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Abstract

Neotectonic fault studies can be important to characterise the seismic hazard in a region. This
study uses a combination of digital elevation models (DEMSs), lidar data, and field observations
to determine the full extent of the Beechworth and Culcairn faults in southeastern Australia.
Both faults have potential evidence for Quaternary offset in regions additional to those mapped
in the Neotectonic Features Database. A sensitivity analysis, using different fault lengths and
slip rates for these structures, shows that at a site in the Albury-Wodonga region, seismic
hazard is dominated by the presence of these neotectonic faults. Different inputs for the
Beechworth fault, while keeping other inputs unchanged, may increase peak ground
acceleration by 0.08 g at a return period of 10,000 years. This study highlights the importance
of conducting desktop analyses with the latest geospatial data, and field investigations of
neotectonic faults when conducting a probabilistic seismic hazard analysis (PSHA).
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1 Introduction

Neotectonic fault studies can be important in probabilistic seismic hazard assessment (PSHA)
(Clark et al., 2012; Somerville et al., 2017) and probabilistic fault displacement hazard analysis
(PFDHA) (eg. Yang et al., 2021; Youngs et al., 2003). Fault length, slip rate, magnitude
potential, and earthquake recurrence are important seismic hazard input parameters. In
Australia, the Neotectonic Features Database (NFD) is a resource which provides ‘information
on faults, folds and other features demonstrated or suspected to relate to the occurrence of
large earthquakes during the period of the current crustal stress field (i.e., the past 5—10 million
years) (https://neotectonics.ga.gov.au). In the NFD, features are associated with a confidence
level, information on feature length and on occasion, amount of vertical surface displacement
and age of unit displaced. The NFD is not an exhaustive list of neotectonic features (nor does
it claim to be), and only a small number of features have been subject to a detailed
paleoseismic trenching investigations (Clark et al., 2012). Additionally, some features are
identified through geomorphic analysis of low-resolution digital elevation data (i.e., 30m SRTM,
10m Vicmap Elevation DEM). As lidar coverage (<1m resolution DEMs) increases in Australia,
it provides opportunities to re-evaluate neotectonic features both in terms of slip, extent, and
confidence. In this study, we re-examine the extent and slip rate on the Beechworth and
Culcairn faults (Figure 1) using newly acquired lidar data, and field investigations. We examine
how data from these investigations influences peak ground accelerations (PGA) at yearly
return periods for a site in northeastern Victoria (-36.1°, 146.9°).
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Figure 1: A) Location of Beechworth and Culcairn Faults as per the NFD - January 2023. Mapped faults
as part of this study are yellow. The area of the site is delineated as a grey dashed circle. Seismology
Research Centre catalogue of historical seismicity from 1900 onward. B) inset figure displaying zoomed
in view of Beechworth and Culcairn Fault

1.1 The Beechworth Fault

The Beechworth Fault was first identified in geological mapping in the 1970’s (Geol. Survey
Vic.,, 1974) as a ~70 km-long fault extending from Everton in the southwest, through
Beechworth, Leneva and Baranduda, and northeast towards and through Lake Hume. Morand
& Gray (1991) describe the Beechworth Fault as dipping ~50° to the southeast, and vertically
displacing the Cainozoic plateau preserved on both sides of the fault by ~220 m, uplifted to the
south. The NFD recognises the south-western ~48 km-long segment of the Beechworth fault
as possibly neotectonic (Figure 1). The NFD cites the displaced plateau heights and identifies
a 5 m high scarp-like feature observed in Quaternary fluvial sediment in the Ovens River
floodplains as potential evidence for neotectonic movement. The NFD noted that the
Beechworth Fault scarp diminishes towards the northeast and was not able to be identified
beyond Baranduda in the previously available (10m Vicmap) DEMs. Based on this, the
northern extent of the fault had not been considered neotectonic. Using the morphochronology
of the displaced plateau — and assuming an age of this displacement across the fault as post
late Miocene — the NFD quotes a vertical displacement rate (surface uplift not considering dip
of the fault) of 45 m/Myr for the neotectonic segment of the Beechworth Fault.

