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1 Executive Summary

The objective of this report is to provide progress for subsurface velocity changes caused by
groundwater level variations and natural seismicity event detection and localising in the Northern
Perth Basin. We use seismic data recorded by the WA-Array seismic array in 2022-2023, recently
deployed by the Geological Survey of Western Australia (GSWA).

We processed the seismic data from December 2022 to December 2023 to extract Rayleigh
wavefields and their coda. Analysis of the seismic waveform changes throughout the one-year
data suggests that the seismic velocity of shear waves in the Northern Perth Basin decreases
during winter (raining season) and increases at summer (dry season), with the trend inversely
correlated to the groundwater depth (hydraulic head) from borehole measurements. Data from
the outback (inland) did not show such patterns. Furthermore, we revealed that the time-lapse
seismic velocity changes become more pronounced with increasing seismic frequencies, i.e., at the
shallower depths (the upper ~400 m). We investigated the feasibility of providing high-resolution
spatial maps for velocity changes, but sparse seismometer coverage (~40 km spacing is too large
for local-scale study) limited spatial resolution.

To investigate seismicity in the Northern Perth Basin and its surrounding areas, we applied a
machine learning—based approach for both earthquake detection and phase picking. The analysis
was conducted using seismic data recorded between December 2022 and September 2024.
Earthquake locations were determined through an iterative process using multiple methods to
progressively refine hypocentre estimates. This approach enabled the identification of numerous
earthquakes, including several distinct clusters of seismic activity.

The project is on time for objectives and budget.

2 Introduction

The Northern Perth Basin extends approximately 450 km from north to south and spans up to 90
km from west to east. Covering an area of around 35,000 km?, this region constitutes about three-
guarters of the onshore portion of the Perth Basin (Department of Water, 2017). ltis a
geologically significant area that supports diverse resource exploration and extraction activities,
for example natural gas production, which plays a crucial role in the region's energy supply.

Monitoring groundwater dynamics is critical for sustainable water resource management,
particularly in regions facing increasing water stress due to climate change and anthropogenic
pressures. In the Northern Perth Basin, the extraction of natural gas, especially through advanced
techniques such as hydraulic fracturing, could place considerable stress on local water supplies.
Groundwater level monitoring conducted by the department uses groundwater wells, which
provides high-precision point data for groundwater levels (hydraulic heads) but are limited in



spatial coverage and often costly to maintain. Drilling a borehole can also be invasive and
expensive. Additionally, Parker et al. (2017) used Interferometric Synthetic Aperture Radar (InSAR)
data and mapped ground subsidence of up to 15 mm per year due to groundwater extraction
between 2015 and 2016 in the Perth Basin. Yet, INSAR-based measurements only measure
changes on the surface and have limited information for the physical mechanisms beneath the
surface.

Laboratory and field-scale experiments have shown that seismic S-wave velocities tend to increase
with decreasing water content, offering a proxy for estimating water table depth and changes in
saturation (e.g., Knight & Endres, 2005; Doussan et al., 1999). Active seismic methods, including
reflection and refraction surveys as well as surface wave analysis, have demonstrated sensitivity to
changes in subsurface elastic properties caused by variations in water saturation (Park et al.,
2007). Passive seismic techniques (Clements & Denolle, 2018; Mao et al., 2022) have gained
traction in recent years due to their ability to provide continuous and environmentally friendly
monitoring over broad areas.

Moreover, production activities could have the potential to induce small-magnitude earthquake
events. Therefore, it is important to establish a baseline catalogue of natural seismicity in the
region prior to the commencement of any such activities. This ensures that future industrial
operations are not mistakenly perceived as causing excessive seismic activity. Once this baseline is
established, statistical analysis can be conducted to estimate the recurrence rates of future
earthquakes.

The objective of this project is to measure the seasonal and spatial fluctuations of the hydraulic
head of water in aquifers and background seismic activity in the Northern Perth Basin using the
statewide passive seismic data currently being acquired by GSWA. Interim report 1 can be found in
Guo et al. (2024), where we provided preliminary velocity analysis and seismicity detection. In this
report we measured seasonal changes in the seismic wave velocities and their relationship with
groundwater levels, along with the associated spatial distributions (Section 3). We also analysed
the seismicity (Section 4) and earthquake locations (Section 5).

