence
interval. b. Annual cumulative rate of earthquakes for the fault network studied, using the slip
rates derived from different time intervals. The time interval with the highest slip rate (Figure
4a) has the highest annual cumulative earthquake rate. c. Variation over time in recurrence
interval for M>5 earthquakes on individual faults and for the whole fault network. Similar to the
proportion of slip rate (Figure 4d), the fault with the highest hazard (i.e. the smallest recurrence
interval) varies throughout time. The total hazard across the system also varies with time,
similar to the total slip rate across the network (Figure 2b).

4.3.2 Earthquake rates across the fault network

The recurrence time and cumulative earthquake rates across the fault network depend
on the time period of interest, and the earthquake magnitude (Fig 6b, c). Similarly to Fault 1,
the recurrence interval of M>5 earthquakes calculated using rift averaged slip rates (7,820
years) differs from individual time periods (Table S4), and a reduction in recurrence intervals of
M>5 across the fault network from 12,200 to 977 years occurs during the final time period
(142.3 to 137.3 Ma; Fig 6b, Table S3-4). During the first three time periods (i.e., 209.5 to 142.3
Ma), the recurrence intervals of M>5 (11,000 to 13,100 years; Table S4) and M>4 (760 to 952
years; Table S3) earthquakes are similar, with the cumulative earthquake rate curves closely
spaced at lower magnitudes (Fig 6a, S4.4). However, at magnitudes above 5.5, earthquake rates
are lower during the 170 to 142.3 Ma time period, when compared to preceding time periods,
coinciding with a deceleration in the three longest faults in the network (F5, F8, F9; Table S2).

Where the recurrence rates on individual faults are considered, recurrence rates show a
high degree of variation between time intervals (Figure 6c, Fig S4.1, Table S4.2-54.3), even
where rates across the whole network remain similar (Fig 6¢). For example, comparing the
209.5 to 192 Ma time period, where recurrence rates of M>5.0 earthquakes are 13,100 years,
to the 170 to 142.3 Ma time period, where recurrence rates across the network are 12,200
years, the difference in rates between time windows on individual faults range from 32,900
years (F1) to 649,000 years (F4). These differences mean that the contribution of earthquake
rates differ across the network, depending on the fault and time period. Some faults contribute
similarly to the earthquake rate across different time periods, for example Fault 1 which
contributes 28% to the cumulate rate of M>5.0 earthquakes using the rift averaged slip-rate
and between 18% (170 to 142.3 Ma) and 37% (209.5 Ma to 192 Ma) using intermediate time
windows. Conversely, some faults such as Fault 4 vary considerably between time periods,
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543  which contributes 9% to the cumulate rate of M>5.0 earthquake using the rift averaged slip-
544  rate, but ranges from 2% (209.5 to 192 Ma) to 32% (170 to 142.3 Ma).

545 In addition to slip-rate, fault length also affects how earthquake rates are distributed

546  across the fault network (Table S4.2, S4.2, S4.4). Firstly, three of the studied faults were too

547  small to generate M>5 earthquakes (Faults 3, 6, 7; Table S4.1, Fig S4.4), and therefore the effect
548  of these faults is only observed when recurrence rates of M>4.0 earthquakes are considered
549  (Fig S4.1). Whilst Faults 3 and 6 contribute similarly to the fault network across all time periods
550  (1to 4% and 1 to 2% respectively), Fault 7 contributes 21% for M>4.0 earthquakes during the
551  first two time periods, before dropping to 4% in 170 to 142.3, and 1% in 142.3 to 137.3 Ma. This
552 highlights that although similar patterns are observed for M>4.0 earthquakes, the relative

553  proportion across the network is not identical to M>5.0, and different faults can contribute

554  more to the recurrence rates of different magnitude earthquakes (Fig S4.4. Table S4.2, S 4.3).
555  Where slip-rate decreases on a longer fault (e.g., Fault 5), this will have a greater impact on

556  M>5 earthquakes when compared to changes in slip-rate on shorter faults (e.g., Fault 2).

557  Additionally, where a fault lengthens between time intervals (e.g., Fault 4), the recurrence time
558  of larger earthquakes can decrease, even where the change in slip-rate across these time

559  intervals is limited (Table S4.1). Therefore, both the spatial distribution and frequency of

560  damaging earthquakes (M>5.0) across the network can vary through time depending on the

561  distribution of slip-rate across the network, and the length of the faults which accommodate
562  the majority of the slip during a given time period.

563 5 Discussion and implications
564 5.1 Temporal slip rate variability

565 Our data reveals temporal variability in slip rates across individual faults and the fault
566  network (Figs 3, 4, 5). Although the absolute slip rates are relatively low when compared to
567  those in global compilations (Nicol et al., 1997), they are consistent with slip rates extracted
568  from other normal faults on the NW Shelf of Australia (Andrews et al., 2024; Lathrop et al.,
569  2021; Pan et al., 2022). Despite being relatively low, slip-rates across the study area vary by up
570  to an order of magnitude across the studied time period (Figs 3-5), suggesting temporal slip-
571  rate variability should be considered when reconstructing fault histories.

572 Slip-rate variations are observed across a diverse range of tectonic settings and time
573  periods (e.g., Dolan et al., 2007b; Friedrich et al., 2003; Gauriau & Dolan, 2021; McClymont et
574  al., 2009; Nicol et al., 2016). Comparing these variations across different faults and tectonic
575  settings requires a consistent metric. A common value for quantifying earthquake variability in
576  seismic hazard studies is the Coefficient of Variation (CV, the standard deviation of recurrence
577  times divided by the mean recurrence time). However, faults with different slip histories can
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yield identical CVs, since the metric captures only the variability on the recurrence intervals and
not the sequence of events nor the magnitude of slip (Cowie et al., 2012). They proposed a
measure of slip-rate variability by calculating the ratio between the standard deviation of slip
rate over a sliding time window to the mean slip rate. Although this metric is argued by the
authors to be a more robust indicator of variability in slip histories, it requires a continuous slip-
history, which is often unavailable due to non-uniform time windows over which slip rates are
calculated (e.g., Lathrop et al., 2021; Meyer et al., 2002; Nixon et al., 2024; Weldon et al.,
2004). Gauriau and Dolan (2021) suggested calculating slip-rate variability by dividing the
fastest slip-rate by the slowest, but this returns very high values for intercontinental faults with
large differences between maximum and minimum rates, or infinite values of slip-rate
variability for faults with periods of quiescence (Table S6.1). This makes comparing variability
between faults across different tectonic settings challenging. To overcome these limitations, we
introduce a new measure, termed the normalised slip-rate variability (NSRV), defined as the
range (maximum rate — minimum rate) in slip-rate divided by the slip-rate averaged over the
studied time interval (i.e. total slip divided by total time, which is thousands to millions of
years). NSRV offers a simple yet robust metric for quantifying slip-rate variability in diverse
geological contexts.
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Figure 7: Normalised slip-rate variability (NSRV) calculated for the studied faults and a
compilation of normal (n = 108), strike-slip (n = 27) and thrust (n = 8) faults that show
incremental variations in slip-rate across their growth histories. NSRV is plotted against the a)
total time period that slip-rate is investigated over and b) fault length. Data from this study is
colour coded by fault, faults splay data are shown in the same colour with transparency
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applied. When the last time period (142.3-137.3Ma) is omitted from calculating the NSRV, all
values are lower (Table S6.3) and are plotted on b) for comparison.

