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Executive Summary 

In this final report, we list all of the activities undertaken as part of this project, including 
design and deployment of a seismic array across SW Hub, Australia, and analysis of seismic 
data recorded over one year of period to 1-to benchmark the quality of the SW HUB seismic 
network, 2-to detect, and locate any seismic activity around SW Hub region, 3-to conduct 
ambient seismic noise imaging in the region by using the data from the continuous 
broadband seismic network. In our analyses, we found that the quality of seismic data from 
the network is excellent, despite being close to the coastline. Also, the seismic ambient noise 
imaging showed its feasibility regarding future 4D seismic time-lapse measurements in the 
injections.  

In the first part of the report, we apply a probabilistic signal-processing schema to analyse 
the seasonal variation of the ambient seismic noise levels recorded at each station. As 
expectedly, the analyses show that ambient noise levels are high close to the New High 
Noise Model (Peterson, 1993). However, the regional and teleseismic earthquakes recorded 
across the network indicates that in general, the signal to noise ratio of the recorded signals 
is very high.  
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In the second part, we employed advanced detection and location algorithms to search any 
local and regional seismic activity. Regional earthquakes and mining explosions are clearly 
recorded across the network. However, so far, we did not detect any local seismic activity.  

In the final part of the report, we used Rayleigh wave ellipticity (H/V) and ambient seismic 
noise tomography by using the continuous seismic noise records. Results from Rayleigh 
wave ellipticity mark the effect of Perth Basin at distinct spatial points. Seismic ambient noise 
tomography results show the variation of 2D seismic velocities across Perth Basin and 
adjacent Yilgarn Craton.   
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Estimation of Historical Seismicity in The Project Area  

Earthquake recurrence models rely heavily on catalogues of historical seismicity, and are 
generally based on the expectation that future large earthquakes will occur in the same 
regions as smaller past earthquakes (e.g., Petersen et al., 2008). In addition, earthquake 
occurrence follows the Gutenberg - Richter (1956) scaling law. For a given fault or region, 
earthquake magnitude and frequency of occurrence follow this power law relation where the 
number of events of a given magnitude are log- proportional to the number of events of other 
magnitudes. Therefore, in locations with historical seismicity the occurrence of small events 
can be used to estimate the frequency of less frequent larger magnitude events.  

Although the power law relation has proven consistent across different geologic settings, two 
of the parameters can vary significantly from region to region. The most important of these 
parameters is the “b-value” or the slope of the magnitude-frequency distribution. For 
instance, if the b-value is 1.0, then there will be 10 times as many magnitude 3.0 
earthquakes, and 100 times as many magnitude 2.0 earthquakes, compared to the number 
of magnitude 4.0 earthquakes within a given area and given time period. Typical b-values 
range from 0.5 to 2.0 and estimating the b-value for a region is critical for developing a 
magnitude-frequency curve.  

In order to estimate a b-value for the project region, geological, geophysical, and historical 
seismicity data were compiled within a GIS database in order to delineate representative 
seismic source zones that encompass the project area. Source zones are used to spatially 
constrain the historical seismicity catalogue; earthquakes that have occurred within the 
source zone are included in the magnitude-frequency analysis, adjacent seismicity is 
excluded. Source zones are developed based on similarities in geology, lithology and age, 
structural characteristics and architecture, and to some extent by historical seismicity, 
namely tectonic regime as indicated by earthquake focal mechanism data. In the Southwest 
Hub region, the source zone is confined to the Perth Basin within the extended margin 
Phanerozoic terranes.  

Multiple zones of varying size were delineated (Figure 1) in order to attempt to capture 
enough seismicity data to develop a representative magnitude frequency curve. The first 
iteration was constrained to the southern onshore and nearshore Perth Basin. The second 
iteration extended the eastern margin of the source zone into the Archean craton under the 
assumption that seismicity near the Darling fault may be poorly located and by widening the 
zone some of this seismicity would be captured. The third iteration included all of the 
extended terranes along Australia’s western passive margin with the northern extent 
delimited by a change in structural geology and tectonic regime. The final iteration 
constrained the source zone to the Perth Basin.  

The Geoscience Australia seismicity catalogue was used to generate earthquake magnitude- 
frequency curves using historical seismicity data within each of the source zones. The 
historical seismicity catalogue for the Perth Basin is limited (Figure 2). Only 117 events are 
included in the GA catalogue for the Perth basin, the oldest event in the record having 
occurred in 1965. The magnitude of completeness (Mc) for the Perth basin as a whole is 
estimated at M2.5 since 1998 (Sagar and Leonard, 2013) and previous studies of seismic 
hazard in the Perth basin consider the magnitude of completeness at M3.2 since 1980 
(Sinadinovski et al., 2005). Magnitude of completeness is defined  
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as the lowest magnitude event for which all events of larger magnitude within a space-time 
volume are detected (Wiemer and Wyss, 2000). Understanding the magnitude of 
completeness is critical for developing magnitude-frequency estimates. Earthquakes within 
the catalogue that are lower magnitude than the Mc are under-sampled and therefore 
removed from the analysis.  