3 Groundwater level monitoring using seismic waves

3.1 Seismic data & processing

We used the continuous seismic data recorded by the seismic network WA-Array, which was
installed and operated by Geological Survey of Western Australia. The phase-1 data was available
from November 2022 to December 2023. The survey contains 129 broadband seismic stations.
Figure 3.1 shows the location of the seismometers. In this study, our main interest is in the
Northern Perth Basin, with the dashed red line indicating the boundary of the Perth Basin. There
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are a total of 17 seismometers located within the Perth Basin and the number of seismometers
drops to 9 in the Northern Perth Basin. We also included some stations along the boundary of the
Perth Basin and all the stations used for time-lapse study were located in the left black rectangle in
Figure 3.1. The broad-band seismic stations in the right black rectangle in Figure 3.1 were far away
from the Perth Basin and were used as a control group for comparing results. Figure 3.2 shows the
recording time duration for each of the seismic stations that is of interest. The seismic stations
highlighted with red colours were those located in the Northern Perth Basin.

For the data processing, we detrended and down-sampled the vertical component of the
continuously recorded seismic data (most of them are ambient noise) from 100 Hz to 20 Hz with
anti-aliasing filtering. The ambient noise data were then filtered to the frequency band 0.05 - 2.5
Hz. 1-bit normalisation was applied to the data in the time domain (Bensen et al., 2007). We
divided the recordings of ambient noise into daily-long segments. The daily Green’s function
(seismic waves travelling between arbitrary two seismic stations/nodes) were then reconstructed
by computing cross correlations for all the pairs of stations within 100 km distance using the
segmented noise data. The maximum time lag for cross correlation was 120 s. We tested different
stacking methods, including linear stacking, robust stacking, phase-weighted stacking and selective
stacking (Yuan et al., 2021). The method of robust stacking was chosen for stacking cross-
correlation functions within the daily segments. We further stacked over 14 days of the daily cross
correlation functions to improve the signal to noise ratio, with a 7-day step. The stacked fortnight
data was the monitoring data. To obtain the reference/baseline data for each of the station pair,
we stacked all the available fortnight data. We limit the maximum distance of station pairs to be
100 km.

Figure 3.3 shows the obtained cross correlation functions used as reference data from ambient
noise interferometry. The dashed red line is the travel time moveout for a velocity of 2 km/s. The
data is in general of good quality. Figure 3.4 shows the extracted time-lapse fortnight cross-
correlation functions for one station pair, from which we will measure the waveform changes and
infer corresponding velocity changes of seismic waves (in this case, the Rayleigh waves), with
details given in Section 3.4.

CSIRO Australia’s National Science Agency Establishing Baseline Groundwater and Natural Seismicity Levels across the Northern Perth Basin with
Passive Seismic Data — Interim Report 2 | 2



27°S

28°S

29°S

30°S
0
E
31°S s
.§
-1000 ﬁ
32°S
33°S -2000

34°5 -1 & £ L

115°E  116°E 117°E 118°E 119°E 120°E 121°E 122°E

Figure 3.1. Map of the study area. The yellow triangles show the broad-band seismic stations from
the Phase 1 of WA-Array. The red dashed line refers to the boundary of the Perth Basin. The black
rectangle in the left shows the area of interest for this study, mainly the Northern Perth Basin and
the surrounding area. The black rectangle in the right shows the area that is outside the Northern
Perth Basin and is used as control group to compare results.
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Figure 3.2. The recording time duration for seismic stations used in this study. The labels on the Y
axis are the names for the broad-band seismic stations located within the left black rectangle in
Figure 3.1. Seismic stations that are located in the Northern Perth Basin (left of the red dashed line
in Figure 3.1) are highlighted using the red color. The labels on the X axis are in the format of

“Year-Month”.
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Figure 3.3. Cross-correlation functions for all the stations pairs in the area of interest (the left
black rectangle in Figure 3.1). The station pairs were sorted with station-pair distance, with the
maximum distance being 100 km as we are studying local velocity changes. The Y axis is temporal
lags for cross correlation. The dashed red line marks the move out with a velocity of 2 km/s.
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Figure 3.4. Time-lapse cross-correlation functions on a fortnight interval for the station pair
WBQO7 and WBRO7 (station names were given in Figure 3.5b). The Y axis is temporal lags for cross
correlation.