1.2 The Culcairn Fault

The Culcairn Fault scarp was first identified in lidar-derived elevation data in 2018 (NFD) as a
~45 km-long scarp (Figure 1) that offsets Neogene sediments by ~5 m, and a suspected Late
Pleistocene alluvial plain by up to 3 m. The Culcairn scarp does not appear on any geological
maps for the region as a basement fault. It is interpreted to be an approximately North — South
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striking, east dipping fault. The displacement / age combination provides a vertical
displacement rate of 24 m/Myr.

This study analyses newly available lidar-derived elevation data and involved fieldwork to
examine newly mapped traces along the Beechworth and Culcairn faults. From these
observations, we review vertical displacement rate estimates and examine the impact of
variable slip rates on peak ground acceleration (PGA) return periods; we compare this to
smoothed seismicity models for the region. We also examine new maximum magnitudes using
fault scaling relationships for the faults.

2 Fieldwork and Desktop Mapping Results

Using newly acquired lidar DEMs (~1 to ~5m resolution) and field validation, we have identified
new lineaments of possible neotectonic origin for both the northeastern extension of the
Beechworth fault, and the southern extension of the Culcairn fault (Mapped Faults; Figure 1).
We examine along fault strike surface lineaments that sustain surface displacement,
associated geomorphic expression, offset geology, and use this information to assign a
confidence level (low, medium, high, or very high) for evidence of neotectonic deformation.
These represent a possible, probable, and definition neotectonic origin respectively.

2.1 Beechworth Fault

Previous geological field investigations have mapped the Beechworth Fault as segments from
its southwest extent near Everton, through Beechworth, Leneva and Barranduda, and further
northeast; it has also been mapped as inferred through Lake Hume (e.g., Geol. Survey Vic.,
1974; Vandenberg, 1997). The cited literature does not provide evidence that the geological
extension of the Beechworth Fault towards the NE is neotectonic. Field mapping apart of this
study has identified potential Beechworth fault traces further NE than mapped in the NFD
(Figure 1b, Figure 3). The scarp height decreases towards the southwest, to become
ambiguous to the south of Everton, as well as to the northeast, beyond Baranduda. However,
it is plausible that the Beechworth Fault scarp may not be prominent in these regions because
of erosion in both the Ovens River Valley floor to the southwest of Everton (Figure 2), and in
the Kiewa River Valley to the northeast of Baranduda (Figure 3). The Beechworth Fault
(including differential erosion) is responsible for uplift of the Baranduda Range. Here, a change
in plateau heights of ~220 m across the fault provides evidence that the fault has contributed
to the surface uplift of the ranges. Depending on age of initiation of uplift, vertical displacement
rates can vary assuming movement is neotectonic. The maximum compressive horizontal
stress (SHmax) of the region has largely been N-S to NW-SE since the Cretaceous, with
varying stress magnitudes (Muller and Rey, 2012). However, dominant compression in
Southeast Australia, particularly the nearby Gippsland Basin, wasn’t present until Early Eocene
(Muller and Rey, 2012). Holdgate et al. (2008), suggest that Late Eocene to Pliocene uplift is
responsible for topographic relief in the Victorian Highlands (where the Beechworth Fault is
located) and that uplift in this region continues today. This is consistent with Sandiford et al.
(2004), which argue the origin of the current in situ stress field is derived from Miocene to early
Pliocene. The NFD (Clark et al., 2012) suggests an initiation at 5 Ma, however, given the
uncertainty range associated with potential onset of uplift in the region, we also consider an
initiation of 10 Ma (from Sandiford et al., 2004). This would provide vertical displacement rates
of 45 and 22 m/Myr respectively.

