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Abstract A high-resolution sedimentary map of southeastern Australia is of great importance to
explore natural resources as well as to evaluate seismic hazards. In this study, we build a 3-D Vs model
of the upper crust beneath southeastern Australia by jointly inverting Rayleigh wave phase velocity,
ellipticity, and teleseismic P-coda waves. At depths less than 3 km, sedimentary basins are revealed as
prominent low-velocity anomalies. The average sediment depth in the Murray Basin is ∼713 m with
the maximum depth reaching 1,500 m, while, in the Sydney-Gunnedah-Bowen Basin (SGBB), the
average sediment depth is 600 m with a maximum depth of ∼3,000 m. Vs of the sedimentary layer in the
Murray Basin is lower than that in the SGBB, suggesting that the sediments in the Murray Basin are less
consolidated compared with those in the SGBB. The unconsolidated sediments make the Murray Basin
more vulnerable to seismic hazards. In the upper and middle crystalline crust, we image two low-velocity
zones: one beneath the Adelaide Fold Belt and the other beneath the Begargo Hill volcanic zone. The lowvelocity zone beneath the Adelaide Fold Belt is likely caused by high temperature and/or a weak granitic
composition, which lead to the concentration of intraplate seismic activities in this area. The low-velocity
zone beneath the Begargo Hill Volcanic zone indicates that there exists magma in the upper to middle
crust or the temperature there is still very high after the latest eruption.
1. Introduction
The sedimentary basins in southeastern Australia host some important resources, and knowledge of seismic
structures of sediment is essential for better resource exploration. For example, the Sydney Basin contains a
large amount of coal and natural gas resources and has been the focus of exploration for decades. Besides,
the Gawler Craton in southern Australia is home to the Olympic Dam deposits, containing ∼40% percent
of the world's known U resources as well as other world-class resources of Cu and Au (Hand et al., 2007).
Mapping the seismic structure of the upper crust beneath southeastern Australia is of great interest in
exploring and evaluating those natural resources. Although it is generally regarded as a seismically inert
continent, Australia did occasionally experience moderate earthquakes with magnitudes greater than 5,
which incurred significant damages and casualties. For example, the Newcastle earthquake in 1989 killed
more than 10 people and resulted in $4 billion of property damages (Denham, 1992). Although to date, we
still cannot precisely predict when and where earthquakes occur, we can model the ground shaking induced
by earthquakes and calculate the site amplification coefficients for earthquake hazard areas, which is fundamental to alleviate earthquake hazards. A reliable shear wave velocity (Vs) model of sedimentary basins
is the prerequisite for modeling ground shaking and calculating amplification.
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A number of seismic studies have been carried out to image the crustal and upper mantle structures in
southeastern Australia (e.g., Jiang et al., 2016; Pilia et al., 2015; Rawlinson et al., 2016; Saygin & Kennett, 2010; Young et al., 2013). Most of these previous studies use dispersion curves of surface waves to
constrain the crustal structures. However, the dispersion curves of surface waves have limited sensitivities
to shallow structures, making it hard to accurately resolve the sedimentary structures at the top of the
crust. Reflection seismology using active seismic data is capable of imaging detailed structures of sedimentary basins. However, due to the high cost of field operation, reflection surveys have only been carried
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out along a few limited transects (Kennett et al., 2016), leaving most of southeastern Australia unexplored.
Gravity modeling can also be used to map 3-D regional shallow structure (e.g., Danis et al., 2011; Krassay
et al., 2009). However, gravity modeling of sedimentary basins is highly dependent on initial density values
used in the modeling, which cannot be accurately constrained. Without proper density constraints from
boreholes and seismic profiles, the uncertainties of the modeled sedimentary basement can be up to 1 km
(Danis et al., 2011).
Compared with active seismic surveys and borehole core measurements, passive seismic data are more
affordable and more convenient to collect. A recent study by Li et al. (2019) demonstrates that jointly inverting teleseismic P-coda waveforms, Rayleigh wave phase velocity and ellipticity can better constrain velocities and velocity discontinuities of sedimentary basins. In this study, we adopt the method developed by
Li et al. (2019) and use the passive seismic datasets recorded by the Wombat array to construct the upper
crustal structure of southeast Australia. The 3-D upper crustal Vs model is fundamental to improve the
exploration of resources and also contribute to alleviating earthquake hazards in southeastern Australia.

2. Geological Settings
Our study region covers the Gawler Craton, the Delamerian Orogen (including the Adelaide Fold Belt),
the Curnamona Province, Lachlan Orogen and the New England Orogen as shown in Figure 1 from west
to east. Among them, the Gawler Craton is the oldest geological unit, which was formed from the late
Archean to the early Mesoproterozoic, in total spanning about 1 billion years (Hand et al., 2007; Payne
et al., 2008). To the east of the Gawler Graton is the Delamerian Orogen (including the Adelaide Fold
Belt), which separates the Australia Precambrian cratons from the younger Paleozoic to Mesozoic orogens
in eastern Australia (Jenkins et al., 1992; Miller et al., 2005). The circular-shaped Curnamona Province, a
Paleo- to Mesoproterozoic crustal province, lies to the east of Adelaide rift complex. The lithological similarity between the eastern margin of the Gawler and the southern part of the Curnamona Province suggests
that the Curnamona province and Gawler Craton were once part of the same contiguous crust prior to the
Neoproterozoic but are now separated by the Adelaide rift complex (Conor & Preiss, 2008; Wade et al., 2012;
Wingate et al., 1998). To the east of the Delamerian Orogen is the Lachlan Orogen which covers most of the
southeastern portion of Australia, belonging to part of a Paleozoic convergent system that stretched around
the Gondwana supercontinent (Foster & Gray, 2000). The New England Orogen is located in the easternmost of the study area and is the youngest orogen in the Tasmanides (Glen, 2013; Jessop et al., 2019). In
addition, in our study area, two main basin systems are superimposed on those orogens, that is, the Murray
Basin overlaying the Adelaide Fold Belt and the Lachlan Orogen, and the Sydney-Gunnedah-Bowen Basin
(SGBB) system on top of the Lachlan Orogen (Figure 1b).