We compiled incremental slip histories for time periods >10 kyrs (i.e. covering multiple seismic
cycles) for 151 faults from the literature and this study, and calculated their corresponding
normalised slip-rate variability (NSRV) (Fig 7, Table S6.4). For individual faults in our study, NSRV
values range from 1.7 to 14.4 (average = 7.1), with the whole fault network having a value of
6.7 (Table S6.2). This is notably higher than most published examples (range = 0.8 to 8.4,
average = 1.9). The elevated NSRV from our study is partly driven by a rapid acceleration in slip
rate across the network during the final time period considered (i.e. between 142.3 and 137.3
Ma, Fig 5). However, if we disregard the final time period (Figure 7b; Table S6.3), NSRV across
the full network is low (NSRV = 0.6); although individual faults still show a wide range in NSRV
values (NSRV = 0.4 to 8.1, Average = 1.9). This is because the proportion of slip accommodated
by a particular fault during a specific time period does not remain constant (Fig 4, 5), causing a
large range between maximum and minimum slip-rates and therefore a high NSRV. This
highlights that, like in active systems such as the Central Apennines (Faure Walker et al., 2012;
Pesci et al., 2009), temporal variations in strain accommodation on individual faults can occur
even where the strain across the network remains constant.

Analysis of the global dataset reveals that NSRV is largely unaffected by the duration over which
it is measured, with faults that have been active for < 1 Ma having an average NSRV of 1.8,
whereas those > 1 Ma averaging 2.0. Fault length does not appear to influence NSRV, with a
wide NSRV range of values being observed across both long and short faults (Fig 7b). However,
NSRV differs by fault type, with normal faults showing higher NSRV (2.0, n = 116) compared to
strike-slip faults (1.4, n = 27), although there is insufficient data to assess thrust faults (2.5, n =
8). The consistently high NSRV values across timescales and fault lengths suggests slip-rate
variability is an intrinsic feature of fault growth, with normal faults exhibiting particularly
irregular behaviour.

Several mechanisms have been proposed to explain long-term (million-year) changes in slip-
rate on normal faults, including strain localisation onto border faults during rift evolution
(Meyer et al., 2002; Nixon et al., 2024; Walsh et al., 2003), variable plate velocities (Andrew
Nicol et al., 2005), and incremental slip rate due to fault-segment linkage (Cartwright &
Mansfield, 1998; Cartwright et al., 1995) Our study area, which is <20 km wide, does not image
border faults and shows no evidence for localisation onto larger faults over the studied time
period, with slip accrued on all faults across all time periods (Figure 4). Although changes in
plate velocity are difficult to constrain across the NW Shelf due to only half the margin being
preserved (Lathrop et al., 2021), no regional change has been suggested that would explain the
timing and magnitude of the observed slip-rate acceleration between 142.3 and 137.3 Ma (Bilal
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& McClay, 2022). Along-strike segment linkage is known to influence slip-rates during the early
stages of fault growth (Meyer et al., 2002; Nixon et al., 2024). However, our slip profiles show
that, similar to elsewhere on the Exmouth Plateau (Lathrop et al., 2021; Pan et al., 2022), all
faults, except Fault 4, followed the constant length model of fault growth (Childs et al., 2017;
Rotevatn et al., 2019), reaching their maximum length during the 209.5 to 192 Ma time
window, and thus we assumed a constant fault length for the seismic hazard calculations. We
propose that fault network geometry, i.e. the proximity and spacing of faults, appears to affect
slip-rates of individual faults in the study area (Figure 4, 5) as discussed further below.

5.2 The influence of fault network geometry on spatial-temporal slip rate variability

Our data shows that the location of maximum slip-rate on individual faults (Fig 3, 4), and
the proportion of slip accommodation on individual faults (Fig 5) varies through time,
supporting hypothesis 2 for both research questions posed (How does displacement
accumulate along a single fault over time? How does displacement accumulated across a fault
network over time? (Figure 1). This agrees with individual fault behaviour observed from
physical analogue (Mansfield & Cartwright, 2001; Schlagenhauf et al., 2008) and numerical
(Cowie et al., 2012) models of fault network growth. However, the summed slip-rate profile is
more supportive of hypothesis 1 (Fig 4), with the position of maximum slip-rate being fixed near
the centre of the fault, apart from between 170 Ma and 142.3 Ma, when a southwards shift of
~5km occurs due to an increase in the slip rates of Faults 2 and 4 (Fig 4d). This suggests that
while the distribution of strain across the network remains consistent, how that strain is
partitioned between faults varies between time periods. Similar observations of faults
accommodating variable proportions of displacement have been documented in the Italian
Apennines and central Greece for much shorter timescales, where cosmogenic dating reveals
spatial-temporal slip-rate changes during the last 15 kyr (Benedetti et al., 2013; Cowie et al.,
2017; lezzi et al., 2021; Mildon et al., 2022; G. P. Roberts et al., 2024, 2025; Sgambato et al.,
2025). Over this 15 kyr timescale, regional strain in the Apennines is assumed to have remained
stable (Faure Walker et al., 2012), with stress transfer between faults and underlying shear
zones invoked as the cause of slip-rate changes (Mildon et al., 2022). It is unlikely that the
physical mechanisms hypothesised for central Italy are applicable to our dataset, given the
difference in timescales and length scales. However, these observations highlight the need to
account for both the growth of individual faults and the overall distribution of strain when
assessing fault network evolution.