Analysis of lidar-derived elevation data (1 m resolution), undertaken as part of this study,
reveals evidence for small scarps further northeast of the neotectonic segment of the
Beechworth Fault (Figure 1). These newly-identified lineaments are along strike of the
neotectonic segment of the Beechworth Fault and approximately aligned with where the fault
had been identified in geological mapping. Field investigation of these sites along the
Beechworth Fault identified topographic changes which we mainly classified as low confidence
of neotectonic origin, with some traces identified as low-medium confidence. Some of these
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scarps appear in Plio-Pleistocene fluvial deposits (Figure 3). Based on the above information,
for seismic hazard evaluation purposes, we model two rupture scenarios for the Beechworth
Fault — the first from Everton to Baranduda (58 km in length; NFD Length + additional 10km
extension from field and desktop mapping), and the second from Everton through Lake Hume
to the northwest near Bowna (79 km in length).

At the Ovens River Valley, the NFD suggests evidence for Pleistocene-Quaternary dip-slip
faulting of 5 m in the riverbed that could potentially be neotectonic ground-rupture related; this
would provide a vertical displacement rate of ~2 m/Myr as a minimum, using an integrative
time period of 2.5 Ma. A younger age for the potentially displaced alluvial surface would provide
a higher vertical displacement rate; it is probable that some of the flood plain sediment is
Holocene to Late Pleistocene in age given age estimations from correlative sediments
elsewhere (Ogden et al., 2001). Six fault perpendicular profiles are drawn across the
Beechworth Fault in the Ovens River (Figure 2). Profiles 1, 2, and 3 are situated on the
youngest surface directly above the active river, while Profile 4 is located on the subsequent
correlative terrace. Profile 5 is drawn from an older correlative terrace, and Profile 6 is traced
on the slopes of the Baranduda range. Profiles 1 and 2 present potential evidence of a smaller
offset (ranging from 1 to 3 meters). The offset observed in Profile 1 implies the presence of a
broad scarp extending approximately 1-2 kilometres, which may be attributed to natural
geomorphic processes or anthropogenic changes, topics to be discussed further. Profile 3, on
the other hand, does not strongly indicate an offset in the active riverbed. Profiles 4 and 6 do
not reveal any offset in sediment older than the offset sediment seen in Profiles 1 and 2.
However, Profile 5 does provide evidence of a potential offset of approximately 5 meters in the
next correlative terrace of the active riverbed. Notably, the Beechworth Fault trace, as per the
National Fault Database (NFD), is mapped near a bridge and embankment on the Markwood-
Everton Road. This is visibly depicted in Profile 2, just before the 1500-meter mark, and in
Profile 3, between 1500 and 2000 meters. It's important to acknowledge that this embankment
might potentially trap sediment, especially during flood events, and that this could create an
upstream ponding of sediment. Moreover, historical gold mining operations led to extensive
dredging of the Ovens River in the 1800s (Gove et al., 2019). It's worth noting that no weirs or
dams were constructed as part of these operations, which raises the possibility that large
quantities of disturbed sediment, exceeding the natural river load, may have been transported
downstream throughout the Ovens River. Given the wealth of uncertainties, further work is
needed to evaluate this potential offset and the age of potentially faulted sediment; it remains
a possibility that there is no Late Pleistocene to Holocene displacement on this structure.

Canavan (1988 — Map 10) maps the Beechworth Fault through Tertiary to Quaternary
sediments between Beechworth and Baranduda. We identified some fault traces beyond
Beechworth towards Lake Hume as low confidence (eg. Figure 3) but did not identify the trace
through Lake Hume due to a lack of bathymetry data, and that the Hume River previous to the
construction of the Dam would have followed the alignment of the fault, potentially eroding or
obscuring evidence of surface faulting displacements. It should be noted, the NFD did not
identify the fault trace in the lower resolution 10m DEM (with some sections derived from 1:25k
topographic mapping) and mapped the trace according to geological maps. Canavan (1988)
also summarises observations by Dunn (1871) of a fault outcrop from “below old sluicing
workings by the Rocky Mountain Sluicing Co. (Lat. 36°22"; Long. 146°42')” in Beechworth that
offset Newer Pliocene gravels; this offset is thought to be approximately 30 m yielding a vertical
displacement rate of 12 m/Myr, using the youngest age for a Pliocene sediment (~2.5 Myr).
However, Canavan suggest this offset is not across the Beechworth Fault but is instead related
to the Dunn’s Fault in the Beechworth region. Regardless, if the Beechworth Fault at both the
Ovens River Valley and the sites reported by Canavan (1998) preserve neotectonic offset,
their vertical displacement rates would be lower than both the 45 m/Myr in the NFD and the
estimated 22 m/Myr vertical displacement rate that we have modelled in this study. Alternative
defensible interpretations and their associated vertical displacement rates for the Beechworth
Fault are summarised in Table 1.
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Figure 2: Ovens River Topographic Profiles of the Beechworth Fault. Profiles have been drawn to
follow correlative surfaces.