The historical earthquake magnitude distribution for the Perth Basin is shown on Figure 3. 
There is a lack of large magnitude events in the historical record. The data were filtered to 
remove events not constrained by the Mc: all events smaller than M3.2 occurring before 
1980 and all events smaller than M2.5 occurring before 1998 were removed (Figure 4). 
Additional magnitude completion screening may need to be completed to further refine the 
input parameters for magnitude-frequency calculations.  

Multiple magnitude-frequency plots were generated for the seismic source zones using the 
Geoscience Australia earthquake catalogue with the aforementioned Mc considerations. A 
number of iterations were conducting using a range of constraints from the seismicity 
catalogue in order to generate general ball-park estimates for the Perth Basin and South 
West Hub project area (Figure 5). The lack of historical seismicity data in the region 
complicates this preliminary analysis and may require further refinements to be made to the 
catalogue and source zonation.  
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Figure 1 Various source zones (red polygons) used to estimate M-F distributions. Lower right is the Perth Basin. 
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Figure 2 Geoscience Australia seismicity catalogue plot. Perth Basin source zone is orange polygon. 

 

 

Figure 3 Earthquake count per magnitude bin in the Perth Basin. 
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Figure 4 Earthquake count in the Perth Basin with known under-sampled magnitudes removed in the Perth Basin. 

 
Figure 5 Example magnitude-frequency plot for the Perth Basin. Blue diamonds are the annual number of events 
>Mw in the filtered earthquake catalogue. The Perth Basin is approximately 215,000 km2. 
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Community engagement  

We have continued active engagement with local and international communities, with our 
participation in three notable events during this project:  

1) The Carbon Kids Science day (19/8/2015) at St Anne’s primary school in Harvey in 
collaboration with CSIRO. 

2) An exhibit with public interaction at the Brunswick Show (24/10/2015), see Figure 6.  

3) We presented our passive seismic monitoring program at the IEAGH International 
Interdisciplinary CCS summer school. The presentation was followed with a field trip to 
demonstrate and explain the shallow borehole array and Harvey 4 well.  

 
Figure 6 Passive seismic display at the Brunswick Agricultural show with DMP, CSIRO and NGL. 

SW HUB Seismic Network 

As of October 2017, all of the eight seismic stations are operational and transmitting realtime 
data to the data repository server located at University of Western Australia (see Figure 7). 
The data transmission is handled through a 4G modem installed at each seismic station.  In 
addition, data is stored in a redundant archival storage system locally and routinely backed 
up to another storage system at Pawsey Supercomputing Centre of WA. Typical station 
spacing within the array is around 3 km. In Table 1, coordinates of each station along with 
the sensor type is given. 
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Figure 7 Seismic station distribution around Harvey. The installed 8 seismic stations are given with red triangles. 
In the inset map, the location of the SW hub stations is marked with a green rectangle along with the far away 
stations (red) operated by UWA. 

 
Table 1 Coordinates of the installed stations across SW Hub with sensors types. 3C denotes three component 
sensor system. 

Station 
Code 

Latitude 
(DD) 

Longitude 
(DD) 

Type Start Date 

SWH1 -33.0383 115.8213 3C Broadband + 3C Geophone 17/5/16 

SWH2 -33.0373 115.7941 3C Broadband + 3C Geophone 17/5/16 

SWH3 -32.9923 115.7744 3C Broadband + 3C Geophone 11/5/16 

SWH4 -33.0087 115.8442 3C Broadband + 3C Geophone+Borehole 13/5/16 

SWH5 -33.0194 115.7432 3C Broadband + 3C Geophone 29/6/16 

SWH6 -32.9710 115.8001 3C Broadband + 3C Geophone 29/6/16 

SWH7 -33.0626 115.8533 3C Broadband + 3C Geophone 17/5/16 

SWH8 -33.0760 115.7707 3C Broadband + 3C Geophone 29/5/16 

 

In SW HUB seismic network, we used two different types of sensor technologies for each site 
to cover a large measurement band. Each of the sensor pack has three sensors with 
orientations in vertical, north-south, and east-west. In Figure 8, the self-noise levels of these 
sensors are presented. In general, conventional seismic sensors do not have a flat sensitivity 
along a large measurement period (1000 Hz to milliHz). Broadband seismic sensors (Trillium 
Compact-120 s) are most sensitive to the weak signals with energies at longer periods, but 
less sensitive to the energy at shorter periods due to the increased instrumental noise levels. 
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Contrary to this, a geophone (GS One-3C) will have much more sensitivity at shorter periods, 
and higher internal noise levels at longer periods. At each station, we record continuously 
with a sampling rate of 500 Hz for broadband sensor, and 1000 Hz for the geophone. 