Fault interactions play a key role in the distribution and evolution of slip on faults within
a fault network by producing local stress concentrations and perturbations that affect the
geometry, kinematics, and earthquake rupture patterns of interacting faults (e.g., (H. Fossen et
al., 2005; Kattenhorn et al., 2000; Nixon et al., 2014; Peacock et al., 2017; Rodriguez Piceda et
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al., 2025). Interactions can occur on geometrically linked faults, which are physically connected
by a branch line, and/or kinematically linked, where slip patterns on two or more faults are
complimentary (Nixon et al., 2014; Peacock et al., 2017). The network studied herein shows a
combination of both interaction types (Fig 4ai), with the arrangements of faults having a direct
effect on slip accumulation. We find greater variability in the proportion of slip on individual
faults where multiple faults are arranged across-strike (e.g., Transects 4-6; Figure 5f-h). Even
where only two across-strike faults are present, strain and stress transfer occurs (e.g., Figure
5c). Similar patterns, though over very different spatial scales, have been documented in the
Italian Apennines, where less variability is observed in the Southern Apennines in a location
where faults are predominantly arranged along-strike from each other, when compared to the
Central Apennines, where faults are predominantly arranged across strike. At the millennial
scale of the earthquake cycle, across-strike faults are known to exhibit complex slip behaviours,
including partial ruptures, slow-slip events, and earthquake arrest (Mia et al., 2024; Romanet et
al., 2018; Yin et al., 2023), with across-strike offsets having a greater effect when compared to
along-strike geometries (Rodriguez Piceda et al., 2025). While our slip-rate values cover
multiple earthquake cycles, our data suggests that overlapping across-strike fault geometries
can continue to influence slip-rate variability over substantially longer million year timescales.

Consistent with previous studies (e.g., Cowie et al., 2012; Gauriau & Dolan, 2021), our
findings underscore the role of structural complexity in driving slip-rate variations across
multiple time scales. We find greater NSRV values for normal faults, which form as part of faults
networks within continental rifts (Fig 7). Rift systems are characterised by many faults arranged
in an across-strike geometry (e.g., (Duffy et al., 2017; Scholz & Contreras, 1998)), promoting
stress interactions between faults and complex earthquake behaviour (Rodriguez Piceda et al.,
2025). Conversely, strike-slip faults are predominantly arranged in an along-strike arrangement,
with slip occurring roughly parallel to fault strike (e.g., (Sylvester, 1988; Woodcock, 1986) and
thrust faults often localise onto discrete slip planes at a low angle to the compression direction
(e.g., (Ellis & Dunlap, 1988). In these cases, stress interactions will be lower and have a different
pattern, although not absent particularly in areas of variable fault and fault network geometries
(Lin & Stein, 2004; Peacock et al., 2017). The arrangement of normal faults likely explains the
higher NSRV values for normal faults (Fig 7), and why areas of continental extension display
such variable slip-rates when compared to other plate boundary systems. Overall, our results
reinforce the need to consider fault network geometry, and the effect this may have on fault
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interactions, when evaluating fault growth and suggest that seismic hazard models that do not
consider the whole network may miss critical dynamics inherent to fault networks.

5.3 Implications of slip rate variability for seismic hazard assessment

Active fault systems are characterised by temporal variations in slip-rate variability (lezzi
et al., 2020; McClymont et al., 2009; Nixon et al., 2024; Roberts et al., 2024, 2025; Sgambato et
al., 2025), leading to corresponding variations in earthquake recurrence, and thus highlighting
the need for time-dependent seismic hazard assessments (Dahm & Hainzl, 2022; Verdecchia et
al., 2019). In our study, slip-rates fall in the lower end of the expected range for normal faults
relative to known faults and their slip rates (Nicol et al., 1997), leading to recurrence intervals
for Mw > 5 earthquakes of ~4,000 to ~63,000 years on the single fault, substantially longer than
the hundreds to thousands of years typically observed in actively extending regions (e.g.
Greece, central Italy, Basin and Range, USA (Console et al., 2013; Galli, 2020; Schwartz &
Coppersmith, 1984)). Despite this, the magnitude of slip-rate variability from our study is
comparable to other active extensional systems (Figure 7 for comparison). Probabilistic Seismic
Hazard Assessment (PSHA) typically relies on single, time-averaged slip-rates derived from
geological data (e.g., Pace et al., 2016; Williams et al., 2023), which can include some temporal
variations in slip rate, but which do not fully explore their impact. Where time-dependence is
incorporated, usually through Coulomb stress modelling, it often relies on short historical
and/or instrumental records (e.g., Chan et al., 2017; Dahm & Hainzl, 2022; Toda et al., 1998;
Verdecchia et al., 2019). Both data types have limitations: geological records rarely resolve
long-term (>100 kyr) variability (Cowie et al., 2012), while instrumental and historical datasets
are often too short and incomplete to span full seismic cycles (Mantyniemi et al., 2014;
Swafford & Stein, 2007). By comparing slip-rates calculated across multiple time windows
(Figure 4, 5), we show how the width of the time window will affect earthquake rates. For
example, on Transect 3, slip acceleration initiates during the 142.3-140 Ma interval and
intensifies during the 140-137.3 Ma interval. Averaging across the full 142.3-137.3 Ma window
would therefore overestimate hazard in the earlier part of the interval and underestimate it in
the latter. This demonstrates that slip-rate inputs must be derived from time windows long
enough to capture clustered or transient behaviour (e.g., Friedrich et al., 2003), yet not so long
that they obscure meaningful long-term variability. Although driven by different mechanisms,
this behaviour mirrors evidence from active systems such as the Corinth Rift in Greece, where
fault linkage and localisation onto major structures are associated with fault-specific slip rates
over the past 2 Myr, with significant changes occurring as recently as 130 ka (Nixon et al.,
2024). Our findings reinforce the importance of characterising slip-rate variability across
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relevant timescales and quantifying the uncertainty introduced when long-term rates do not
reflect present-day fault behaviour.