Table 1: Beechworth Fault vertical displacement rate estimates — asterisk denotes preferred rate

Geology Offset Age Vertical displacement rate
Cainozoic plateau (Morand & Gray, 1991) 220m 5Ma (NFD - Clark et al., 2012) 45 m/Myr
Cainozoic plateau (Morand & Gray, 1991) 220m 10 Ma (e.g., Sandiford et al., 2004) 22 m/Myr*
Ovens River Pleistocene fluvial deposits (NFD —
Clark et al,, 2012) 5m 2.6 Ma (NFD - Clark et al., 2012) 2 m/Myr
Ovens River Pleistocene fluvial deposits 3m 0.2 Ma (Theoretical alternate age) 15 m/Myr
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Figure 3: Beechworth fault fieldwork and desktop analysis mapped fault trace. This trace strikes NE
along strike of the NFD Beechworth Fault. Geological map displays quaternary sediment where the fault
trace is identified. This is a medium confidence trace.

2.2  Culcairn Fault

Analysis of lidar-derived elevation data of 1 m resolution identified the Culcairn Fault scarp
further south than originally delineated in the NFD; this southern extension has since been
included in the NFD and has increased the fault length to ~52 km (Figure 4). We assigned
‘medium’ - ‘high’ confidence for a neotectonic origin of the Culcairn Fault scarp where it was
visited as part of our field investigation (Figure 4). We define this as a trace in which it is
probable to be neotectonic. Our maximum scarp height of ~5 m in sediments of Quaternary
age (Late Pleistocene) provides a vertical displacement rate of 39 m/Myr (Figure 4 Profile),
with uncertainties depending on the age of the surface used in vertical displacement rate
calculations. Our scarp height of <1 m in Mio-Pliocene sediments only yield a vertical
displacement rate of 0.2 m/Myr (Figure 4 Profile). This may be a result of sediment erosion
reducing the observed displacement. Sections of the fault north of Albury display greater
vertical displacements (NFD). The large uncertainties from our displacement-age data does
not allow for an improvement in the vertical displacement rate for the Culcairn Fault. As such,
we use retain the vertical displacement rate of 24 m/Myr as per the NFD. Table 3 summarises
the range of vertical displacement rates determined from displacement-age combinations
along the Culcairn Fault.

Table 2: Culcairn Fault vertical displacement rates — asterix denotes preffered rate

Geology Offset Age Vertical displacement rate
Late Pleistocene alluvial 2-3m 0.129 Ma 24 m/Myr*
plains (NFD - Clark et al.,
2012)
Neogene sediments (NFD — 5m 5.3Ma 1 m/Myr
Clark et al., 2012)
Mio-Pliocene fluvial <im 5.3Ma 0.2 m/Myr
sediments (This study — Site
8)
Quaternary (This study - Site 5m 0.129 Ma 39 m/Myr
5)
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3 Hazard Results

In order to calculate the impact on hazard of differing fault lengths and vertical displacement
rates, a sensitivity analysis was conducted which modelled five variations of the Beechworth
Fault (see Figure 6 for extent of faults);

1. Length of the Beechworth Fault = 58 km (Beechworth A: NFD Length + 10km
extension) with a vertical displacement rate = 22 m/Myr

2. Length of the Beechworth Fault = 79 km (Beechworth B: NFD + full extension through
lake hume) with a vertical displacement rate = 22 m/Myr

3. Beechworth B with a vertical displacement rate = 45 m/Myr

4. Beechworth A with a vertical displacement rate = 22 m/Myr and Beechworth B with a
vertical displacement rate = 22 m/Myr, each with a 50% logic tree weighting.