 
Figure 8 Self-noise levels of two different sensors. Blue curve shows the noise level of GS One three component 
geophone, and red curve shows the three-component broadband sensor Trillium Compact. 
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Ambient Seismic Noise Levels 

There are wide range contributions to the seismic background noise recorded at a seismic 
station. These effects can be listed as from tides, atmospheric pressure, ocean-ground 
coupling, human activity and diurnal effects (Kennett, 2001). One of the most profound 
effects that is commonly observed all across the seismic networks is the influence of ocean 
induced seismic noise, which is also called microseisms. The microseismic band consists of 
two distinct peaks, with one of these peaks between 10 and 20 seconds, and the second 
peaks at periods between 5 and 10 s. The primary microseismic peak is mainly due to the 
deep ocean gravity waves, where the secondary microseism is mainly due to the nonlinear 
interaction between the incident and reflected ocean waves coupled with the sea surface. 
The generation of ocean waves has a direct link with storm activity, in which the amplitude 
level of the microseisms has a seasonal dependency.  The energy observed at shorter 
periods < 0.1 s (higher frequencies) are mainly associated with human activity, and shows a 
large variability from site to site.  

Seismic noise analysis is an important method to quantify the theoretical performance of a 
seismic network (McNamara & Buland, 2004). We use a statistical approach to compute the 
probability density functions of seismic noise recorded at six channels (broadband and 
geophone) of each station across SW Hub to evaluate the full range of the seismic noise.  

In Figures 10-13, we present all of the seismic noise levels for the installed stations 
measured across the network for the broadband stations. We use all of the available data 
from mid-March to the end of September 2016. Prior to processing the noise levels, we 
remove the instrument response and digitizer gain. In the processing stream, each record is 
divided into one hour-long segments with an overlapping window of 50%. Then, the 
amplitude spectrum of the each data segment is calculated, and averaged out to create the 
probabilistic density spectrum.  

Between 0.1 and 100 seconds, all of the stations show a uniform distribution of seismic noise 
recorded at the broadband sensor, where the probabilistic density functions are confined 
mainly close to the New High Noise Model of Peterson (1993). The elevated levels of noise 
is directly related to the proximity of the site to the coastline.   

At shorter periods, we use the data from geophones where the noise levels show somehow 
much more variability. At this period band, most of the noise is due to the human activity 
such as SWH1, which shows elevated amplitudes at 0.1 s. This station is close to the main 
road, where the passing vehicles contribute to the seismic noise. 

We also compared our results of seismic noise levels with two different seismic stations, 
where the first station is from Hawaii, US, which is known to be a noisy site due to its 
proximity to the coastline. The second one is from approximately 15 km away from our 
network, located at Busselton, WA and part of Schools in Seismometers program. In Figure 
9, we present the probability density function of the seismic noise recorded at the vertical 
channels of the broadband sensors of these two stations. Both stations have elevated noise 
levels with the highest levels at secondary microseismic bands (5-8 s) around High Noise 
Model especially at AUBUS station which is very similar to SW HUB stations.  
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Figure 9 Microseismic noise at two different seismic stations A) POHA, Island of Hawaii, US. B) Busselton, WA.  
Grey curves mark the new high noise (NHNM) and low noise (NLNM) models of Peterson, (1993).  
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Figure 10 Noise spectra recorded at broadband sensors for stations SWH1-SWH4. HLZ denotes the vertical 
component of the seismic sensor, HLN and HLE are the horizontal component sensors with the north-south 
orientation and the east-west orientation respectively. Grey curves denote the High Noise and Low Noise Models 
of Peterson (1993) (top to bottom). 
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Figure 11 Noise spectra recorded at geophone sensors for stations SWH1-SWH4. CPZ denotes the vertical 
component of the seismic sensor, CPN and CPE are the horizontal component sensors with the north-south 
orientation and the east-west orientation respectively. Grey curves denote the High Noise and Low Noise Models 
of Peterson (1993) (top to bottom). 
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Figure 12 Noise spectra recorded at broadband sensors for stations SWH5-SWH8. HLZ denotes the vertical 
component of the seismic geophone sensor, HLN and HLE are the horizontal component sensors with the north-
south orientation and the east-west orientation respectively. Grey curves denote the High Noise and Low Noise 
Models of Peterson (1993) (top to bottom). 
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Figure 13 Noise spectra recorded at geophone sensors for stations SWH5-SWH8. CPZ denotes the vertical 
component of the seismic geophone sensor, CPN and CPE are the horizontal component sensors with the north-
south orientation and the east-west orientation respectively. Grey curves denote the High Noise and Low Noise 
Models of Peterson (1993) (top to bottom).  
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Science of Microseismicity with Community Focus 

Introduction 
Seismic Data from SW Hub network analysis was started with the data recorded from July 
2016. As of October 2017, there is no detected microseismic event activity around Harvey 
area. However, the seismic array keeps recording high quality distant earthquakes and 
nuclear explosion, which are useful to benchmark the capabilities of the array (Figures 18 & 
19).  

