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Abstract Mapping seismic structures of sedimentary basins is of great importance to better evaluate
energy resources and seismic hazards. In this study, we develop a joint Bayesian Monte Carlo nonlinear
inversion method that utilizes the complementary nature of Rayleigh wave phase velocity, Rayleigh wave
particle motion, and teleseismic P wave in responding to sedimentary structures. Synthetic tests demonstrate
that our joint inversion can retrieve the input sedimentary models better than inversions with surface or
body wave data alone. We apply our method to waveform data of two broadband stations inside the Songliao
Basin in northeast China to invert for sedimentary structures beneath the two stations. We verify our results
by successfully isolating the Moho P-to-S conversion from sediment reverberations in surface receiver
functions with a wavefield-downward-continuation technique. We further demonstrate that we can extend
our method to single-station inversions by excluding the Rayleigh wave phase velocity in the inversion.

1. Introduction

Sedimentary basins contain rich natural resources, such as petroleum, natural gas, and coal, providing vital
resources for the development of human societies. Knowing detailed structures of sedimentary layers is
essential to better explore these resources. On the other hand, seismic waves can be significantly amplified
once they propagate into a sediment layer due to its low velocity and density, making sedimentary basins
more vulnerable to seismic hazards (e.g., Bonilla et al., 1997; Hough et al., 1990). A good example is the
1985 Mexico earthquake (Mw=8.0), which caused severe damage to Greater Mexico City due to its location
in a sedimentary basin, despite being ~400 km away from the epicenter (Flores-Estrella et al., 2007). Thus, it
is also of great importance to map out the seismic structure of a sedimentary basin for the purpose of eval-
uating seismic hazards.

A third benefit of having an accurate sediment model is that it allows us to remove the strong sedimentary
reverberations from seismic recordings, which can then be used for delineating the deep structure beneath
the sediment cover. For example, the receiver function technique (Ammon, 1991; Burdick & Langston, 1977)
generally does not work well for stations located above soft sediments as deep P-to-S conversions recorded
on the surface are generally weaker and are consequently masked by sediment reverberations (Owens &
Crosson, 1988; Sheehan et al., 1995). Tao et al. (2014) demonstrated that it is possible to isolate the deep sig-
nals from the sediment reverberations by using a wavefield-downward-continuation method. After the sedi-
ment response is removed, the so-called subsurface receiver functions show clear Moho P-to-S conversion
and crustal multiples (between surface and Moho) and therefore are suitable for receiver function analyses.

Over the last few decades, 2-D/3-D active seismic surveys have been widely conducted to obtain high-
resolution images of sedimentary structures for petroleum exploration. However, the spatial coverage of
2-D/3-D seismic surveys inside a basin is generally very limited due to the high cost of data acquisition.
On the other hand, recent development in large-scale and dense passive source array seems to provide a
means of achieving 3-D basin-wide sedimentary models with moderate spatial resolution. Both surface wave
and body wave (BW) data have been used in resolving sedimentary structures beneath seismic stations. For
example, the amplitude ratio of Rayleigh wave recorded by the vertical and radial components, known as the
Z/H ratio, is very sensitive to sedimentary structures (e.g., Boore & Toks6z, 1969) and has been used to invert
for sedimentary structure (e.g., Lin et al., 2012, Li et al., 2016). Sediment reverberations recorded after
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teleseismic P waves are another type of data that are sensitive to the velocity jump at the sediment base and
have been used to invert for sediment thickness and velocity (Akuhara et al., 2019; Bao & Niu, 2017). A
recent study (Pham & Tkalci¢, 2017) suggests that autocorrelation of the teleseismic P wave coda is a promis-
ing technique for mapping shallow seismic boundaries.

In general, surface waves are sensitive to the average S wave velocity over a range of depths, making it diffi-
cult to constrain the accurate depth of velocity boundaries, such as the sediment base, and consequently
leading to large trade-offs between depths and velocities around the boundaries. Also, it is practically diffi-
cult to estimate Z/H ratio at periods shorter than 6 s either from ambient noise or earthquake data, making it
almost impossible to resolve thin sediments with thicknesses less than a few hundred meters. In contrast,
teleseismic P waves and the following coda are of higher frequencies and are capable of resolving finer-scale
structures. Using BWs alone can lead to large uncertainties in the absolute S wave velocity. Thus, the sedi-
ment responses of the Rayleigh wave and the teleseismic P wave are complementary to each other. In fact,
several studies (Bodin et al., 2012; Julia et al., 2000; Kang et al., 2015; Shen, Ritzwoller, Schulte-Pelkum, &
Lin, 2013) have taken advantage of this complementary nature and have jointly inverted the surface wave
phase velocity and receiver function data to better constrain crustal structures. In this study, we further
include the surface wave particle motion data in the joint inversion with a focus on the shallow velocity
structure of sedimentary basins where it is impossible to generate receiver function data with the regular
deconvolution method due to the presence of strong sediment reverberations.