3. Data and Methods
3.1. Wombat Array
The passive seismic data used in this study are from the Wombat Array, which comprises a multitude of
small subarrays sequentially deployed from 1999 to 2012 and their digital objective identifier (DOI) are list
in the Table S1 in the supporting material. The deployment durations of those subarrays varied from 4 to
12 months and the spacing among these stations is around 50 km. The Wombat Array consists of a total of
over 400 narrow band seismic stations. As some of the early stations are mounted with single-component
seismometers, we only collect continuous seismic data from a total of 294 stations with three-component
(3-C) seismometers, including subarrays of SEAL2, SEAL3, GW, CU, EAL1, EAL2, and EAL3 as shown in
Figure 1a.

3.2. Extracting Rayleigh Wave Phase Velocities from Ambient Noise Data
To extract surface wave phase velocities from ambient noise, we adopt the data processing procedures
(Bensen et al., 2007; Li et al., 2016; Lin et al., 2012, 2014). Here, we only briefly describe these procedures.
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Figure 1. (a) Locations of seven subarrays of Wombat Array used in this study. The subarrays are GW, CU, EAL1,
EAL2, EAL3, SEAL2, and SEAL3, which were deployed in different time periods. Several stations mentioned in the
following sections are denoted. The dashed rectangle outlines the area where the four boreholes (red dots) are located
as shown in the inset. The thick gray line in the inset delineates the locations of the profile shown in Figure 10. (b)
Simplified geological map of southeastern Australia showing the main tectonic units. The Murray Basin and the
Sydney-Gunnedah-Bowen Basin (SGBB) are superimposed on geological structures as green shadows. The Begargo Hill
volcanic zone, abbreviated as BH, is marked as the small red rectangle. The Lake Torrens, abbreviated as LT, is filled in
blue.

We collect 3-C continuous seismic data from 294 stations over their whole deployment durations. Then, we
cut the continuous data into daily segments and remove the trends, the means, and the instrument responses from all the seismograms. Afterward, we bandpass filter all the daily seismograms in the period range of
1–20 s period and decimate them to five samples per second. Finally, we apply the same temporal normalization in time domain using a running-absolute-mean normalization method and same spectral whitening
to all three components to ensure the relative amplitudes among the three components are retained (Lin
et al., 2014). After the preprocessing procedures for each station, we perform cross-correlations between all
LI ET AL.
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Figure 2. Symmetrical components of Z-Z CCFs. These CCFs are randomly selected from the whole data set of our Z-Z
CCFs. CCF, cross-correlation function.

the three components for all available station pairs among the 294 stations. Thus, for each station pair, we
have nine cross-correlation functions (CCFs) (Z-Z, Z-E, Z-E, N-Z, N-N, N-E, E-Z, E-N, E-E).
We obtain Rayleigh wave phase velocity measurements from Z-Z CCFs. To improve the signal-to-noise ratios (SNRs) of the Rayleigh wave signals, we first linearly stack daily Z-Z CCFs over a continuous span of
5 days without any overlap in time between individual 5-day spans. Then, we further stack all the 5-days
stacks to obtain the final stacked Z-Z CCFs using a time-frequency phase weight stacking (tf-PWS) method
developed by Li et al. (2017). Li et al. (2017) have demonstrated that the tf-PWS method can significantly improve the SNRs of surface wave signals without distorting dispersion measurements from resulting stacked
CCFs. More details about this stacking method are described in length in Li et al. (2017).
To further increase the SNRs of CCFs, we cut and stack the positive and negative lags of each CCF to obtain the so-called symmetrical component of CCFs. Some examples of Z-Z CCFs are plotted in Figure 2,
which shows clear Rayleigh wave arrivals with a move-out velocity of 2.70 km/s. We then measure phase
velocity dispersion curves from the symmetrical components of the CCFs for all station pairs using an automatic frequency-time analysis (FTAN) (e.g. Dziewonski et al. 1969; Herrin & Goforth, 1977; Levshin &
Ritzwoller, 2001). Having the phase velocity measurements among all the 294 stations, we only select those
measurements with SNR larger than 10 and interstation distances longer than two wavelengths for tomography. We adopt the Fast Marching Surface wave Tomography method (Kennett et al., 1988; Rawlinson &
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Sambridge, 2004a, 2004b) to perform the tomography using all the selected interstation dispersion curves of
Rayleigh waves from the Z-Z CCFs at periods of 3–15 s.