In this analysis, we look separately for local micro-events in the Harvey area while also 
looking for any potential small regional through to large regional and global earthquakes. 
There are two types of sensors which are used at each station, the first being geophones 
which are sensitive to weak higher frequency seismic signals while the second are 
broadband seismometers which are more sensitive to lower frequency signals generated by 
any regional or global earthquakes (Figures 7 & 8). 

Any micro-event that occurs in the vicinity of the array is best detected by these higher 
frequency geophone sensors. A higher frequency seismic signal from any small micro-event 
will not travel very far due to the attenuation. For this reason, we need to cover the area with 
a fairly dense array if we want to be sure to detect the occurrence of any micro-event. 

In the data analysed so far, we have not detected any local micro-events within the Harvey 
area. The smallest event that might be detected by the current surface array varies with 
changing background noise level. This background noise is a result of local traffic, weather 
events in the form of wind and rain, farming and the local industrial activity. Based on our 
initial analysis of the data we would assess that surface array is capable of detecting event 
down to a magnitude of 0.5 to 1.0 within the Harvey area. 

To put this magnitude number in perspective the smallest seismic event that can be felt by a 
person is in the range of magnitude 2.0 to 2.5, assuming that it occurs nearby. An event of 
magnitude 2.5 has approximately 1000 times as much energy as a magnitude 0.5 event and 
would generate a seismic signal more than 30 times larger. The installed seismic array near 
Harvey thus should be able to detect the occurrence of any event in the area with 100 to 
1000 times less energy than an event that could be felt. 

While no local micro-earthquakes have been detected to-date the lower frequency sensors 
have been able to detect signals from regional and global earthquakes occurring outside the 
Harvey area.  

One of the largest events to occur during this period was a magnitude 7.9 earthquake near 
the Mariana Islands, on the 30th of July (Figure 15). The seismic waves generated by this 
large earthquake took approximate 10 minutes to travel the nearly 5000 km arriving at 05:27 
in the morning, local time. 

While the Harvey area is not known to be seismically active other areas including areas east 
of the Darling Scarp are relatively active with multiple small earthquakes occurring each 
month (Figure 16). A little closer to home a magnitude 2.3 earthquake occurred near Beverly 
in Western Australia at just after 9:30 P.M. on the 3rd of August (Figures 17-19). This 
relatively minor earthquake was also detected and reported by Geoscience Australia. 

There have also been a number of smaller local seismic events to have occurred in the 
South West region that have not been reported by Geoscience Australia as they are too 
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small and too far from the permanent monitored seismic stations to be detected. One such 
event occurred at about 10:26 P.M. on the 13th of September 2016 near Collie (Figures 20 
&21). Being close to Collie this event could be related to mine activity, however the source of 
the event as indicated by the clear shear signal implies that it is the result of slippage on a 
geological fault, hence a minor earthquake rather than a direct result of mine activity. The 
event also occurred late in the evening whereas mine related activity tends to occur during 
daylight hours. 

Mine related events are picked up by the array including regular blasting at the Collie coal 
mine and at the Boddington Gold Mine, the largest gold mine in Australia (Figure 22). The 
recorded seismic signals come in three main flavours with the fastest traveling wave being 
the compressional or “P” wave arriving first. If the source of the event is an explosion such as 
from a mine blast this “P” signal is generally the dominant and quite likely the only observed 
signal. By analysing the signals it is possible to distinguish a mine blast from an earthquake. 

In addition to generating these “P” waves earthquakes and micro-slips on faults generate 
shear waves. These shear wave’s travel slower arriving sometime after the “P” wave arrival. 
The time delay gives an indication of the distance to the source of the signal. The shear 
waves are also generally lower frequency and have a larger amplitude once they arrive. For 
large earthquakes it is these shear waves and potentially even later arriving surface waves 
that tend to be the most destructive; they are the main cause of any ground shaking. 
However, at large distances even for relatively large earthquakes these signals are too small 
to be felt.  

In addition to the local events, seismic wave originated from the recent North Korea nuclear 
explosion on 3rd of September 2017 and Mexico earthquake on 7th September 2017 were 
recorded across SW Hub seismic array with high fidelity (Figures 24 & 25). These 
teleseismic events are useful to benchmark the seismic array. 

One of the interesting aspects of the detected P wave signals is in the understanding of how 
these signal travel from the point of rupture to the seismic monitoring station. The signals do 
not travel in a direct line or along the surface of the earth (excluding surface waves), but 
rather dive downwards traveling through the deeper earth before emerging at the seismic 
station (Figure 26). At these deeper depths the rock is harder and faster with the seismic 
signal less attenuated, hence we are able to detect the signals even over large distances. 

The relatively dense array of eight stations in the Harvey area is to ensure we are able to 
detect any small events that might occur in this area. The seismicity, meaning the number 
and size of events tends to follow what we term a geometric relationship. For every large 
seismic event that occurs tens of small events to hundreds of even smaller micro-events very 
likely occur. Even if large seismic events are infrequent or not known to occur in an area it 
does not mean that there aren’t smaller magnitude events occurring. 