3.2 Groundwater & borehole data

Figure 3.5a shows the distribution of all the borehole groundwater wells in WA (source:
https://wir.water.wa.gov.au/Pages/Water-Information-Reporting.aspx). However, most of these
wells were read annually (personal communication with Philip Commander, formerly Principal
Hydrogeologist at the Department of Water and Environmental Regulation, WA) and many have
been abandoned. When filtered the database using keyword “monitoring” and choosing
“telemetered data only”, it narrowed down to 76 wells (Figure 3.5b). The telemetered sites were
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limited to the Perth metropolitan region where groundwater is intensively used, with monthly
data readings.

We downloaded the borehole groundwater monitoring data from Water Information Reporting,
Department of Water and Environmental Regulation (https://wir.water.wa.gov.au/Pages/Water-
Information-Reporting.aspx). Figure 3.6a shows the groundwater level (hydraulic head) from
December 2022 to December 2023 from the telemetered wells, with each line corresponding to a
borehole. Figure 3.6b shows the temporal data variations for each borehole, by subtract the
groundwater level from its mean. Figure 3.6c¢ is the same data with Figure 3.6b, but we limit the
range of groundwater level variation to be -1 and 1 m. We noticed that for the Perth metropolitan
region, even it was a relatively small area compared to the seismic station spacing, the difference
in the groundwater level were significant, from ~-20 m to ~70 m. For the temporal changes of the
groundwater levels, majority of the variations were within 1 m in 2022-2023.
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Figure 3.5 The location of borehole groundwater wells. (a) shows all the boreholes in Western Australia
(data from https://wir.water.wa.gov.au/Pages/Water-Information-Reporting.aspx). (b) shows the
telemetered groundwater boreholes (black circles, monthly readings) and seismic stations (yellow triangles)
for this study. The dashed red line refers to the boundary of the Perth Basin. We also labelled the location
of Perth city, Joondalup and Cervantes.
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Figure 3.6. Groundwater level data measured from telemetered borehole wells near Perth. (a) shows the
water level (hydraulic head) from all the 76 telemetered boreholes, with monthly data readings. Each line
refers to data from one borehole. (b) shows the water level fluctuations (subtracted the average) and (c) is
a zoom-in of (b).

3.3 Baseline shear-wave velocity models and depth sensitivity kernels

Yuan et al. (2025) used the ambient noise data recorded by the WA-Array to derive the shear-
wave velocity model for Western Australia. Figure 3.7 shows the velocity models at different
depths (0.5 km, 1 km, 1.5 and 2 km) for the Northern Perth Basin and part of the outback. The red
line is the Basin boundary, which in general follow the Darling Fault. We observed a strong velocity
contrast between the Perth Basin and the Yilgarn Craton in the outback, as expected that velocity
in the basin is much smaller than that in the craton. The shear-wave velocity for the top 2 km
depth is between 2 — 2.5 km/s for the Perth Basin, and is in general 3 — 3.8 km/s further west.
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Figure 3.7. Shear-wave velocity models of the Northern Perth Basin and surrounding areas from ambient
noise tomography (Yuan et al., 2025). The dashed red line indicates the boundary of the Perth Basin. The
black circle refers to Perth city. (a) to (d) show velocity models corresponding to depths of 0.5 km, 1 km, 1.5
km and 2 km, respectively.