In addition to temporal changes in recurrence rates, the spatial distribution of hazard
also varies as different faults in the system accommodate strain at different times. Although the
total rate of Mw > 5 earthquakes across the network remains similar up to 142.3 Ma (~10,000
years, Figure 6¢), the rates on individual faults differ. For instance, Fault 9 has the highest Mw >
5 earthquake rates between 192 and 209.5 Ma, whereas Faults 2 and 4 became more active
later, between 142.3 and 170 Ma. This southward migration of elevated earthquake rates by >
10 km illustrates that changes in fault-specific slip rates can alter the rates of damaging
earthquakes at a specific location, even if regional strain rates remain constant. Similar
behaviour is observed in active regions such as the Central Apennines, where slip-rate
variability is spatially complex, especially where multiple faults are arranged across strike from
each other (Roberts et al., 2024; Rodriguez Piceda et al., 2025; Sgambato et al., 2023). This
suggests that time-dependant PSHA needs to consider not only short term factors that cause
earthquake clustering, but also how the long-term slip rate behaviour of faults within the
network may evolve differently. One way to address this is by testing the effects of the spatio-
temporal variability of long-term slip-rate on earthquakes rates with physics-based earthquake
simulators (e.g. Herrero-Barbero et al., 2023; Shaw et al., 2018).

In addition to changes in absolute slip-rate, we observe changes in the shape of slip-rate
profiles between faults and time periods. Faure Walker et al. (2019) show that spatially variable
slip rate and, specifically, assumptions about the slip rate profile shape (e.g., triangular vs.
boxcar) can alter calculated strain rates by a factor of 0.5 to 1.5 and change calculated
earthquake occurrence rates by 100s of years (from 262-524 years in their published example).
In our analysis, the overall network slip-rate profile is similar in three of the four main time
intervals (Figure 4bii, cii, eii), but it differs markedly during 170 to 142.3 Ma (Figure 4dii). At the
level of an individual fault, displacement profiles exhibit large variation in shape, including
multiple peaks and troughs (Figure 4). This contrast with the smoother, time-average slip rate
profile (e.g., Figure 4aii). As a result, estimates of earthquake rates using the “time-averaged”
slip-rate profile could diverge significantly from those derived using the slip-rate profiles of
individual faults (Figure 4b-e). These findings highlight the potential limitations of spatial and
temporal averaging and underscore the importance of incorporating fault-specific, time-



770
771

772

773
774
775
776
777
778
779
780
781
782

783
784
785
786
787
788
789
790
791

792

793
794
795

796

797

798

799
800

manuscript submitted to Tectonics

dependent slip-rate variability into seismic hazard models, particularly in fault networks
containing multiple faults arranged across-strike from each other.

5 Conclusions

In this study, we used high-resolution 3D seismic reflection data to quantify how slip
rates evolve along and across a network of normal faults over a ~70 Myrs. Our results reveal
substantial spatial and temporal variability in slip rate, even on faults with relatively simple
geometries. Along-strike slip-rate profiles change shape through time, and rates can vary by up
to two orders of magnitude, indicating that single-point measurements may underrepresent
the complexity of fault behaviour. Across the fault network, slip is not consistently partitioned,
with different faults dominating at different time periods and the location of maximum slip
changing through time. These patterns suggest that fault interactions and network geometry
play a key role in controlling the distribution of strain within a fault network at million-year
timescales.

By calculating earthquake recurrence rates, we find that the summed rates of Mw >5
earthquakes remained consistent across the first three time periods, prior to reducing by
reducing by an order of magnitude to ~1000 years during the 142.3 to 137.3 Ma time period.
We find that while summed rates may remain consistent, the contributions from individual
faults vary markedly between time intervals. By considering which faults are contributing to the
summed rates, the dominant faults move from the north to the south of the fault network. This
highlights that the spatial distribution of large earthquakes could differ between different time
periods. Our study demonstrates the importance of considering fault network geometry when
undertaking seismic hazard assessments or building tectonic models.
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Key supplementary information

Supplementary 1: Time-depth conversion

The conversion of measured depth values, which are in two-way-time (TWT) to depth in

metres, is a considerable source of error in the quantitative throw analysis of faults imaged in

seismic data (Holden et al., 2024). This arises because seismic velocities are obtained from

borehole data, which effectively provide a 1D snapshot of the subsurface and do not capture

spatial variabilities. Additionally, similar to elsewhere in the Exmouth Plateau, wells were drilled

in the footwall of normal faults, limiting the depth range and not capturing any potential

differences between footwall and hanging wall seismic velocities. The four wells in the study

area have checkshot data for depth ranges of 1200 m and 3166 m, with limited variations

between each well (Table S1). We convert from time to depth by calculating a polynomial line

of best fit to the combined checkshot data (Fig S1). Considering the differences between wells,

and the limitations of using check-shot data, we acknowledge a £10% variation in seismic

velocity may occur across the study area.

Table $1.1: Checkshot data from Chandon-1, Chandon-2, Chandon-3, and Yellowglen

Chandon-1 Chandon-2 Chandon-3 Yellowglen
One way | Measured | One way | Measured | One way | Measured | One way | Measured
time (s) | depth (m) | time (s) | depth (m) | time (s) | depth (m) | time (s) | depth (m)
0 28.9 0.000 0022.0 0.000 0022.3 0.000 0022.0
0.797 1225 0.786 1200.3 0.806 1229.6 0.813 1238.0
0.929 1459.7 0.806 1230.5 0.826 1259.9 0.834 1269.1
0.990 1596 0.825 1260.8 0.846 1290.1 0.852 1299.4
1.018 1648.5 0.843 1291.0 0.865 1320.3 0.871 1328.7
1.046 1720 0.861 1321.4 0.883 1350.6 0.889 1358.9
1.173 1929.8 0.879 1351.6 0.901 1380.8 0.906 1389.1
1.220 2053.0 0.896 1381.8 0.919 1411.0 0.923 1419.4
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1.255 2143.0 0.912 1412.1 0.936 1441.4 0.940 1449.6