In installing a sensitive array, we able to assess the level of seismic activity over an extended 
period of time. While there is no certainty that larger events will not occur the lack of or 
presence of small micro-events is an indicator of the potential for seismic activity in the area. 
Having a high density of stations also allows more to be learned about any detected events. 
The well sampled data can tell us about the type of rupture that occurred, it can help in 
determining the location, orientation and direction of slippage on any active faults and 
fractures. 
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A key part in any analysis is integrating this information with other data. This includes seismic 
images and earth models that have been built including the mapping of the location of known 
geological faults. In this way, a more complete understanding can be developed and in 
particular begin to understand any observed changes over time. 

 
Figure 14 Location of Geoscience Australia seismic stations and Australian Seismometers in Schools program. 
The Geoscience Australia array does not include any stations in the South West region. 

 
Figure 15 Vertical component seismic signals recorded at the Harvey site, corresponding to the magnitude 7.9 
Earthquake that occurred on the 29th of July 2016, near the Mariana Islands. 
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Figure 16 Location of Geoscience Australia reported earthquakes in the South West region from July to October 
2016. These events have reported magnitudes in the range of 1.7 to 2.9. 

 

 
Figure 17 Location of the minor Earthquake’s near Beverly on the 3rd of August 2016, near Collie on the 13th of 
September 2016, and the location of the Boddington Gold Mine. 
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Figure 18 The vertical component compressional (P-wave) signals corresponding to a minor magnitude 2.3 
earthquake at Beverly Western Australia on the 3rd of August 2016. 



7-0244 Passive seismic investigations at the SW Hub 25 

 
Figure 19 The horizontal component shear (S-wave) signals corresponding to a minor magnitude 2.3 earthquake 
at Beverly Western Australia on the 3rd of August 2016. 
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Figure 20 The vertical component compressional (P-wave) signals corresponding to a minor earthquake near 
Collie Western Australia on the 13th of September 2016. 
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Figure 21 The horizontal component shear (S-wave) signals corresponding to a minor earthquake near Collie 
Western Australia on the 13th of September 2016. 
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Figure 22 The vertical component compressional (P-wave) signals corresponding to a mine blast at the Collie coal 
mine Western Australia on the 24th of September 2016. 
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Figure 23 The vertical component compressional (P-wave) signals corresponding to a mine blast at the 
Boddington coal mine Western Australia on the 25th of September 2016. 

 

 
Figure 24 The seismic P wave arrivals due to the nuclear explosion in North Korea (3rd September 2017). The 
location of the event is marked with star symbol (left). 
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Figure 25 The seismic Pdiff (diffracted P waves) arrivals due to the earthquake in Mexico (7th September 2017). 
The location of the event is marked with star symbol (left). 

 

 
Figure 26 Model showing how the compressional (P) and shear waves (S) travel through the earth to be detected 
by seismic instruments. (Modified after IRIS-No. 5. Exploring the Earth Using Seismology). 
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Ambient noise analysis and passive imaging at the SWH site  

Passive Seismic Imaging 

Ambient seismic noise correlations (interferometry) and imaging is one of the recent 
emerging methods in observational seismology. By using continuous seismic records and 
application of cross-correlation to these signals, one can retrieve waveforms that carry 
information from the subsurface.  

The first early examples were demonstrated in ultrasonics (Lobkis & Weaver, 2001, Weaver 
& Lobkis, 2001) and finally in seismology (Shapiro et al., 2005).  However, Claerbout (1968) 
first conjectured the method in 1968, for a single station and getting the reflection response 
by autocorrelating upgoing waveforms. Since Shapiro et al. (2005) work, many studies have 
been conducted to study the earth at different scales by using signals from seismic noise. 
Some of the examples are Australia (Saygin & Kennett, 2010, 2012, Young et al., 2011, Pilia 
et al., 2016), Europe (Yang et al., 2007, Verbeke et al., 2012), Indonesia (Zulfakriza et al., 
2014, Saygin et al., 2016), Tibet (Yao et al., 2006, Zheng et al., 2017).    

However, the majority of the studies use surface waves, where it is not easy to recover 
compressional waves (body waves). Body waves attenuate faster than surface waves with 
increasing distance, making them not easier to observe. The published studies that 
recovered body waves between stations used advance processing techniques, and long term 
temporal stacking with very dense datasets (spatially and temporally) i.e., Nakata et. al., 
2015.  

Surface waves are most sensitive to the shallow part of the earth, and propagates along the 
surface following mainly a great circle path. In addition to the lateral sensitivity, surface 
waves also have sensitivity to the velocity structure varying withe depth measured at different 
frequencies. By modelling the sensitivity of surface waves along its propagation path, one 
can infer seismic velocity structure information from subsurface. In general wave travel time 
measurements done at different frequencies is used in this step.  