To characterise the sensitivity of Rayleigh waves for subsurface seismic velocities, we computed
the depth sensitivity kernels for phase velocity using the average velocity of the Perth Basin for
different frequencies (Figure 3.8). P wave velocity was estimated using an empirical relation from
Brocher (2005). Using Rayleigh waves in different frequency bands, Rayleigh waves can provide
information from depths. In this study, we used multiple frequency bands from 0.4 Hz to 1.6 Hz.
The depth sensitivity kernels clearly show that with increasing frequency, the sensitivity of
Rayleigh waves to velocities moves to shallower depths. Comparing the Rayleigh wave kernels
between Perth Basin and those from the nearby Yilgarn craton, we found that for the same
frequency, the sensitivity depth of Rayleigh waves is shallower depth in the Northern Perth Basin
than its west (compare Figures 3.8 and 3.9).
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Figure 3.8. The depth sensitivity kernels of the Rayleigh waves in the Northern Perth Basin. The S-wave
velocity model was from Yuan et al. (2025) and the P-wave velocity was estimated using an empirical
relation in Brocher (2005).
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Figure 3.9. The depth sensitivity kernels of the Rayleigh waves for the Yilgarn Craton(west of 117.5 W
longitude). The S-wave velocity model was from Yuan et al. (2025) and the P-wave velocity was estimated
using an empirical relation in Brocher (2005).

3.4 Monitoring groundwater level changes using seismic waves

Temporal changes in subsurface properties, such as seismic wave speeds, can be monitored by
measuring phase shifts in the direct arrivals and the coda (multiple scatterings) of seismic
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waveforms. Continuously recorded seismic data with a duration of 1 year from WA-Array provides
an unique opportunity for monitoring velocity changes in the Northern Perth Basin. The temporal
seismic velocity variations provide insights for groundwater level changes. From rock-physics
measurement, the shear-wave velocity decrease with increasing water saturation in the rock
formations (for example, during raining season in the winter) and increase with decreasing water
saturation during the dry seasons. Recently seismic method has become an emerging tool for
tracking groundwater level in depth (Clements & Denolle 2018; Mao et al., 2022).

The details of the data processing steps are given in Section 3.1, which was used to obtain the
monitoring data (at a fortnight interval with 7 days overlaps from December 2022 to December
2023) and baseline data. We used the early coda arrivals (15-~40 s after the first arrival) for
monitoring velocity changes. The wavelet-domain trace stretching method (Yuan et al., 2021; Guo
et al., 2024) was used to measure the time shift from monitoring and reference data and derive
velocity changes. We used an 8-s window for comparing waveforms. In each station pair, we made
6 measurements with a 25% overlap in the time window. Like most of the literatures for
subsurface passive monitoring, we did not use the direct arrivals as it is more sensitive to temporal
variations from ambient seismic noise source changes, which could contaminate the
measurements of velocity changes. Coda waves are the late arrivals resulted from multiply
scattered waves, therefore is considered less sensitive to seismic source changes (Mao et al.,
2022; Guo et al., 2024).

3.4.1 Temporal seismic velocity changes

We measured velocity changes (dv/v) for all the station pairs for different frequency bands of 0.2-
0.7 Hz, 0.4 — 1.2 Hz and 0.6 - 1.5 Hz (Figure 3.10a-3.10c). We calculated velocity changes for
different frequency bands, because for Rayleigh waves, different frequencies have its unique
sensitivity depths for seismic velocities. Figure 3.10 shows measured velocity variations (red dots),
along with groundwater level measurement (mAHD) from a borehole (blue line). We also
smoothed the median velocity changes using a Gaussian filter, with the standard deviation of the
Gaussian kernel to be 4. The smoothed velocity changes were reported in black in Figure 3b. We
found that there was a clear pattern of shear-wave velocity decrease between July to October of
2023 (black dots and red line), which is the raining season in Perth with an overall higher
groundwater level. Moreover, we found that the time-lapse seismic velocity changes become
more pronounced with increasing seismic frequencies, i.e., at the shallower depth. Overall, the
velocity changes are inversely correlated to groundwater levels. On the other hand, due to the
station spacing, the measured velocity changes were quite noisy (probably due to the ~40 station
spacing) and a Gaussian smoothing has to be applied to make sense of the results. We also
compare with the dv/v measurements (Figure 3.10d) from the control group (seismic stations in
the right black rectangle in Figure 3.1 further west in the outback). The dv/v is noisier in Figure
3.10d without a clear pattern. We suggest that the non-invasive, environmentally friendly and
cost-effective seismic monitoring method provides a complementary solution to the traditional
point-based borehole measurement. The good agreement between dv/v and the hydraulic head
highlights the promising potential of using seismometer arrays in Western Australia for monitoring
groundwater levels.
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Figure 3.10. Temporal seismic velocity changes measured from time-lapse fortnight cross correlations.(a),
(b) and (c) were from station pairs in the study area of interest (the left black rectangle in Figure 3.1) for
0.2-0.7 Hz, 0.4-1.2 Hz and 0.6-1.5 Hz, respectively. (d) was from further west away from the Northern Perth
Basin (the right black rectangle in Figure 3.1). The overlap of each fortnight monitoring was 7 days. The blue
curve was a groundwater level changes from a borehole reading in the Perth metropolitan. Each of the
green dot was a measurement from a coda wave segment in a station pair. The red dots were median and
the black dots were the smoothed median values using Gaussian smoothing, with the standard deviation of
the Gaussian kernel to be 4.