3.3. Estimating Rayleigh Wave Z/H Ratio from Ambient Noise
As described in the preceding subsection, we apply the same temporal normalization and spectral whitening to the three components of each individual station. Therefore, the relative amplitude information
among the three components is preserved for each station. Because the tf-PWS method does not preserve
amplitude information in stacking, we instead linearly stack the nine daily CCFs for each station pairs in
order to measure the Rayleigh waves Z/H ratios. After obtaining the stacks of all the CCFs, we separate
the positive and negative parts of each CCFs and mark those single-side NCFs with different names as described in the following paragraph. Then we rotate those single-side CCFs to obtain Z-R R-Z and R-R CCFs
following the rotation matrix defined in Li et al. (2016).
To measure the Z/H ratio from the stacked Z-Z, Z-R, R-Z, and R-R CCFs, we employ the methods of Lin
et al. (2014) and Li et al. (2016). For one station pair of A and B, the Z/H ratio for a given period at station
A can be estimated from:
ZBZ A
RB Z A
Z AZ B
Z A RB
ZH

 
T  Z
R
R
R
R
Z
RA RB
B A
B A
A B
(1)
Zstack

Rstack
where,
Z
Z B Z A  iH  RB Z A   Z A Z B  H  Z A RB 
stack
(2)
Rstack  H  Z B RA   RB RA  iH  RA Z B   RA RB
here, the first and second letters represent the components of the virtual source station and the receiver
station, respectively; and the first and second subscripts represent the virtual source station and the receiver
station, respectively. For example, ZARB denotes the radial component of a Rayleigh wave recorded at station
B from a vertical impulse source at station A, while RBZA represent the vertical component of a Rayleigh
wave recorded at station A from a horizontal impulse source at station B. ZARB and RBZA are the single-side
NCFs that are produced from two-side NCFs. As it is well known, there is a 90° phase difference between
the horizontal component (R) and vertical component (Z) of Rayleigh waves. After cross-correlation operation, Rayleigh waves in Z-Z and R-R CCFs are in phase. However, phases of Rayleigh waves in Z-R and
R-Z CCFs are respectively advanced and delayed by 90°. To measure Z/H ration, we first need to calibrate
the phases of different CCFs to make sure the Rayleigh waves in all CCFs are in phase. To do that, we apply
Hilbert transform to ZR or 90°-phase advanced transform to RZ in order to keep them in phase with ZZ (or
RR). In Equation 2, the operation H[] and iH[] result in 90o phase delay or phase advance for a given waveform. After the phase calibration, the phases of all used CCFs as well as Zstack and Rstack, are in phase. For a
given period, we narrowly filter the stacked vertical (Zstack) and radial (Rstack) components using bandpass
filters centered at the periods of interest. We then compute the zero-lag cross-correlation coefficient of
the Zstack and Rstack. The measurement is discarded if that coefficient is less than 0.8. Finally, the envelope
functions of the vertically and radially stacked components are calculated, and the maximum values of the
envelope functions are used to estimate the Z/H ratio. The final Z/H ratio for a station is the average of Z/H
ratio measures from CCFs with all other stations.
An example of estimated Z/H ratio curves for station pair S3C0 and S3C5 are shown in Figures 3a and
3b. Station S3C0 was deployed in the rim of Murray Basin, while station S3C5 was placed in the Lachlan
Orogen. Therefore, the estimated Z/H values at all the period band of station S3C0 are less than those of
station S3C5. Furthermore, the narrowly bandpass filtered (0.11–0.14 Hz) Z-Z, Z-R, R-Z, R-R CCFs of the
two stations are also illustrated in Figures 3c and 3d. From the bandpass filtered CCFs, phase differences
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Figure 3. (a) and (b) Measured Z/H ratios and corresponding standard deviations, marked by the error bars for one
station pair: S3C0 and S3C5. The locations of these two stations are marked in Figure 1a. (c) Narrowly bandpass filtered
Z-Z, Z-R, R-Z, R-R CCFs at 0.11–0.14 Hz with station S3C5 acting as a virtual source and station S3C0 as a receiver.
Note the phase differences between the four CCFs. (d) same as (c), but for CCFs with station S3C0 acting as a virtual
source and station S3C5 as a receiver. (e) and (f) show the particle motions of Rayleigh waves from Z-Z and Z-R CCFs
for station S3C0 and S3C5 respectively. CCF, cross-correlation function.

between different components are noticeable. The corresponding particle motions for the bandpassed Z-Z
and Z-R CCFs are also plotted in Figures 3e and 3f, respectively.
3.4. Teleseismic Body Waveforms
When a teleseismic P wave is incident at the base of a sedimentary basin, some part of P wave energy is
converted to S wave. The converted S wave reverberates within the sedimentary layer with nearly vertical
ray paths because of the very low S wave velocity in the sedimentary layer compared to the basement. The
LI ET AL.
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converted S wave, which is mostly recorded in the horizontal component, interferes with the direct P wave
and causes a delay in P arrival time in the horizontal component as compared to the vertical component
(Bao & Niu, 2017; Yang & Niu, 2019). This time delay between the vertical and horizontal components can
provide constraints on the sedimentary structure and basement.
Here we adopt the cross-convolution method (Bodin et al., 2014; Menke & Levin, 2003) to incorporate the
teleseismic waveforms in the joint inversion:
Vobs  t  * hsyn  t , m   s  t  * v  t  * I  t  * hsyn  t , m 
(3)
Hobs  t  * vsyn  t , m   s  t  * h  t  * I  t  * vsyn  t , m 
where Vobs(t) and Hobs(t) represent observed vertical and radial waveforms of P and converted S wave recorded at a given station. I(t) and s(t) represent the instrument response of the seismometer and the source
time function of the teleseismic event, respectively. * indicates the operation of convolution. Additionally,
v(t) and h(t) are the vertical and horizontal component of Green's functions of the sedimentary layer, while
vsyn(t,m) and hsyn(t,m) are the synthetic vertical and radial Green's functions of a trial model m. If the trail
model m is the same as the true model, then vsyn(t,m) = v(t) and hsyn(t,m) = h(t).
Because the Green's functions of the shallow structure (hsyn(t,m) and vsyn(t,m)) are almost independent
from epicentral distances (Li et al., 2019) in the distance range of 30°–90° and the convolution operator is
linear, we stack the recorded teleseismic waveforms from different teleseismic events by aligning waveforms
according to their maximum vertical amplitude in order to suppress the random noise and to reduce the
number of event waveforms to be fitted. Before stacking, for each event, the vertical and radial records are
first normalized by the maximum amplitude of the vertical components and the negative polarity is reverse
to positive polarity. Therefore, Equation 3 can be rewritten as:
1 N i
1 N
hsyn  t , m  * Vobs
t   v  t  * I  t  * hsyn  t , m  * si  t 