1.362 2348.0 0.928 1442.6 0.952 1471.6 0.956 1479.9

1.371 2405.0 0.943 1472.9 0.968 1501.8 0.972 1510.1

1.403 2475.0 0.958 1503.1 0.983 1532.0 0.989 1540.3

1.434 2548.0 0.973 15334 0.998 1562.3 1.006 1570.6

1.476 2642.0 0.988 1563.4 1.013 1592.5 1.022 1600.8

1.489 2680.2 1.003 1593.6 1.028 1622.8 1.037 1631.1

1.507 2714.8 1.017 1623.9 1.043 1653.0 1.053 1661.4

1.513 2748.9 1.031 1654.1 1.058 1683.1 1.068 1691.5

1.587 2943.8 1.045 1684.3 1.073 1713.4 1.082 1721.8

1.606 3022.8 1.059 1714.6 1.088 1743.5 1.097 1752.0

1.075 1744.8 1.104 1773.7 1.112 1782.3

1.091 1775.0 1.120 1804.0 1.127 1812.5

1.106 1805.1 1.135 1834.3 1.142 1842.8

1.120 1835.4 1.151 1864.7 1.155 1873.0

1.134 1865.6 1.166 1894.9 1.169 1903.3

1.148 1895.8 1.180 1925.1 1.182 1933.6

1.161 1926.0 1.192 1955.4 1.198 1963.8

1.174 1956.2 1.204 1985.7 1.213 1993.9

1.187 1986.4 1.215 2015.9 1.228 2024.1

1.199 2016.7 1.227 2046.1 1.243 2054.5

1.210 2047.2 1.238 2076.3 1.257 2084.7

1.222 2077.5 1.249 2106.6 1.272 2114.9

1.234 2107.7 1.261 2136.8 1.286 2145.2

1.248 2138.0 1.275 2167.1 1.299 2175.4

1.262 2168.1 1.288 2197.3 1.311 2205.6

1.275 2198.4 1.301 2227.6 1.323 2236.0

1.289 2228.6 1.314 2257.8 1.335 2266.2

1.302 2258.9 1.327 2288.1 1.349 2296.3

1.316 2289.0 1.341 2318.3 1.364 2326.5

1.329 2319.3 1.355 2348.5 1.378 2356.8

1.341 2349.5 1.369 2378.7 1.392 2387.0

1.353 2379.7 1.383 2409.0 1.405 2417.3

1.365 2410.0 1.396 2439.3 1.417 2447.6
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1.378 2440.3 1.410 2469.5 1.429 2477.8

1.392 2470.5 1.423 2499.7 1.442 2508.0

1.405 2500.7 1.436 2530.0 1.454 2538.3

1.418 2531.1 1.449 2560.2 1.466 2568.5

1.431 2561.3 1.462 2590.4 1.478 2598.7

1.444 2591.5 1.475 2620.7 1.490 2628.9

1.456 2621.8 1.488 2651.0 1.501 2659.2

1.469 2651.9 1.500 2681.2 1.512 2689.5

1.481 2682.1 1.513 2711.4 1.523 2719.7

1.491 2712.4 1.524 2741.6 1.534 2749.9

1.501 2742.6 1.534 2771.9

1.511 2772.9 1.544 2802.2

1.520 2803.2 1.555 2832.4

1.531 2833.4 1.563 2862.6

1.542 2863.7 1.574 2892.8

1.553 2893.9 1.585 2923.1

1.563 2924.1 1.595 2953.3

1.573 2954.3 1.605 2983.5

1.583 2984.6 1.614 3013.8

1.593 3014.8 1.624 3044.0

1.602 3045.1 1.634 3074.3

1.612 3075.3 1.643 3104.5

1.622 3105.5 1.653 3134.8

1.662 3165.0




manuscript submitted to Tectonics

One way time (s)
0 010203040506070809 1 1112 13 14 15 16 17 1.8 19 2 21

500

1000 X .
—@— Time-depth conversion

—@&— Chandon-1
1500

~——@— Chandon-2

_ 2
y = 440.92x% + 1124.8x + 35.01 y =425.53x? + 1103.8x + 33.543 Yellowglen-1

2000 R?=0.9993 R2=0.9997
=@ Chandon-3
§, = = =Poly. (Time-depth conversion)
< 2500
g‘ = = =Poly. (Chandon-1)
= = =Poly. (Chandon-2)
3000
y Poly. (Yellowglen-1)
)
XL e Poly. (Chandon-3)
3500 N
N
A\
\‘.\\ y =504.12x2 + 1014.7x + 46.507
4000 Va R?=0.9994
AR
N
4500 y =518.35x% + 1030.1x + 40.32 N
R?=0.9996
y =498.34x% + 1029.8x + 44.51
2
5000 R*=0.9977

1227

1228  Figure S1.1: Extrapolated time-depth relationships for the boreholes used to depth-covert
1229  measurements made in time (s).
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Supplementary 2: Throw extraction and slip-rate, errors and methods.

Fault cut off data, extracted for each mapped horizon-fault intersection, can be used to
calculate a range of fault parameters including throw, heave, and displacement (aka slip)
(Figure S2.1). Cut-off data can either be sampled at the horizon-fault intersection (i.e.,
discontinuous cut-off, triangle), or the regional horizon dip can be projected onto the fault
surface to capture non-discrete strain (i.e., continuous cut-offs, diamond). In our study, we
utilise the latter to capture the long-term patterns in slip associated with the time intervals of
interest.

Fault parameters derived from continuous cut-offs are prone to a greater degree of uncertainty
when compared to discontinuous cut offs (Andrews et al., 2024). To account for this, we apply
errors to the throw, dip, and horizon ages (Table S2.1) and propagate these errors through the
calculation of slip-rate. To achieve this, we first calculate a minimum and maximum Athrow:

Athrowp,, = Throwy, . — Throwy, (Equation S2.1)
Athrowp,,x = Throwy,, . — Throwy, . (Equation S2.2)

We then calculate the maximum and minimum displacement, or slip:

Athrowmin

Slipmin = Dibmas) (Equation S2.3)
. __ Athrowmax .
Slipmax = cos (Dipmin) (Equation S2.4)

Minimum and maximum slip-rate (SR) values are then calculated:

Slipmin*1000
(Agen2—250000)—(Agey1+250000)

SRmin = (Equation S2.5)

Slipmax*1000
(Agey+250000)—(Agey1—250000)

SR pax = (Equation S2.6)

Errors are presented as error bars showing the minimum and maximum slip rate. It should also
be noted that there are times where it was not possible to use the same horizon across the full
fault, in this case, the next oldest horizons were used when calculating slip-rate. This could
cause different slip rate intervals at different locations along the fault. A summary of intervals
used for each fault is shown in Figure S2.2, as well as provided in the metadata of the slip-rate
supplementary information (Supplementary 3).
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Td = Discontinuous
throw
Tt = Total throw
Hd = Discontinuous
heave
Ht = Total heave
Dd = Discontinuous
Tt displacmeent
Dt = Total
displacement
[Dipd = Discontinuous
dip
Dipt = Total dip

-------
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1257  Figure S2.1: Potential measurements using fault cut-offs.

1258  Table S2.1: Error calculations used in the calculation of slip-rate. *error % based on findings of
1259  Andrews et al., 2024.