3.4.2 Spatial distribution of velocity changes

WA-Array was designed to study the lithosphere structure of WA. With the limited number of
seismometers in the Northern Perth Basin, it is challenging to provide a spatial map of
groundwater levels, especially with the strong heterogeneity of groundwater level even for a small
area (Figure 3.6). Using seismic waves for tracking groundwater level is an emerging technique.
For most of the studies so far, the seismic station spacing is much smaller (1-5 km) than what we
used here (~40 km, and we have only 9 seismic stations for the Northern Perth Basin). With the
data density being so sparse, obtaining the spatial distribution of velocity changes are difficult.
Here we plotted the measured velocity changes along the line connecting the station pair in Figure
3.11. In March-April, we found that the velocity changes were largely positive, while in the raining
August-September, most of the velocity changes were negative. There were exceptions, probably
due to the local stress heterogeneities in these regions. Some of the stations pairs, within the 100
km maximum distance, were not connected because there were no data or the data quality is not
sufficiently good enough for time-lapse study.

Albeit the seismic station spacing is not ideal for spatial distribution study for the purpose of
groundwater tracking, we performed a checkerboard tests (Figure 3.12). We introduced a ‘true’
velocity changes (Figure 3.12b) to the baseline model (Figure 3.12a). The perturbed velocity
model was used for generating synthetic data, which were used as ‘observed’ data for a synthetic
seismic inversion. We observed strong footprints (Figure 3.12c) due to the station spacing (the
~40 km station spacing was considered dense for continental study however was too large for
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tracking groundwater levels in space). The estimated velocity changes are mainly along the lines
connecting station pairs extended a width of one wavelength.
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Figure 3.11. The spatial distribution of median velocity changes for frequency band 0.4 — 1.2 Hz. (a) is for
data from March and April and (b) is for data from August to September. The red lines suggest positive
velocity changes (velocity increases) and the blue lines suggest negative velocity changes (velocity
decreases).
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Figure 3.12. checkerboard tests for mapping the time-lapse velocity changes in space. (a) the baseline
velocity, (b) the ‘true’ velocity changes, the anomaly size is 20 km by 20 km with a magnitude relative to
baseline velocity of ~1%. (c) shows the estimated velocity changes using seismic inversion methods.

4 Seismicity detection, phase picking and phase
association

4.1 Introduction

Seismicity refers to the patterns, frequency, and characteristics of earthquakes occurring within a
specific region. It involves monitoring seismic activity and understanding the processes behind
ground shaking and fault movements over time. Seismicity varies from one location to another
and is influenced by factors such as tectonic plate interactions, geological structures, and human
activities like resource extraction. Ground motion is typically recorded using seismometers located
at seismic stations. Seismicity is commonly quantified by the magnitude and frequency of
earthquakes. Regions with higher seismicity are generally more susceptible to earthquakes,
making it essential to study seismicity for effective disaster preparedness and risk mitigation.
Seismic data also play a vital role in informing government decisions on infrastructure
development and planning. The aim of this activity is to establish a baseline catalogue of seismic
activity in the region to differentiate naturally occurring earthquakes from those potentially
induced by increased human activities, such as exploration and resource extraction. In the
following sections, we provide a brief overview of the process for establishing an earthquake
catalogue, which includes earthquake detection and phase picking, phase association, and the
estimation of earthquake locations and magnitudes.