N i 1
Ni 1

(4)
1 N i
1 N
vsyn  t , m  * Hobs  t   h  t  * I  t  * vsyn  t , m  * si  t 
N i 1
Ni 1

here N is the total number of teleseismic events. We select teleseismic events with amplitude magnitudes
greater than 5.5 and with the epicentral distances ranging between 30° and 90° and then stack the recorded
body wave waveforms. We only stack those vertical and radial components with an SNR > 10. Here, the
SNR is defined as the maximum amplitude of the P wave to the root mean square of noise data within a
window starting at 70 s before the arrival time of the P wave and ending at 20 s before the arrival time of
the P wave. By stacking via this way, the signals are stacked constructively at the moment of maximum
vertical amplitude. Figure 4 illustrates two examples of the stacking procedures for station CU08 and E1D7.
Station CU08 was deployed inside the Murray Basin and the stacked horizontal waveform shows prominent
sedimentary reverberations in a time window of 0–4 s, and also there is a clear delay of the horizontal first
arrival relative to the first arrival of the vertical component; whereas, station E1D7 was located in the Lachlan Orogen and the stacked horizontal waveform is rather simple and there is no delay between vertical
and horizontal components.
3.5. The Joint Inversion
Rayleigh wave Z/H ratio helps constrain the shallow Vs structure in the joint inversion, and phase velocity
dispersion curves mainly help constrain the deep Vs structure. Since the longest period of the phase velocity
we extract from CCFs is 15 s, the maximum depth of structures Rayleigh wave can resolve is ∼20 km based
on the phase velocity sensitivity kernels in Figure 5, which are calculated from the Preliminary reference
model (Dziewonski & Anderson 1981). Body waveforms are sensitive to velocity discontinuities. Here, we
adopt a joint Bayesian Monte Carlo nonlinear inversion method (e.g., Afonso et al., 2013; Li et al., 2019;
Shen and Ritzwoller 2016) to invert the three types of data for upper crustal structures in southeastern Australia. We briefly describe the joint method below.
The likelihood function in the joint inversion is defined as the following equation:
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Figure 4. Vertical- (Z) and radial-component (R) waveforms from teleseismic events recorded at station CU08 (a)–(b)
and E1D7 (c)–(d). The vertical components are plotted in the left panels and the radial components in the right. In
each panel, the top diagram is the waveform stacked from the individual ones plotted at the bottom diagram. The
individual waveforms are filtered at a frequency band of 0.05–0.5 Hz. Individual waveforms are aligned according to
their maximum vertical amplitude. Note the strong reverberation signals in the radial-component waveforms recorded
at station CU08 located in the Murray Basin.
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1 M  ZH j  m   ZH j 





2
2
N
M
1
2
 32
j 1
i 1 
obs

here, PH i

obs

and ZH j represent the observed phase velocity and Z/H ra-

tio at certain periods, while PHi(m) and ZHj(m) are the calculated phase
velocity and Z/H ratio at the ith and jth periods for a candidate model
generated by the Monte Carlo method. N and M are the numbers of periods used in the inversion. ϕ(m) is the misfit function of the teleseismic
events and is defined as:

 T1 Vobs  t  * hsyn  t, m ·Hobs  t  * vsyn  t, m  dt
T2

 m
.
 1 
(7)
Figure 5. Sensitivity kernels calculated from the preliminary reference
model. (a) Sensitivity kernels of Rayleigh wave phase velocities at periods
of 4, 8, 12, and 15 s. (b) Sensitivity kernels of Raleigh wave Z/H ratio at
periods of 5, 8, and 10 s.

T2
T2
2
2
 T1 | Vobs  t  * hsyn  t , m  | dt ·  T1 | Hobs  t  * vsyn  t, m  | dt

here, T1 and T2 represent the starting and end time of a time window that
contains the direct P wave and sediment reverberations. The time window is set to 3 s before and 7 s after the maximum P on the vertical amplitude. The uncertainties (σ1, σ2, and σ3) of the three kinds of datasets
are usually difficult to determine and we here treat them as unknown parameters, which are also inverted
during the joint inversion. For a given trial model, we use the method of Computer Programs in Seismology (Herrmann, 2013) to compute the dispersion curves, and use the Thomson-Haskell propagator matrix
method (Haskell, 1962; Thomson, 1950) to calculate synthetic P-wave Green's functions.
We parametrize the 1-D velocity model beneath each station in three layers, that is, the sedimentary layer,
the crystalline crust, and the upper mantle. In the sedimentary layer, the velocity structure is determined
by three variables, which are Vs at the top and the bottom and sediment thickness. In our study, Vs in the
sedimentary layer is assumed to increase linearly, which is the first-order approximation of the actually
complex sedimentary structure. Vp in the sedimentary layer is related to Vs using the empirical function
proposed by the Castagna et al. (1985):

Vp 1.16Vs  1.36.
(8)

And the density of sediments is further scaled by the Gardner's Law (Gardner et al., 1974)