In Figure 27, a conceptual model is given for a two receivers in a constant velocity medium 
with a limited aperture (most sensitive to the signals coming from certain angles depicted 
with a cone). By correlating and stacking the recorded waveforms as result of impinging 
sources occurring at different times and locations, one can estimate the impulse response or 
Green’s function of the medium as if there was a source at one end, and receiver at the other 
end. Because the model in Figure 21 has a constant velocity (V), correlation waveforms have 
two peaks at –T0 and T0, which is equivalent to the ratio of distance (D) with velocity (V). 
Detailed theoretical analysis of interferometry is given in Snieder, (2004), and Sánchez-
Sesma et al. (2006).  
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Figure 27 Conceptualised noise correlation for a 1D medium with constant velocity (V). Randomly distributed 
sources (yellow stars) and receivers (black dots) show the experimental setup, where the correlation and stacking 
yields the impulse response between the two receivers, which is give with the causal and acausal waves (red). 
Waveforms peak at -T0 and T0, which is equivalent to the ration of the distance (D) and velocity (V). 

Here we use the seismic data from SW HUB seismic array, and neighbouring open stations 
and then cross-correlate and conduct seismic ambient noise tomography. In Figure 28, an 
example Green’s function retrieved from the cross-correlation of seismic noise between UWA 
campus station and Harvey 4 station is given. Portions of the waveform marked with blue 
and red show the two-way propagation of the Green’s function (response of the subsurface). 
We show all of the extracted Green’s functions between stations in Figure 29 & 30. In 
general, there is very clear surface wave propagation between stations.   

 

Figure 28 Example Green’s function from the cross-correlation of seismic noise recorded at UWA campus seismic 
station and SWH4 Harvey station. 
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Figure 29 Green’s functions from the seismic ambient noise correlations between station pairs (left). Station 
distribution (blue triangles) and raypath coverage (right). 

 

Figure 30 Green’s functions only using Southwest Hub stations. 

After extracting Green’s functions between all of the station pairs, we measure the 
interstation travel times at different frequencies. In general, seismic surface waves sample 
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deeper parts of the earth with the increasing period. An example is given in Figure 31 for 
Love Waves. The arrival times of the wave packets gets smaller with the increasing period 
showing the increase of velocity with depth, this is also called dispersion of the surface 
waves.  

 

Figure 31 The arrival times for the same wave train that was filtered at different periods. With the increasing 
period, wave packets arrive earlier due their depth sensitivity. After Stein, S., & Wysession, (2009). 

The travel time measurements between station pairs can be used in a tomographic schema 
to map the velocity perturbation at different periods. We use a Bayesian framework in the 
inversion of travel times. Bayesian inversion methods are in general derivative free and offer 
detailed statistical information about the extracted models. More information on the 
methodology is given in Bodin & Sambridge (2009); Bodin et al., (2012). In Figure 32, we 
present two tomographic slices from the inversion of the travel times of the Green’s 
functions. The actual distribution of the ray paths is given in Figure 29 (right panel). In 
general, there is a clear velocity jump from the west of the basin to the east, which also 
marks the transition from low velocity Perth Basin to Yilgarn Craton. Some of the smearing 
effects observed in the high velocity paths is normal, since the spatial coverage of this region 
is low due to the limited number of rays crossing the area. The typical sensitivity of Rayleigh 
waves at 5 seconds is around 3 km, where the measurements conducted at 10 seconds is 
more sensitive to the deeper structures around ~10 km. 
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Figure 32 Ambient seismic noise tomograms as a function of period. Left panel is 5 seconds and right panel is 
from 10 seconds.  



7-0244 Passive seismic investigations at the SW Hub 36 

H/V Ratio 
Another seismic noise method is to analyse the Rayleigh wave ellipticity angle (H/V), which is 
measured as the spectral ratio of the horizontal and vertical recordings. Nakamura (1989) 
showed that the fundamental resonance frequency be defined as the peak of the ratio.  
Subsequent studies found that peak of this ratio (curve) peak coincides with the resonant 
period of S-waves in the sediment column, where the amplitude of the peak shows much 
more complex feature. Peaks at lower frequencies in general represent a site response with 
an uncompacted geology i.e., low seismic velocity sedimentary basin environment, where 
peaks at higher frequencies indicate faster seismic velocities. Here we apply the same 
analysis to the broadband seismic data collected at select number of stations from SW HUB 
and other networks to investigate the effect of the Perth Basin and Yilgarn Craton. In Figure 
33, we show the analysis of H/V method for stations located both on Perth Basin and Yilgarn 
Craton. For example, SWH2, which is one of SWHUB station show a well-formed peak 
around 0.2 Hz, which marks the effect of the low velocity Perth Basin. Both SWH10, and 
SWH11, which are on top hard-rock environment in Yilgarn Craton shows peaks at around 3 
Hz.  

 

 

Figure 33 H/V curves for selected seismic stations across the region. Locations are marked in the map (right). 