5. Beechworth A with a vertical displacement rate of 22 m/Myr and Beechworth B with a
vertical displacement rate of 45 m/Myr, each with a 50% logic tree weighting.

Slip rates that incorporate fault dip are calculated assuming a 35-degree dip using Equation 1.
This is similar to the average dips associated with Australian surface rupturing earthquakes
(King et al., 2019) and in intracontinental regions (Sibson and Xie, 1998). Fault dip is a major
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source of uncertainty that could impact hazard, and this uncertainty is not considered in this
analysis. Vertical displacement rates are used to calculate fault slip rates for the PGA analysis
using this equation:

vertical slip rate
= (1)

Slip Rate = e

As the Culcairn Fault was recently extended in this study and the NFD, the NFD mapped extent
is used in this seismic hazard analysis. This includes the NFD vertical displacement rate of
24 m/Myr.
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Figure 6: Map of Neotectonic Faults showing extension of Beechworth Fault towards NE delineated as
Beechworth B. Beechworth B is the combined section of Beechworth A and Beechworth B.

3.1  Empirical Scaling Relationships

Empirical scaling relationships (e.g., Yang et al., 2021; Leonard, 2014) define the relationship
between surface rupture length (SRL) and the maximum magnitude on the fault. Redefining
the extent of the faults provides a new SRL and ultimately a new estimate for maximum
magnitude. Using SRL empirical scaling relationships for Australia (Yang et al., 2021) and for
Stable Continental Regions (Leonard, 2014), the Beechworth Fault B (Length ~79 km), a
maximum magnitude of ~M7.5 has been estimated. This is slightly larger than the ~M7.3 for
Beechworth Fault A (58 km). The Culcairn fault maximum magnitude has been revised from
~M7.1 to ~M7.2 due to an increase in fault length, from ~45 to ~52km respectively. It should
be noted that scaling relationships used are predominantly established from cratonic Australia
and assumes a complete fault rupture.
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3.2 Peak Ground Acceleration Hazard

A PSHA was conducted to evaluate seismic hazard at a site nearby to the Beechworth and
Culcairn faults, in northeastern Victoria. A minimum magnitude of 5 with a Vs30 of 1500 m/s
was used for the analysis. The earthquake recurrence models were weighted in the hazard
computation process; ARUP Background (Mote et al., 2017) had a weighting of 0.1, AUS8
(Brown & Gibson, 2000; 2004; Dimas et al., 2016), and NSHA13 (Allen et al., 2018) both had
a weighting of 0.3 each and both the smoothed seismicity models - CUTH (Cuthbertson, 2016)
and RF (Hall et al., 2017) - had a weighting of 0.15 each. Five PGA ground motion models
were used and the logic tree diagram of source models and ground motion models can be
seen in Figure 7.

Due to the episodicity of earthquake recurrence on Australian faults (and other SCRs),
whereby through time faults show evidence of periods of heightened activity alternating with
periods of quiescence (e.g., Clark et al., 2012; Calais et al., 2016; Craig et al., 2016), there is
a large amount of uncertainty associated with fault slip rates. To allow for this, we follow the
approach of Stirling et al. (2011) whereby factors of 0.1, 1 and 10 have been applied to the slip
rate of a given fault, to estimate slip during a quiescent phase (x 0.1 the average slip rate), the
average slip rate (x 1), and slip during an active phase (x 10 of slip rate), respectively. To
represent the probability of the fault being in each of these phases, these rates are then
weighted by 0.18 for the quiescent phase, 0.8 for the average slip rate phase and 0.02 for the
active phase. This analysis also considered smoothed seismicity models as well as major
bedrock faults within 40km of the site, which are favourably aligned (roughly perpendicular to
SHmax) for rupture in the current crustal setting.