  1.74Vp1/ 4 .
(9)
In the crystalline crust, Vs variation over depth is represented by the combination of four cubic B-splines,
and the Moho depth is also treated as a variable. Therefore, a total of five parameters are employed to represent the crystalline crust. As the longest period of phase velocity measurement is 15 s, our data are insensitive to the mantle part. Thus, we parameterize the upper mantle as a layer with a constant Vs. In the crystalline crust and upper mantle, Vp is calculated from the Vs following the Brocher's Law (Brocher, 2005):
(10)
Vp 
0.9409  2.0947Vs  0.8206Vs 2  0.2683Vs3  0.0251Vs 4
And the density is obtained from the Vp by following the empirical equation of Brocher (2005):
(11)
 1.6612Vp  0.4721Vp2  0.0671Vp3  0.0043Vp 4  0.000106Vp 5
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Table 1
Sample Ranges of Model Parameters
Model parameters

Range

Reference

Sediment thickness (km)

0–10

VSV at the top of the sediment layer (km/s)

0–3.0

Bassin et al. (2000)

VSV at the bottom of the sediment layer (km/s)

0–3.0

Bassin et al. (2000)

Sedimentary Vp/Vs

1.80–3.0

Crystalline crustal thickness (km)

20–80

4 B-spline coefficients for the crystalline crust (km/s)

3.1–4.4

Bassin et al. (2000)

Vs for the upper mantle (km/s)

4.0–5.4

Bassin et al. (2000)

3 uncertainties (σ)

−4

−1

10 –10

Nine variables in total are used to determine the 1-D model velocity structure. Table 1 lists the sampling
range of those parameters in our joint inversion.

4. Results
4.1. Phase Velocity Maps
Rayleigh wave phase velocity maps inverted from the Z-Z CCFs are plotted in Figure 6 at four selected periods of 4, 8, 12 and 15 s. Checkerboard tests (Figure S1) indicate that there are enough crossing raypaths

Figure 6. Rayleigh wave phase velocity maps at four periods of 4, 8, 12, and 15 s. Phase velocities are plotted as
perturbations relative to the average at individual period. The average phase velocity at each period is indicated at the
bottom of each panel for the corresponding period.
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to recover anomalies with a size of 1° × 1°. At 4 s, phase velocities show
three main low-velocity zones. From west to east, the first low-velocity
zone is located in the Adelaide Fold Belt between the Gawler Graton and
Curnamona province. The second low-velocity zone is concentrated in
the Murray Basin, and the third low-velocity zone is in the SGBB system. From the sensitivity kernel of 4 s Rayleigh wave phase velocity (Figure 5a), it can be seen that although the most sensitive depths of Rayleigh
wave at 4 s period range from 2.0 to 7.0 km, the velocity structure above
1.0 km also affects the phase velocity, which can explain the low-velocity anomalies inside the Murray Basin and the SGBB. The low-velocity
anomaly under the Adelaide Fold Belt is unlikely caused by the sediments and the possible reason for this low velocity will be discussed in
the Discussion section. At 8 s, Rayleigh wave phase velocities show similar low- and high-velocity patterns with those of 4 s, except that there is
an extra low-velocity zone appearing in the Gawler Craton. At 12 s and
15 s, Rayleigh wave phase velocities are mainly sensitive to the middle
crust (Figure 5a). At these periods, one prominent feature is a low-velocity zone surrounding the Curnamona Province. Besides, there is another
low-velocity zone concentrated in the Begargo Hill volcanic zone (red
square labeled as BH in Figure 1b).

(a)

(b)

4.2. Rayleigh Wave Z/H Ratio

(c)

Figure 7. Rayleigh wave Z/H ratio maps at three periods of 5, 8 and 10 s.

We plot Z/H ratio maps at 5, 8 and 10 s periods by interpolating the measurements from each station in Figure 7. Since the most sensitive depths
of Z/H ratios at those periods are concentrated at the top few kilometers
(Figure 5b), low Z/H ratio anomalies are related to sedimentary basins.
The three Z/H ratio maps reveal very low Z/H ratios inside the Murray
Basin, suggesting that the basin is filled with low-velocity unconsolidated
sediments. The low Z/H ratios are difficult to be explained by crystalline
crustal rocks at elevated temperature. Similarly, the SGBB system also
stands out with low Z/H ratios. On average, the measured Z/H ratio at the
SGBB is higher than that in the Murray Basin, suggesting the sediments
in the SGBB system may be more consolidated than those in the Murray
Basin (e.g., Boore & Toksoz, 1969; Chong et al., 2014). Interestingly, the
northern Curnamona Province also exhibits low Z/H ratios, while the
southern part of the Curnamona Province has relatively high Z/H ratios,
suggesting that the two areas likely have different sedimentary history. In
fact, the northern Curnamona is largely covered by Cenozoic sedimentation of the Lake Eyre Basin, while the southern Curnamona belongs to
the remnant of a late Paleoproterozoic sedimentary basin infilled with
the metamorphosed Willyama Supergroup (Armistead et al., 2018; Conor
& Preiss, 2008). In general, with increasing periods the contrasts between
the low and high Z/H ratios become smaller as the sensitivity depth ranges of longer period Z/H ratio extend to a greater depth (Figure 5b).