 

Both of the ambient seismic noise correlations, and H/V methods are promising methods to 
conduct repeatable imaging without any acquisition cost except the running expenses of a 
seismic station. Here we show some preliminary examples of what can be done with the 
existing seismic dataset. Results are promising, and the data and techniques have the 
potential to be used as a baseline in the future, especially if CO2 injection conducted.  
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Scientific innovation  

It is the first time, extremely sensitive dense seismic network was deployed and is being 
operated across SW Hub area. The real-time transmission of the seismic data from the array 
made ensured that incoming data was analysed near real-time for detecting and locating any 
events. The relatively sparse collection of Geoscience Australia seismic network across 
Western Australia limits to conduct a statistically reliable baseline seismicity measurement 
across this region. The SW Hub seismic network fills a vital gap to deliver this need. 

The same seismic data from the array was also used in conducting seismic imaging by just 
using the seismic noise array. Again, it was the first time, high resolution seismic imaging 
was conducted by just using seismic noise in this region. Because of the continuous nature 
of the seismic recording, this class of analyses is repeatable without any significant cost. In 
the future, the seismic noise can be used to track the changes in the subsurface due to the 
CO2 injection for a fraction of a cost of the conventional 4D seismic reflection survey. The 
current results can be used as a baseline image prior to the injection. A successful 
demonstration of this technique is given by Obermann et al. (2015) using seismic noise to 
track 4D changes of the subsurface at a geothermal field in Switzerland. 
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Appendix 

Pamphlet-Microseismicity In South Western Australia 
  



Earthquakes in South Western Australia

Why are we studying seismicity in South Western Australia?
A large number of earthquakes have occurred in the 
region.  However, very few earthquakes have been 
detected or felt in the Perth Basin and the Darling 
fault has not experienced an earthquake during 
historical times.  Little is known about why there are 
so many earthquakes in the South West Seismic 
Zone compared to adjacent regions.  

What is microseismicity?
Microseismic events are tiny earthquakes that are 
too small to be felt by humans.  They are the result 
of rocks suddenly breaking or slipping along zones 
of weakness within the earth’s crust.  

GA seismometer
stations

Figure 1

The UWA  Geophysics group is deploying a network 
of seismic monitoring stations to measure and inter-
pret background microseismicity around the 
proposed SW Hub CO  storage investigation area 
and for the wider Perth Basin.  The data acquired will 
enable us to better understand earthquake processes 
in this unique setting and in other relatively stable 
regions like Australia.  It will also allow us to better 
characterise earthquake hazards in population 
centres in WA.

Figure 1 shows the major tectonic features in South 
Western WA and the existing location of seismic 
monitoring stations (e.g. blue circles).  Historical 
earthquakes detected by the Geoscience Australia 
seismic monitoring network are shown as red dots.
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Seismometer (lower frequency detection 0.01-100Hz) 
and geophone (higher frequency detection 10-500Hz)
are both buried in 1.2m postholes under the station.

Passive seismic monitoring is the science of recording and 
analysing natural or induced seismicity with networks of 
seismic sensors, without the need for active (man-made) 
seismic energy sources (like Vibroseis Trucks).

The proposed UWA seismic monitoring network consists of 
13 stations, as indicated on Figures 2 and 3 as white circles.  
The UWA network will be able to measure earthquakes 
which are too weak (i.e. Magnitude < 2) to be detected by 
the existing networks used by Geoscience Australia and 
others.  The stations will be deployed over a period of 12 or 
more months in order to accumulate adequate data to 
perform an analysis of natural seismicity. 

Stations are fully recoverable

Proposed Passive Seismic Monitoring

The microseismicity stations are relatively small and self-powered.  Information gathered will be transmit-
ted to UWA remotely and the Geophysics group will visit the station once a month to gather the data 
recorded.

Figure 2

Figure 3

Seismic monitoring research activities: Prof David Lumley (david.lumley@uwa.edu.au)
South West Hub: Martin Burke (martin.burke@dmp.wa.gov.au)
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Energy Initiative.
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Introduction 

In this add-on report, we analysed the background seismicity of SW Hub project area for a 
10-month period (December 2017-September 2018). During this period, we did not detect 
any local microseismicity in the region after thorough analyses of the continuous broadband 
seismic data. However, the seismic array is fully operational and continues to record very 
high-quality earthquake and ambient seismic noise data. 

We analysed the seismic noise intensity recorded across SW Hub stations and compared 
with the results of 2016 analyses. The selected stations around Harvey area shows that the 
ambient seismic noise levels are much lower in 2018 compared to 2016. We attribute this 
change due to the interannual change in the storm activity in the region. 

In the third part, we conducted ambient seismic noise tomography and compared the results 
with the previous ones. We found that there is no observable change in the imaging results.   