1260
Measurement Error
Throw* +8% or the limit of visibility, whichever is larger.
Dip* +15%
Horizon age 1250 kyr

1261
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137.3
142.3
170
175 — m
181 Links to | Links to
F4b F4a
192
209.5
Sliprate JAdditional F1 F2 F3 F4a F4b F4_Sp F5 F5_Sp F6 F7 F8 F8_Sp F9
intervals | horizon
(Myr) | age (Myr) Fault name
1262

1263 Figure S2.2: Age framework used to calculate slip-rate, showing where different intervals
1264  were required for some faults due to e.g., the 170 Myr horizon not being present along part,
1265  orall, of a faults length.

1266
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1267  Supplementary 4: FiSH modelling inputs and supplementary results

1268  Table S4.1: Input parameters for FiSH modelling. Length data was extracted directly from QGIS,
1269  accounting for changes in fault strike, and was used to calculate the seismogenic thickness of
1270 the fault. Average values were calculated for Dip and slip-rate for each time period. For all

1271 faults, we use the Wells and Coppersmith 1994 length to magnitude relationship for normal
1272 faults, and NaN values for Mobs, sdMobs and last earthquake time.

Seis RA: T1: T2: T3: T4: T4v2:
Fault Length . . SR209.5- SR209.5- SRi1g2- SR17o- SR142 3. SR142 3.
Dip (} thickness
name (km) (km) 137.3Ma 192Ma 170Ma 142.3Ma 137.3Ma 137.3Ma
(mm/yr) | (mm/yr) | (mm/yr) | (mm/yr) | (mm/yr) | (mm/yr)
Fl 44(RA,T1,
(Single 17.7 43T2) 5.7 0.0032 0.0025 0.0028 0.0013 0.0197 0.0197
fault) 3,74,
Tav2)
F2 7.4 45 2.4 0.0022 0.0007 0.0003 0.0053 0.0136 0.0136
F3 3.3 40 1.0 0.0017 0.0009 0.0007 0.0005 0.0182 0.0182
F4* 8.3 44 2.7 0.0035 n/a 0.0020 0.0043 0.0222 0.0222
F4a* 2.9 41 0.9 n/a 0.0008 n/a n/a n/a n/a
F4b* 4.4 42 1.4 n/a 0.0009 n/a n/a n/a n/a
11.4 (ga, 45
F5 T14) 4‘6?’*'”“” 3.8 0.0028 | 0.0019 | 0.0020 | 0.0007 | 0.0268 | 0.0273
22110 (Tav2)
0.7 N
2 (ra, 11-4) | 45(rA, T1-9) (RA, T
F6 Tav1) 0.0012 0.0006 0.0003 0.0005 0.0113 0.0144
13 (a2 | 4lirav)
0.6 (rav2)
32 (ra, 11,
F7 1.9 35T2) 0.5 0.0039 0.0113 0.0124 0.0020 0.0077 0.0077
(T3, T4,
Tav2)
11.8 s 48ra, 11, 4.0 (ra, T1-T2,
F8 T14) ™ vt 0.0032 | 0.0026 | 0.0024 | 0.0010 | 0.0318 | 0.0108
17 (a0 4712, Tav1) 4.1 (13
541av2) 4.4 (1av2)
42 ga, 11,
F9 10.5 4I2) 3.2 0.0017 0.0009 0.0014 0.0003 0.0156 0.0156
(T3,

Tavl, T4v2)

1273 Table S4.2: Earthquake recurrence intervals for M>4.0, considering the v1 configuration of
1274  faults. *F4 rates are the summed values for F4a and F4b for the second time period (192 to
1275 170 Ma).

RA: 209.5 to T1:209.5t0 192 | T2:192to 170 | T3:170to 142.3 T4:142.3 to

Fault name 137.3 Ma Ma Ma Ma 137.3 Ma
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Flfg;)g'e 2,660 yrs 3,410 yrs 3,040 yrs 6,550 yrs 418 yrs
F2 7,030 yrs 22,100 yrs 51,600 yrs 2,920 yrs 1,140 yrs
F3 19,500 yrs 36,800 yrs 47,300 yrs 66,200 yrs 1,820 yrs
F4* 4,060 yrs 73,400 yrs 7,100 yrs 3,330 yrs 639 yrs
F5 4.840 yrs 5,660 yrs 5,370 yrs 15,400 yrs 401 yrs
F6 39,600 yrs 79,100 yrs 15,800 yrs 96,600 yrs 4,200 yrs
F7 11,500 yrs 3,970 yrs 3,620 yrs 24,300 yrs 6,310 yrs
F8 3,350 yrs 4,120 yrs 4,350 yrs 10,300 yrs 328 yrs
F9 7,680 yrs 14,500 yrs 9,330 yrs 42,100 yrs 810 yrs
Cun:ziztive 618 years 850 yrs 760 yrs 952 yrs 80 yrs

Figure S4.1: Variation in M>4 recurrence intervals
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Table S4.3: Earthquake recurrence intervals for M>5.0. *Faults F3, F6 and F7 are too short to
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generate M>5.0 earthquakes. **F4 rates are the summed values for F4a and F4b for the
second time period (192 to 170 Ma).

1.00E+05

1.00E+06

—FN9

RA: 209.5 to T1:209.5 to T2:192 to T3:170to Tdv1:142.3 Tava:
Fault name* 142.3 to
137.3 Ma 192 Ma 170 Ma 142.3 Ma to 137.3 Ma
137.3 Ma
F1 (Single
Fault) 27,900 yrs 35,700 yrs 31,900 yrs 68,600 yrs 4,380 yrs 4,520 yrs
F2 91,500 yrs 288,000 yrs 671,000 yrs 38,000 yrs 14,800 yrs 14,800 yrs
F4** 49,700 yrs 690,000 yrs 86,900 yrs 40,400 yrs 7,830 yrs 7,830 yrs
F5 43,400 yrs 63,900 yrs 60,700 yrs 173,000 yrs 4,530 yrs 6,260 yrs
F8 37,800 yrs 46,600 yrs 49,100 yrs 116,000 yrs 3,710 yrs n/s
F9 86,800 yrs 164,000yrs 105,000 yrs 476,000 yrs 9,150 yrs 9,150 yrs
C lati
“":Zt‘; V¢ | 7.820yrs 13,100yrs | 11,000yrs | 12,200 yrs 977 yrs 1,460 yrs
Variation in M>5 recurrence intervals (v2)
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Figure S4.2: Variation in M>5 recurrence rates considering v2 arrangement of faults for the
time period 137.3 to 142.3 Ma.
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Figure S4.3: Comparison of summed annual cumulative earthquake rates for the 142.3 to
137.3 Ma time period, considering the vl and v2 arrangement of faults. For all other time
periods, see main text, Figure 6b. Note the different inflection points on the graph caused by
the changes in fault length and slip rate outlined in Table S4.
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1291  Figure S4.4: Individual cumulative earthquake rates for each fault for the time periods a)
1292 209.5 to 192 Ma; b) 192 to 170 Ma; c) 170 to 142.3 Ma; d) 142.3 to 137.3 Ma.
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1294  Figure S4.5: Cumulative earthquake rate curves for each fault across the time period 209.5 to
1295 137.3 Ma
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1297  Figure S4.6 Cumulative earthquake rate curves for each fault across the 142.3 to 137.3 Ma
1298  time period considering the alternative arrangement of faults.
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1299  Supplementary 6: Normalised Slip-rate Variability tables