4.2 Earthquake detection and phase picking

Earthquake detection involves distinguishing true earthquake signals from the background noise
and other non-earthquake sources recorded by a seismic sensor. In contrast, phase picking refers
to identifying the precise arrival times of seismic phases—most notably the P-wave and S-wave—
within a detected earthquake signal. These arrival times are crucial for accurately locating the
earthquake source. For this study, we employed the EQTransformer model (Mousavi et al., 2020),
a state-of-the-art deep learning algorithm capable of simultaneously detecting earthquake signals
and picking the initial P and S phases. The model is particularly effective at identifying a greater
number of smaller seismic events compared to traditional methods. EQTransformer produces
output when at least one seismic phase (P or S) exceeds a user-defined probability threshold
within a time window likely to contain an earthquake. We set the probability thresholds to 0.3 for
detection, 0.01 for P-phase picking, and 0.01 for S-phase picking. Applying the model with these
parameters to seismic data recorded by the WA-Array between November 2022 and 8 September
2024 resulted. Examples illustrating both event detection and phase picking are presented in
Figures 4.1 to 4.3.
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Detected seismic phases and their probabilities for station WB]13 | UTC Time: 2024-04-30 02:02:42.560

1.0 A
Channel: HHZ
0.5 = Type: p | Prob: 0.9
0.0 ! - " .
—0.5
~1.0 1
T T T T T T T T
80070 80080 80080 80100 80110 80120 80130 80140
1.0 A
Channel: HHE
0.5 = Type: p | Prob: 0.9
0.0 1 - ": s : *-J:Y r e ——————————
—0.5
~1.0 4
T T T T T T T T
80070 80080 80090 80100 80110 80120 80130 80140
1 Channel: HHN
= Type: p | Prob: 0.9
04 — dihd bl bl e b
Moo b h e
—14
T T T T T T T T
80070 80080 80090 80100 80110 80120 80130 80140
Time (s)

Figure 4.1. Example of a detection and P-phase pick with a 90% probability of being classified as an
earthquake, recorded at station WBJ13.

Detected seismic phases and their probabilities for station WBL21 | UTC Time: 2024-06-15 21:55:07.760
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Figure 4.2. Example of a detection and P-phase pick with a 92% probability of being classified as an
earthquake, recorded at station WBL21.
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Detected seismic phases and their probabilities for station WBP20 | UTC Time: 2024-08-11 02:33:05.210

1.0 A
Channel: HHZ

= Type: p | Prob: 0.91

A At

0.59

0.0 Pyns e At Al ot

-1.0

T T T T T T T T
84800 84810 84820 84830 84840 84850 84860 84870

1.0 A
Channel: HHE

0.5 = Type: p | Prob: 0.91

(010 oo S, St A Sttt

-1.0

T T T T T T T T
84800 84810 84820 84830 84840 84850 84860 84870

107 Channel: HHN

0.5 = Type: p | Prob: 0.91

0.0 e et

T T T T T T T T
84800 84810 84820 84830 84840 84850 84860 84870
Time (s)

Figure 4.3. Example of a detection and P-phase pick with a 91% probability of being classified as an
earthquake, recorded at station WBP20.

4.3 Phase association and initial earthquake location estimation

We filtered all detected and picked seismic phases to retain only those with a probability greater
than 0.5 (50%) of being associated with an earthquake. These high-confidence picks were then
used in the phase association and initial earthquake location steps.