Earthquake Source Models Ground Motion Models (PGA)

AUST

Regional Model w/ faults

(0.6)

NGA-West2 - Abrahamson et al

(0.15)

NGA-West2 - Boora et al

(0.15)

NGA-West2 CamEbnll Bozorgnia
(0.15)

NGA-West2 - Chiou-Youngs

(0.15)
Somerville et &l madified for V30

CUTH

(0.2)
Allen modified for Vs30

(02}

Smoothed Seismicity Models wifaults

(0.3)

Background Seismicity Model without faults ARUP Background

(2.1} (0.1}

Figure 7: Logic tree diagram of source models and ground motion models. Moment from the fault
souces in additive.

Results show the influence on the estimated hazard that the alternative interpretations for the
length and slip rate of the Beechworth Fault may have (Figure 8a). Models where Beechworth
B is incorporated (weighted or solo) contain the highest hazard. At shorter return periods,
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higher slip rates produce a high hazard. Using Beechworth A and B with a slip rate of 22 m/Myr,
hazard for short return periods is higher for the shorter Beechworth A fault, however at longer
periods, Beechworth B contributes more hazard. When considering all hazard sources within
the model (i.e., including major bedrock faults, smoothed seismicity models, and other nearby
active and neotectonic faults), the differences in the slip-rate and SRL between the scenario
Beechworth faults alone has the potential to increase the PGA hazard by ~ 0.08 g when
examining a return period of 10,000 years (Figure 8b). When fault sources are not included in
the regional and smoothed models, but instead are considered separately to allow easier
comparison between models, faults (neotectonic and bedrock) contribute a significant source
of seismic hazard even at short return periods (200 — 1000 years) (Figure 8c).

Peak Ground Acceleration Comparison at Site (-36.1 146.9)

Using weighted mean of various ground motion models (Vs30: 1500 m/s, Mmin 5)

All Hazard Sources with differing

A) Beechworth Fault Hazard Only B) Seach Earc]
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Q) Fault Hazard and All Hazard Source Models
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Figure 8A: PGA comparison for unamed site of interest, showing estimates for the Beechworth Fault
only. B: PGA plot over various return periods for all hazard sources (ie. Smoothed seismicity, bedrock
faults, and all active/neotectonic faults). Each line represents a modified input for the slip rate and SRL
for the Beechworth fault. C: Fault hazard seperated from all hazard source models. Faults only relate to
Beechworth A and B at 50% weighting with other neotectonic faults (eg. Culcairn) and bedrock faults.
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4 Discussion and Conclusions

Our investigation of the Beechworth and Culcairn faults provides evidence for longer potential
rupture lengths than previously estimated. However, to improve our confidence in identified
traces for the Beechworth fault, especially along strike towards Lake Hume, subsurface
(trenching) investigations across identified fault traces would be beneficial. Slip-rate estimated
for these faults remain uncertain and depend on site-specific age-displacement combinations.
While an increase in higher resolution spatial data improves accuracy of identified offsets (t
erosion), current geological maps do not provide enough constraint on the ages of units. It
should also be noted the Culcairn scarp is not present on any geological maps suggesting the
possibility of large earthquakes in regions where bedrock faults are not identified.

This analysis shows for the site near these faults, slip rates and SRL have a large effect on the
seismic hazard even at a short return intervals (200 — 1000 yr). It should therefore be best
practice that a desktop analysis of neotectonic faults should occur during a PSHA, particularly
when there is access to new spatial datasets such as lidar.

Paleoseismic investigations (e.g., Clark et al., 2022; Terzic et al., 2017) could be used to better
quantify the hazard posed by the Beechworth and Culcairn faults by determining when the
most recent ground-rupturing earthquake occurred on these faults, and recurrence rates if
there is evidence of more than one ground-rupturing earthquake. Results would also reduce
slip rate uncertainties for modelling of seismic hazard.
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