1300  Table 6.1: Smoothed (n=10) maximum slip-rate by time interval for faults in this study used to
1301 calculate normalised slip rate variability (NSRV)

Age of the oldest horizon Age OT the youngest Lfength of time .
Fault name Usedito calculate ship horizon usgd to window us.ed to Slip-rate
rate (Myr) calculate slip rate calculate slip rate (mm/yr)
(Myr) (Myr)

Fault 1 209.5 192 17.5 0.00457
Fault 1 192 170 22 0.00440
Fault 1 170 142.3 27.7 0.00206

Fault 1 142.3 137.3 5 0.0407
Fault 1 209.5 137.3 72 0.00524
Fault 1 209.5 142.3 67.2 0.00344
Fault 2 209.5 192 17.5 0.00174
Fault 2 192 170 22 0.000856
Fault 2 170 142.3 27.7 0.00946

Fault 2 142.3 137.3 5 0.0318
Fault 2 209.5 137.3 72 0.00524
Fault 2 209.5 142.3 67.2 0.00527
Fault 3 209.5 192 17.5 0.00166
Fault 3 192 170 22 0.00678
Fault 3 170 142.3 27.7 0.000874

Fault 3 142.3 137.3 5 0.0251
Fault 3 209.5 137.3 72 0.00206
Fault 3 209.5 142.3 67.2 0.000729
Fault4a 209.5 192 17.5 0.000843
Fault 4b 209.5 192 17.5 0.00139
Fault4 192 170 22 0.00322
Fault4 170 142.3 27.7 0.006104

Fault4 142.3 137.3 5 0.0379
Fault4 209.5 137.3 72 0.00474
Fault4 209.5 142.3 67.2 0.00335
Fault 4a_splay 209.5 192 17.5 0.000926
Fault 4_splay 192 170 22 0.00065
Fault 4_splay 170 142.3 27.7 0.00245
Fault 4_splay 142.3 137.3 5 0.00582
Fault 4a_splay 209.5 137.3 72 0.00120
Fault 4a_splay 209.5 142.3 67.2 0.00104
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Fault5 209.5 192 17.5 0.00297
Fault5 192 170 22 0.0046
Fault5 170 142.3 27.7 0.00108
Fault 5 142.3 137.3 5 0.0380
Fault 5 209.5 137.3 72 0.00515
Fault 5 209.5 142.3 67.2 0.00458
Fault 5 splay 209.5 192 17.5 0.00136
Fault 5 splay 192 170 22 0.000336
Fault 5 splay 170 142.3 27.7 0.000489
Fault 5 splay 142.3 137.3 5 0.00937
Fault 5 splay 209.5 137.3 72 0.00296
Fault 5 splay 209.5 142.3 67.2 0.000744
Fault 6 209.5 192 17.5 0.00124
Fault 6 192 170 22 0.000298
Fault 6 170 142.3 27.7 0.00117
Fault 6 142.3 137.3 5 0.0175
Fault 6 209.5 137.3 72 0.00119
Fault 6 209.5 142.3 67.2 0.000432
Fault 8 209.5 192 17.5 0.00375
Fault 8 192 170 22 0.00362
Fault 8 170 142.3 27.7 0.00176
Fault 8 142.3 137.3 5 0.0431
Fault 8 209.5 137.3 72 0.00632
Fault 8 209.5 142.3 67.2 0.00445
Fault 8 splay 209.5 192 17.5 0.00105
Fault 8 splay 192 170 22 0.00141
Fault 8 splay 170 142.3 27.7 0.000464
Fault 8 splay 142.3 137.3 5 0.000401
Fault 8 splay 209.5 137.3 72 0.000596
Fault 8 splay 209.5 142.3 67.2 0.000387
Fault9 209.5 192 17.5 0.00157
Fault9 192 170 22 0.00176
Fault9 170 142.3 27.7 0.000524
Fault9 142.3 137.3 5 0.0220
Fault9 209.5 137.3 72 0.00256
Fault9 209.5 142.3 67.2 0.00137
Summed network 209.5 192 17.5 0.00724
Summed network 192 170 22 0.00777
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Summed network 170 142.3 27.7 0.0155
Summed network 142.3 137.3 5 0.0816
Summed network 209.5 137.3 72 0.0111
Summed network 209.5 142.3 67.2 0.0132

Table S6.2: Normalised Slip Rate Variability for faults studied in this study across the full time window (i.e.,

209.5 to 137.5 Ma).
Normalised Time .
& &.D (2021) Slip Rate LRI averaged LR Slowest slip
Fault name Slip Rate S length 3 rate
Variabilit Variability (km) slip rate (mm/yr) rate (mm/yr)
Y (NSRV) (mm/yr) i
Fault 1 19.8 7.4 17.7 0.00524 0.0407 0.00206
Fault 2 37.0 59 7.4 0.00525 0.0318 0.00086
Fault 3 28.6 11.7 3.3 0.00206 0.0250 0.000874
Fault 4 45.0 7.8 8.3 0.00474 0.0379 0.000843
Fault 4 splay 9.0 43 1.6 0.00120 0.00582 0.00065
Fault 5 35.2 7.2 11.4 0.00515 0.0380 0.00108
Fault 5 splay 279 3.0 1.2 0.00296 0.00937 0.000336
Fault 6 58.7 14.4 2.0 0.00119 0.0175 0.000298
Fault 8 24.5 6.5 11.8 0.00632 0.0431 0.00176
Fault 8 splay 3.5 1.7 1.9 0.000596 0.00141 0.000401
Fault 9 42.0 8.4 10.5 0.00256 0.0220 0.000524
S 113 6.7 25 0.0111 0.0816 0.00724
network

Table S6.3: Normalised Slip Rate Variability for faults studied across the first three time
windows (i.e., 209.5 to 142.3 Ma)