4.3. 3-D Vs Model
We first invert Rayleigh wave dispersion curve, Z/H ratios, and body waves for a 1-D Vs profile beneath each
station following the joint inversion method described in Subsection 3.5. We show an example of the joint
inversion at station CU08 (Figure 8). Figure 8 shows an example of the posterior density function of the
inverted 1-D Vs at station CU08, which suggests that the model is well constrained by the three datasets.
Overall, the observed phase velocities (Figure 8c) and Z/H ratios (Figure 8d) are well fitted by the inverted
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Figure 8. An example of joint inversion at station CU08. (a) Color map shows the posterior density function of the 1-D Vs with the black line representing
the maximum probability model. (b) Histogram of sediment thickness estimated from 1,000 acceptable models. (c) Phase velocity fitting. Black triangles show
the measured phase velocities and the red line represents the theoretical dispersion curve calculated from the maximum probability model. (d) Same as (b)
except for Z/H ratio. (e) Cross-convolution fitting. The two cross convolutions between the observed and synthetic waveforms computed from the maximum
probability model are shown in solid blue line (Zobs*Rsyn) and dotted red line (Robs*Zsyn), respectively. Note the excellent match between the two convolutions.

Vs model. The zero-lag cross-correlation coefficient of the two cross-convolution functions is 0.98 (Figure 8e), suggesting that the teleseismic body wavefield is also well fitted by the model.
Then, we assemble all these 1-D Vs profiles and linearly interpolate them to build a 3-D Vs model that
extends from surface down to 20 km (Figure 9). At shallow depths, like 0.4 km (Figure 9a), the most prominent features are distinct low-velocity zones associated with sedimentary basins. From west to east, the first
pronounced low-velocity zone appears in the northern part of the Curnamona Province, which is associated
with the Cenozoic Lake Eyre Basin that does not reach to the southern part of the Curnamona Province
as mentioned in the above section. The second pronounced low-velocity zone is in the Murray Basin. The
Murray Basin extends over a large area, containing a thin layer of Cenozoic sediments (200–400 m) with
a maximum thickness of 600 m as suggested by Brown and Stephenson (1991). The third less pronounced
low-velocity zone at this depth appears in the SGBB system, which separates the Lachlan and New England
orogen. The average Vs at 0.4 km depth in the Murray Basin is 1.10 km/s, while the average Vs at that depth
within SGBB system is 2.04 km/s.
At 1 km depth, the most pronounced features are still the low velocities associated with major sedimentary
basins (Figure 9b). However, compared with velocity distributions at depth of 0.4 km, the low velocity zones
at 1.00 km depth are only limited to several smaller areas, especially those low velocity zones beneath the
Murray Basin, indicating that the thickness of the sedimentary deposits is less than 1.0 km in most parts of
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Figure 9. (a–e) Vs maps at five different depths of 0.4, 1.0, 3.0, 10.0, and 20 km. (f) Map of sediment depths. A1 and A2 outline two low-velocity zones in the
mid-crust.
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the Murray Basin. In the Murray Basin, there are a number of pre-Tertiary infra-basin concealed beneath
the Quaternary sediments (Knights et al., 1995). Those infra-basins formed in the Late Paleozoic and appear
to be aligned with the strike of the basement terrane and are associated with grabens and downwarps of
the underlying crust (Arroucau et al., 2010). In general, we find a good spatial correlation between the low
velocity zones within the Murray Basin and those pre-Tertiary infra-basins derived from borehole, gravity
and magnetic data. The low-velocity anomalies beneath the SGBB are still as prominent as those at 0.4 km
depth and extend to the depth of ∼3.0 km (Figure 9c).

Because the longest period of Rayleigh wave phase velocity used is 15 s, we can reliably resolve the velocity structures at depths up to ∼20 km. The velocity patterns of the upper crust from ∼5 to 20 km are quite
similar, and the velocity variations in the crystalline crust are much smaller than those in the sedimentary
layers. In the upper crust, we observe two major low velocity anomalies whose locations are marked by
black dash lines in Figures 9d and 9e. The first low velocity anomaly, denoted as A1, appears in the areas of
the Adelaide Fold Belt to the west and south margin of the Curnamona province, which reaches to it maximum amplitude at ∼20 km with a velocity reduction of 5 ± 2%. As aforementioned, this low velocity zone is
also observed by other tomography studies (e.g., Pilia et al., 2015; Saygin & Kennett, 2010). The second low
velocity anomaly A2 is associated with a volcanic belt near the Begargo Hill Volcanic zone and is ∼4 ± 2%
less than the mean velocity at depth of 10 km.
Based on our results, we plot the map of sedimentary thickness in Figure 9f. As seen from the figure, in most
areas of the Murray Basin, the sediment depth is ∼600 m with a maximum depth of 1,500 m. On average,
the sediment depth in the Murray Basin is 713 m. In the SGBB, the average sediment depth is 600 m with a
maximum depth of ∼3,000 m.