In April 2018, we had to remove the borehole and surface observing equipment from site 
Harvey 4 due to the request of the landowner. This was unfortunate, but it was beyond our 
control.  
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Background Seismicity 

In total, we analysed ten months of continuous data using the same algorithm given in the 
original report (Saygin & Lumley, 2018). During this period, no background microseismicity 
was detected in the vicinity of Harvey. However, the array is fully operational and recording 
very high-quality data. For example, the recent local earthquake in Lake Muir area (ML 5.7,  
16/09/2018 04:56:23 UTC) was recorded with high fidelity across the array. The approximate 
great circle distance of this event to the stations in Harvey is around 180 km (Figure 1).  

During the operational period, not only onshore events are recorded, but offshore events are 
also recorded. In Figure 2, an event offshore with magnitude 4 (ML) is given.  

 
Figure 1 The vertical component seismic recordings from an earthquake near Lake Muir WA occurred on 
16/09/2018 with ml 5.7. In the inset map, the yellow star shows the epicentre of the earthquake and red triangles 
are the SW Hub network. Each trace is filtered between 2 and 10 Hz, and the order of the section follows 
increasing source-station separation (given in lower left corner). 

 

 
Figure 2 The vertical component seismic recordings from the offshore earthquake occurred on 15/08/2018 with ml 
4.0. In the inset map, the yellow star shows the epicentre of the earthquake and red triangles are the SW Hub 
network. Each trace is filtered between 2 and 10 Hz, and the order of the section follows increasing source-station 
separation (given in lower left corner). 
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Ambient Seismic Noise Analyses 

Seismic noise analysis is an important method to quantify the theoretical performance of a 
seismic network (McNamara & Buland, 2004). We use a statistical approach to compute the 
probability density functions of seismic noise recorded at six channels (broadband and 
geophone) of each station across SW Hub to evaluate the full range of the seismic noise.  

In the processing, we remove the instrument response and digitizer gain. In the processing 
stream, each record is divided into one hour-long segments with an overlapping window of 
50%. Then, the amplitude spectrum of each data segment is calculated and averaged out to 
create the probabilistic density spectrum. 

 In Figures 3-5, we present results of the probability density functions for selected stations 
(SWH4, SWH6, SWH8) across SW Hub network around Harvey area analysed between 
December 2017-September 2018 and previous analyses results from 2016. 

In general, there is a systematic difference between the noise levels measured in 2016 and 
2018 between the periods of 1 and 10 s. The 2016 results indicate that these stations are 
classified as ‘noisy’ due to their proximity to the coastline. However, 2018 results show that 
the noise levels are bounded between the low and high noise models of Paterson (1993). 
This kind of variability is not uncommon and can be attributed to the seasonal and 
interannual changes of the intensity and the location of the dominant noise sources as 
reported by Reading et al. (2014).  

 
Figure 3 Noise spectra recorded at the vertical component of the broadband sensor for station SWH4 for years 
2016 and 2018. Grey curves denote the High Noise and Low Noise Models of Peterson (1993) (top to bottom).  

 
Figure 4 Noise spectra recorded at the vertical component of the broadband sensor for station SWH6 for years 
2016 and 2018. Grey curves denote the High Noise and Low Noise Models of Peterson (1993) (top to bottom).  
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Figure 5 Noise spectra recorded at the vertical component of the broadband sensor for station SWH6 for years 
2016 and 2018. Grey curves denote the High Noise and Low Noise Models of Peterson (1993) (top to bottom).  
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Passive Seismic Imaging  

We conduct ambient seismic noise tomography using the data from December 2017-
September 2018. The results are compared with the previous dataset from 2016 (Figure 6). 
In general, the results are almost identical, which is within the uncertainty of the probabilistic 
ambient noise tomography method. The consistency of the results is expected since there 
was no measurable change in the subsurface at these depths. In general, the interstation 
paths sampling the region in the basin shows low-velocity anomalies, whereas ones on the 
craton are marked with higher velocities. Despite that this seismic array was not designed for 
seismic imaging at regional scales, the results from seismic tomography marks the gross 
velocity variations in the region. 

 
Figure 6 Comparisons of ambient seismic noise tomography with the data from 2016 and 2018 for approximately 
3 km depth (a-b), and approximately 10 km depth (c-d).  
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Conclusions: 

In conclusion, during the operation of the seismic array, no local seismicity has been 
detected. The seismic array is currently operational and collects very high-quality data as 
visible from recordings of the local and teleseismic earthquakes. There is some level of 
change in the absolute ambient seismic noise levels. However, this can be attributed to 
seasonal and interannual changes in the storm activity in the Indian Ocean. 

The Green’s function extracted from the ambient seismic noise cross correlations are used in 
a tomographic inversion to map the seismic velocity perturbations. In general, results show a 
high level of agreement with the previous report (Saygin&Lumley, 2018). The sparse and 
irregular distribution of the array limits the illumination, but the velocity field accurately shows 
the variation between slow (basin) and fast (craton) part of the crust. However, a much 
dense seismic array is needed for full region wide seismic imaging as in Saygin&Kennett 
(2012). 
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