In seismology, phase association is the process of linking seismic phases—such as P-waves and S-
waves—recorded at different stations to the same seismic event. The goal is to determine which
arrival times across the network correspond to a single earthquake. This is typically achieved by
evaluating the consistency of arrival time differences between phases (e.g., P-S intervals) across
multiple stations. Phase association also helps to identify spurious and filter through them.
Accurate phase association is a critical prerequisite for earthquake location, as misassociated
phases will lead to incorrect location estimates. Earthquake location estimation involves
determining the epicentre, depth, and origin time of an event, using the arrival times of seismic
phases recorded at different stations. Common methods include triangulation, inverse modelling,
and grid search algorithms, all of which rely on seismic wave travel times computed through
velocity models (e.g., homogeneous, 1D, or 3D Earth models).

For this study, we used PyOcto (Miinchmeyer, 2024), a modern, Python-based phase associator
inspired by the Octotree data structure. PyOcto efficiently partitions space-time into potential
origin points and focuses computational effort on the most promising regions. This design allows
for high-throughput phase association, mimicking grid-search methods while avoiding unnecessary
computation.

To estimate preliminary earthquake locations, we employed a homogeneous velocity model with
P-wave velocity (Vp) = 7 km/s and S-wave velocity (Vs) = 4 km/s, allowing a tolerance of +2.5 km/s.
Only earthquakes occurring at depths shallower than 21 km were retained for further analysis as
typical earthquake depths in this part of the continent tend to be very shallow; ~5-10 km (Clarke
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et al. 2014). This approach yielded 18729 seismic P and S phases recorded on all stations with high
probabilities of being genuine earthquakes. Please note that this refers to the number of seismic
phases recorded across many stations, not the number of distinct earthquake events. A single
earthquake can generate one or more seismic P-phase or S-phase (or both) that are detected by
multiple stations, so the actual number of earthquakes is likely much smaller than the total
number of recorded phases.

Figure 4.4 displays the resulting initial earthquake catalogue, showing estimated locations
(longitude, latitude, and depth). Several distinct earthquake clusters were observed across the
region. For example:

1. Multiple clusters appear in the Southwest Seismic Zone (SWSZ), approximately 150 km east
of Perth—one of Australia’s most seismically active regions.

2. A concentration of events is also found near Arthur River (red circle), between Darkan and
Wagin, where earthquakes commonly occur in swarms.

3. Additionally, the region southeast of Wagin, bounded by 117°-118° longitude and 33°-
34°30'S latitude (orange circle), appears to exhibit notable seismic activity.

4. Multiple clusters of seismic events related to mining activity—such as mine blasts—have
been identified in areas including the Boddington Gold Mine east of the Dwellingup State
Forest (black circle), Collie (east of Bunbury; blue circle), and several other locations
including Kalgoorlie (green circle).
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Figure 4.4. The resulting initial earthquake catalogue after phase association stage. Earthquakes within
the red and orange circled areas are primarily associated with natural swarm activity, whereas the black,
blue, and green circled areas indicate seismicity related to mine blasts.

5 Estimation of Earthquake Hypocentres

5.1 The absolute earthquake locations

In the previous section, we associated seismic phases identified using a deep learning algorithm
with seismic events—or earthquakes—recorded across multiple stations. In this section, we focus
on refining the locations of these earthquakes, specifically their hypocentres. The hypocentre is
the point within the Earth where the earthquake originates and is defined by its longitude,
latitude, and depth (X, Y, Z).

Determining the hypocentre is more complex than simply picking the arrival times of the P- and S-
waves at various stations. Once the arrival times of the relevant seismic phases are identified, we
use a seismic velocity model of the region to simulate how seismic waves propagate from an initial
hypocentre. For this purpose, we use a recent shear-wave velocity (Vs) model for the Australian
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continent developed by CSIRO (Chen et al., 2023), along with a compressional-wave velocity (Vp)
model derived from the Vs data and the AUSREM Vp/Vs model. These models describe how fast
seismic waves travel through the Earth’s interior at different depths. A computer algorithm then
compares the simulated arrival times at each station with the actual arrival times picked by the
machine learning algorithm. The differences between them are referred to as the misfit. The
algorithm iteratively adjusts the hypocentre, running new simulations and calculating updated
misfits, until it finds the location that minimises the discrepancy between the observed and
simulated data. This final location is considered the most accurate estimate of the earthquake’s
hypocentre. Depending on the earthquake’s size and the number of recording stations, this
process can take several hours to converge on a solution.