5. Discussions
We have assumed a linearly increasing Vs within the sedimentary layer in order to reduce the number
of model parameters. Numerical tests with more complicated sediment models suggest that the inverted
model represents a good linear approximation of the input model (Figure S2a). In our inversion, we have
employed empirical relationships in scaling Vs to Vp in sediment and crystalline crust and mantle instead
of using a constant Vp/Vs ratio during the inversion. We also conducted numerical tests by using a constant
Vp/Vs of 2.0 for the sediment and 1.732 for the crystalline crust and model. In general, the two scaling implementations have led to very similar results (Figure S2b).
Unlike previous studies (e.g., Li et al., 2016; Lin et al., 2014; Shen & Ritzwoller, 2016), we treat the uncertainties (σ1, σ2, and σ3) of the three kinds of datasets as three unknows, which are included in the joint
inversion. The inverted uncertainties are 0.05 km/s, 0.03 and 0.04 for the phase velocity, Z/H ratio, and
cross-convolution misfit function, respectively. These values are comparable to those measured by previous
studies, such as Shen & Ritzwoller (2016) from the USArray data.
As mentioned previously, the posterior density functions of the inverted Vs at each station suggest that
these models are well constrained. We also compute the average phase velocity residuals, average Z/H ratio
residuals and the cross-convolution misfit function residuals across the study area, which are shown in
Figures 3Sa–3Sc, respectively. The phase velocity residuals are generally less than 0.075 km/s (Figure S3a),
and Z/H ratios are mostly in the range of 0.00–0.050 (Figure S3b), while the cross-convolution misfit is less
7.5% (Figure S3c). Uncertainty in the inverted sediment thickness is mostly less than 300 m (Figure S3d).
5.1. Comparisons with Borehole Data
To evaluate the reliability of our 3-D model, especially the obtained thickness of sediments, we compare
our Vs model with the borehole data, which have the ground-truth thickness of the sedimentary layer. We
find four boreholes in the Sydney Basin region with their sites close to one of our seismic stations (Figure 10). As the four borehole sites are nearly aligned in a west-east running line connecting station E2E9
and station E2G2, that is, the gray lines shown in the inset of Figure 1a. We plot the comparisons between
our models beneath three stations and the drilled sediment depths along that line. In Figure 10 we show
the 1-D Vs model beneath five stations along the line, together with the locations of the four boreholes used
LI ET AL.

14 of 19

Journal of Geophysical Research: Solid Earth

10.1029/2020JB019998

Figure 10. Vs transects along the profile delineated as the gray line in Figure 1a. The Vs columns represent the 1-D
Vs models right beneath the corresponding stations as marked by the red inverse triangles. The dotted line marks
the inverted sediment depths under the five stations. The four white vertical bars represent the four boreholes that
drilled through the sedimentary layer. The names of the boreholes are indicated by the annotations. The ground-truth
sediment depths from the four boreholes is represented by the bottom of the bars.

for verification. We are unable to obtain the velocity profiles of those boreholes but have the ground-truth
sedimentary depths of the four borehole sites.
From west to east, the first borehole, named as the Wollar DDH10 and marked as the vertical white thin
column, was 9.64 km away from station E2E9. The sedimentary depth from Wollar DDH1 is 149.0 m. The
sedimentary depth beneath station E2E9 from our model is 350.0 ± 262.0 m. The second borehole named
Martindale No. 1A is 11.16 km away from station E3G1, and the sedimentary thickness from the borehole
is 1147.8 m, which is very close to the depth of 1450.0 ± 320.0 m beneath station E3G1 from our inversion.
The third and fourth boreholes are both close to station E3G2 and their distances away from station E3G2
are 13.99 km and 7.89 km respectively. The corresponding sedimentary thicknesses from the two boreholes are 1533.4 m and 1818.8 m respectively, which are also close to the inverted sedimentary depth of
1650.0 ± 305.0 m beneath station E3G2. For these three stations, the average difference of the sedimentary
depths between the borehole measurements and our inverted results is 197.1 m, which is reasonable given
the fact that 1 the locations of seismic stations and the boreholes are not exactly the same; and (2) the thickness of sedimentary layer changes quickly laterally as shown by the large differences of sedimentary depths
between the two close boreholes of Jerry Plains No. 1 and Camberwell No.1 (Figure 10). In order to better
evaluate the reliability of our inverted results of sedimentary basins, we need to find seismic stations located
at the exact same site as boreholes, which will be pursued in a future study if such kind of data are available.
5.2. Implications on Sedimentation Histories
As shown by the map of sedimentary thickness from our model in Figure 9f, the average sedimentary depth
of the Murray Basin is 713 m; while, the sedimentary depths at most parts of the SGBB are thicker than
600 m with the deepest sedimentary depth reaching 3,000 m, much thicker than those in the Murray Basin. The Murray Basin is a low-lying, saucer-shaped intracratonic basin, containing flat-lying Tertiary sediments. Brown and Stephenson (1991) suggested that the Tertiary sediments of the Murray Basin consists
of three major depositional sequences, including an early Paleocene-Eocene to early Oligocene sequence of
Renmark Group, an Oligocene to middle Miocene marine sequence of Murray Group, and a late Miocene to
Pliocene marine-fluvial sequence of Wunghnu Group (Brown & Stephenson, 1991). As these sediments are
newly formed and still lack of gravity compaction, Vs of the sedimentary layer is very low with an average
of 1.10 km/s at 400 m depth, suggesting sediments maybe not well compacted and cemented. The SGBB is
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a Permian-Triassic basin with the ages of the main strata ranging from
the later Carboniferous to Middle Triassic (Bembrick & Lonergan, 1976;
Herbert, 1980). Vs at 400 m depth in the SGBB is 2.04 km/s, much higher
than that in the Murray Basin, suggesting sediments inside the SGBB are
well compacted and cemented.
As mentioned in the Introduction section, one of the main applications
of our 3-D velocity model is that it allows us to calculate the site amplification coefficients of strong ground motion, which is fundamental
to seismic hazard mitigation. To do so, we employ the semi-analytical
method of Bowden and Tsai (2017), and calculate the average seismic
site amplification coefficients for each station at the frequency band of
0.5–0.2 Hz. Figure 11 shows the amplification coefficient map of the
study area by linearly interpolating the results at each station. As mentioned above, although the deepest sedimentary depth of the SGBB is
greater than that in the Murray Basin, the Murray Basin contains more
unconsolidated sediments than the SGBB. Hence, the Murray Basin is
more vulnerable to seismic hazards. From the horizontal Raleigh wave
and Love wave site amplification maps (Figure 11) we can see that, in
the Murray Basin, the amplification coefficients can be up to 13, indicating that this area is vulnerable to seismic hazards from earthquakes that
happened in the surrounding regions, like those in the Flinders Ranges
(denoted in Figure 1b), one of most seismically active zones in Australia
(Setiawan, 2017).
5.3. Low Velocity Anomalies in the Upper Crust