G & D (2021) Normallsed Fault Time Fastest slip | Slowest slip
. Slip Rate averaged

Fault name Slip Rate L length . rate rate
Variabilit b (km) Il (mm/yr) (mm/yr)

Y (NSRV) (mm/yr) Y Y
Fault 1 2.2 0.7 17.7 0.00344 0.00457 0.00206
Fault 2 11.0 1.6 7.4 0.00527 0.00946 0.000860
Fault 3 7.8 8.1 3.3 0.000729 0.00678 0.000874
Fault 4 1.9 0.9 8.3 0.00335 0.006104 0.00322
Fault 4 splay 3.8 1.7 1.6 0.00104 0.00245 0.000650
Fault 5 4.3 0.8 114 0.00458 0.00460 0.00108
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Fault 5 splay 4.0 14 1.2 0.000744 0.00136 0.000336
Fault 6 4.2 2.2 2.0 0.000432 0.00124 0.000298
Fault 8 2.1 0.4 11.8 0.00445 0.00375 0.00176
Fault 8 splay 3.5 2.6 1.9 0.000387 0.00141 0.000401
Fault 9 3.4 0.9 10.5 0.00137 0.00176 0.000524
Summed 2.1 0.6 25 0.0132 0.0155 0.00724
network
Table $6.4: Summary statistics by fault type
Fault type Number of faults Min NSRV Max NSRV Average NSRV
Normal (literature) | 116 0.2 8.4 2.0
This study (209.5 11 1.7 14.4 7.1
to 137.3 Ma)
This study (209.5 11 0.4 8.1 1.9
to 142.3 Ma)
Strike-slip faults 27 0.2 3.5 1.4
Thrust faults 8 0.3 6.0 2.5

Table S6.5: Literature dataset of slip-rate variability. *N = Normal, S = Strike-slip, T = Thrust.

S Nor.mallsed Fault Time Wi Fastest Slowest
Fault . (2021) Slip Rate . averaged . )
- Location Fault name Reference . L length | window . slip rate | slip rate
type Slip Rate Variability il (Kyr) slip rate i) | i)
Variability |  (NSRV) Y (mm/yr) Y Y
N My Etna, Pernicana | Dlmato et 7.5 26 10 10 2.5 7.5 1.0
Italy al., 2017
Kongur
Shan Kongur Shan Geetal.,
N Extensional Fault 2024 10.2 2.4 37 15.2 2.2 5.9 0.58
System
Kongur
Shan Eastern Muji Geetal.,
N Extensional Fault 2024 170.0 2.7 42 16.6 6.3 17.0 0.1
System
Whakatane Rangitaiki Bull et al.,
N Graben, NZ Fault 2006 1.7 0.5 20 17.0 3.6 4.6 2.7
Taupo Rift, Nicol et al.,
N NZ Paeroa Fault 2006 19.5 3.3 30 18.0 0.67 2.34 0.12
Taupo Rift, Nicol et al.,
N NZ Ngakuru fault 2006 3.2 1.4 18 20 0.22 0.45 0.14
Taupo Rift, Whirinaki Nicol et al.,
N NZ Fault 2006 5.0 1.5 21 24.0 0.57 1.05 0.21
Taupo Rift, Maleme Nicol et al.,
N NZ Fault Zone 2006 8.2 3.1 17 25.9 0.42 1.47 0.18
. W-dipping .
N | TaupoRift Maleme Nicol et al, 4.4 1.4 17 26.0 0.18 0.34 0.078
Nz 2006
Fault Zone
Taupo Rift, Nicol et al.,
N NZ F1 2010 n/a 3.2 12 27.0 0.075 0.24 0.0
Taupo Rift, Nicol et al.,
N NZ F2 2010 n/a 3.1 1 21.4 0.13 0.41 0.0
Taupo Rift, Nicol et al.,
N NZ F3 2010 n/a 2.1 3 18.0 0.18 0.38 0.0
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Synthetic n/a Nicol etal, 255 35 10 200 0.14 051 0.02
2009
central Roberts et
Apennines, Assergi 3.2 1.8 25 20 0.84 2.22 0.70
Italy al., 2025
central Roberts et
Apennines, | Campo Felice 2.7 1.2 11 20 0.57 1.10 0.40
Italy al., 2025
central Roberts et
Apennines, Colfiorito 1.8 0.8 17 20 0.64 1.23 0.69
Italy al., 2025
central Roberts et
Apennines, | Collebrincioni al 2035 1.8 0.9 37 20 0.44 0.84 0.46
Italy i
central Roberts et
Apennines, Frat 10.6 2.2 33 20 0.79 1.87 0.18
Italy al., 2025
Central
Gioia dei Roberts et
A i 33 33 41 20 0.95 4.56 1.39
pﬁ:;';es' Marsi al,, 2025
central Roberts et
Apennines, Larga 3.1 1.8 33 20 0.56 1.47 0.48
Italy al., 2025
central Roberts et
Apennines, Mt d' Ocre 3.7 1.7 7 20 0.20 0.46 0.12
Italy al., 2025
Central
: Poggio di Roberts et
Apel:;l;nes, Roio al, 2025 33 2.0 6.3 20 0.051 0.15 0.045
central Roberts et
Apennines, Roccacasale 5.0 1.7 26 20 0.87 1.82 0.37
Italy al., 2025
Central
: San Roberts et
Apel:;l;nes, Sebastiano al. 2025 2.5 1.6 14 20 0.28 0.71 0.28
central Roberts et
Apennines, Tre Monti 3.7 1.3 7 20 0.55 1.03 0.28
Italy al., 2025
Taupo Rift, Maleme McClymont
NZ Fault, 51 et al, 2009 8.9 6.1 0.15 24.4 0.17 1.16 0.13
Taupo Rift, Maleme McClymont
NZ Fault, 52 et al, 2009 11.7 6.3 0.13 24.4 0.17 1.17 0.1
Taupo Rift, Maleme McClymont
NZ Fault, 53 et al, 2009 9.4 4.9 0.25 24.4 0.31 1.69 0.18
Taupo Rift, ) Villamor et
NZ Rangipo Fault al,, 2007 100.0 1.4 32 25 1.4 2.0 0.02
Mechernich
Greece Pisia echernic 5.4 2.8 25 25 0.58 2.0 0.37
etal, 2018
Gulf of Nixon et al.,
Corinth DER 024 3.0 1.5 27.8 2000 3.3 7.5 2.5
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