We use HYPOINVERSE (Fred Klein, 2002), a program developed by the US Geological Survey
(USGS), to locate earthquake hypocentres. It is widely adopted by seismic networks and
researchers, particularly for processing local earthquake data (e.g., Southern California Earthquake
Data Centre [SCEDC], Hutton et al., 2006). However, due to uncertainties in the seismic velocity
model and the picked arrival times of P- and S-waves, the estimated earthquake location will be
never exact. This type of “independent” or “absolute” earthquake location is generally sufficient
for routine analysis.

In certain cases, however—especially when seismicity is tightly clustered in space and time, such
as during earthquake swarms or aftershock sequences—we can significantly improve location
accuracy by simultaneously locating a group of nearby earthquakes relative to each other. This
method is known as relative location or relocation, which we implement in the next step.

5.2 The relative location of earthquakes or precise location?

Relative relocation helps mitigate the influence of unmodelled complexities in the seismic velocity
structure (e.g., 3D velocity variations). By focusing on the small differences in arrival times
between earthquakes recorded across the same network, we can more precisely attribute these
differences to actual variations in earthquake locations. When many earthquakes are relocated
simultaneously, we can construct an optimal network of relative positions. This improves the
stability of the solutions and reduces the impact of errors in picking P- and S-wave onsets.

High-precision earthquake locations can yield important scientific insights. For instance, they can
reveal systematic migration patterns within earthquake swarms or indicate whether earthquakes
are occurring along a single fault, a complex fault system, or throughout a broader volume of
crust. These spatial patterns help researchers infer the underlying physical processes driving the
seismicity—such as stress transfer, elevated pore-fluid pressure, or magma intrusion. This in turn
provides valuable information about dynamic subsurface processes, which is critical for
understanding both seismic and volcanic hazards.

We use HypoDD, a Fortran-based software package for earthquake relocation using the double-
difference (DD) algorithm (Waldhauser and Ellsworth, 2000). This method leverages the principle
that if the separation between two earthquake hypocentres is small relative to the event-station
distance and the scale of velocity heterogeneity in the Earth, then the seismic waves from both
events will travel along nearly identical ray paths to a given station. As a result, the difference in
travel times between the two events at a common station—known as the double-difference—is
primarily due to differences in their relative locations and origin times. By minimising these
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double-difference residuals across a network of stations, the algorithm refines the relative
positions of earthquake pairs with high precision.

Figure 5.1 presents the final earthquake catalogue generated using the HypoDD package. Only
seismic events with a high probability of being genuine earthquakes were included. In the final
project report, the initial catalogue will be refined following phase association. As a result, the
final catalogue may differ slightly; while we do not expect significant changes in the locations of
the current events, the total number of earthquakes may increase if additional events are
identified in the revised initial catalogue.

Figure 5.2 shows a closer view of seismicity within the study area in the Northern Perth Basin
(outlined by the black rectangle). As shown, there are no significant concentrations of earthquakes
within the Northern Perth Basin itself. However, just east of the area, the seismicity map reveals
several small clusters of earthquakes. The cluster near the town of Three Springs is associated with
Talc Mine site exploration activities, while the others are likely related to natural earthquake
swarm activity in the region. Examples of these natural seismicity clusters include those located
between Latham and Perenjori, in and around eastern Dalwallinu, and near Rothsay.
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Distribution of seismicity (with probability > 50%) by Depth and Magnitude
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Figure 5.1. The final earthquake catalogue showing high-probability seismic events in the region. The yellow
line outlines the extent of the Perth Basin, while the black rectangle highlights the study area located within
the Northern Perth Basin.
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Distribution of seismicity in North perth Basin (zoom-in view)
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Figure 5.2. Map showing clusters of natural seismicity within and around the study area in the Northern
Perth Basin. Notable clusters are observed between Latham and Perenjori, in the vicinity of eastern
Dalwallinu, and near Rothsay. No significant seismic activity is recorded within the Northern Perth Basin
itself, which is outlined by the yellow boundary.
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