Australia is one of the most stable continents in the world. However, Australia still experiences a lot of intraplate earthquakes. A large number of
earthquakes in southeast Australia occur in the Adelaide Fold Belt, where
earthquakes with magnitudes larger than 6.0 occurred in the past (Holford et al., 2011). In that region, Pilia et al. (2013) constructed a P-wave
model of the upper and middle crust using 24 stations deployed within the Adelaide Fold Belt. According to their tomography results, there
are two low P-wave velocity and low Vp/Vs ratio zones in the upper and
middle crust of the Adelaide Fold Belt zone and they suggested that the
Figure 11. Seismic site amplification coefficient for Rayleigh wave
low-velocity zones in the Adelaide Fold Belt delineate mechanically weak
horizontal component (a) and for Love wave (b) averaged in the frequency
zones that correspond well with intraplate deformation in the Adelaide
band of 0.2–0.5 Hz.
region. Heat flow study (Holford et al., 2011) in this region reveals that
the average heat flow in the Adelaide Fold Belt is also very high and can
reach up to ∼90 mWm−2. However, based on the heat flow observations,
Holford et al. (2011) suggested that it is the thermal effects that weaken the crust of the Adelaide Fold Belt,
leading to the concentration of high seismicity in the Adelaide Fold Belt. In our study, we observe low
velocities in most parts of the Adelaide Fold Belt at the upper to middle crust depths, denoted as A1 in Figures 9d and 9e. We notice that this low-velocity area is also featured by high heat flow, therefore, A1 is likely
caused by high temperature anomaly at the same depths. Alternatively, the low-velocity A1 anomaly could
be compositional, such as granite that has low seismic velocity due to its high concentration of quartz mineral (Lowry & Perez-Gussinye 2014) . The granitic composition also seems to be a reasonable explanation
for the high seismicity and high deformation observed in this area as the presence of quartz generally makes
granite mechanically weak (Burgmann & Dresen, 2008). Granite also has a relatively high concentration of
radioactive elements (K, U, Th), which is consistent with the heat flow data.
We also observe another low-velocity zone, denoted as A2 in Figures 9d and 9e, in the upper to middle crust
beneath the Begargo Hill volcanic zone within the Lachlan Orogen, where there are almost no seismic activities. In eastern Australia, several studies (Cohen et al., 2013; Davies et al., 2015) delineated a 2,000 km long
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volcanic track, extending from the Fraser Island in Queensland to Cosgrove in Victoria. Davies et al. (2015)
proposed that this volcanic train was formed as a result of the northward movement of the Australian continent over a mantle plume, which is currently located at the Bass Strait. As it is a hotspot track, the volcanic
rocks progressively become younger from the north to the south of the volcanic chain. Along the volcanic
chain, they found a strong correlation between the lithosphere depth and the magma composition on the
surface. More specifically, according to their study, the magma from the plume erupted as standard basaltic
volcanism in areas with lithosphere thickness less than 110 km; low-volume, leucitite-bearing volcanism
appears in regions where lithosphere thickness is between 110 and 150 km. For regions with lithosphere
thickness greater than 150 km, volcanic eruption ceases as it is hard for magma to break through the thick
lithosphere. In the Begargo Hill volcanic zone, the lithosphere thickness is between 110 and 150 km (Davies
et al., 2015) and the lavas erupted at around 18–15 Ma. The low velocity in the upper to middle crust based
on our model is coincident with the site being a young volcanic area. A significant amount of magma was
likely produced in the upper to middle crust under the Begargo Hill during the Miocene eruption, and the
heated crust remains hot enough today to cause a ∼4% reduction in S-wave velocity.

6. Conclusions
In this study, we build a 3-D upper crustal S-wave velocity model up to 20 km deep beneath southeastern
Australia by jointly inverting Rayleigh wave phase velocity, Rayleigh wave ellipticity, and teleseismic P-coda
waveforms. As Rayleigh wave ellipticity and teleseismic body wave have complementary sensitivities to
sediment velocity and thickness, our 3-D Vs model has a good constraint on the sedimentary structures
beneath the major basins.
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Our model shows that the average sediment depth of the Murray Basin is 713 m with a maximum depth of
1,500 m and the average depth of the SGBB is 600 m with a maximum depth of ∼3,000 m. To evaluate the
accuracy of the sediment depths of our model, we compare them with ground-truth sediment depths from
four boreholes. On average, the differences between them are less than 200 m, which is reasonable given
the fact that the locations of the corresponding stations and the boreholes are apart from each other with
an average distance of 10.67 km. In addition, our model reveals that the Vs of sedimentary layers in the
Murray Basin is on average less than that in the SGBB, suggesting that the sediments in the Murray Basin
are less consolidated than those in the SGBB. The unconsolidated sediments make the Murray Basin more
vulnerable to seismic hazards according to the seismic amplification map calculated based on our model.
In the upper to middle crustal depths, our model resolves two low-velocity zones: one beneath the Adelaide
Fold Belt and the other beneath the Begargo Hill volcanic zone. The low-velocity zone beneath the Adelaide
Fold Belt is coincident with abnormally high heat flows in this region, suggesting that thermal weakening
may be the main reason leading to the concentration of intraplate seismic activities in this area. The low-velocity zone beneath the Begargo Hill volcanic zone may suggest that there still exists magma in the upper to
middle crust or the temperature there is still high after the latest eruption.
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