2. Data and Methodology
2.1. Rayleigh Wave Z/H Ratio

Early measurements of Z/H ratio using earthquake or noise data appeared to be highly scattered, which
could significantly affect the effectiveness of the joint inversion. Recent advances in high-quality
instrumentation and ambient noise processing techniques lead to relatively robust measurements of
Rayleigh wave Z/H (e.g., Li et al., 2016; Lin et al., 2014). In this study, we basically took the Z/H ratio data
of NE68 and NE96 from Li et al. (2016).

2.2. Apparent Horizontal P Wave Time Delays and the Cross-Convolution Misfit Function

Receiver functions generated at seismic stations inside a sedimentary basin usually show a delayed P wave
peak, which is caused by a delay of the P wave on the radial component. This horizontal P wave delay results
from the interference of the direct P wave with P-to-S conversion at the sediment base and sediment rever-
berations. Bao and Niu (2017) found that the horizontal P wave delay time is a function of frequency and
used this frequency-dependent delay time to constraint the S wave velocity and thickness of the sediment.
In this study, instead of using the frequency-dependent delay times of the teleseismic P wave to constrain
the thickness of sedimentary basins, we employ the cross-convolution misfit function (Bodin et al., 2014;
Menke & Levin, 2003) as part of the objective function in the joint inversion. The cross-convolution misfit
function directly involves waveform data that include the P wave and sedimentary reverberations and is thus
expected to contain more information of the sediments than the delay times alone.

The cross-convolution misfit function is defined as the least squares difference of two convolutions between
the observed and synthetic waveform data:

Vobs (£)*hsyn (£, m) = (£)*0(£)*I(t)*hgyn (¢, m) W
Hobs (£)*Vsyn (8, m) = s(£)*h(t)*I(t)*Vsyn (¢, m).
Here Vps(t) and H,ps(f) are the observed vertical and radial recordings of the P and its coda of a teleseismic
event, while v(¢) and h(t) are their corresponding Green's functions. s(t) and I(¢) are the source time function
of the event and the instrument response of the station, respectively. vgyn(t,m) and heyn(t,m) are the vertical
and radial components of the synthetic Green's function of a trial model m. If m is the true model, then
Vsyn(t,m)=V(t) and hgyn(t,m)=nh(t). Therefore, the two convolutions are essentially the same. Since the con-
volution operation is linear and the vertical and radial Green's functions are almost independent with
epicentral distances (Figure S1 in the supporting information), waveforms from different events can be
stacked to improve signal-to-noise ratios (SNRs) by aligning waveforms according to their vertical
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maximum amplitudes (e.g., Shearer, 1991). Before stacking, the teleseismic records are normalized by the
maximum amplitude of the vertical components and are also reversed when the polarity is negative.

2.3. Joint Inversion of Surface and BW Data

Taking advantage of the complementary sensitivities of Rayleigh wave dispersion curves, Z/H ratios, and tel-
eseismic BW data, we jointly invert all the three data sets to better constrain the basin structures. Here we
employ the Delay Rejection Adaptive Metropolis Markov Chain Monte Carlo (DRAM-MCMC; Haario
et al., 2006) method to perform the joint inversion. The nonlinear method is well documented in Afonso
et al. (2013), and the likelihood function is defined as

1 Iny
P(dops|m) = 7e_iMjmm(m)7 @

i1 (v2ro)

i=1

where
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Here PH;(m) and ZH;(m) are the calculated phase velocity and Z/H ratio of a given model m at a certain per-
iod, while PH,°*® and ZH,°" represent the observed phase velocity and Z/H ratio at the same period. N and M
are the numbers of the period at which phase velocities and Z/H ratios are measured. ¢(m) is the misfit func-
tion computed from the two cross-convolutions shown in equation (1):

— § {Vobs (0¥ (£, m) b+ { Hops (1) *vgyn (1, m) bt |
\/j"if |Vobs (£) *hsyn (£, m) | dt- \/ﬁf | Hops () vsyn (£, m) | *dit

“4)

Here T, and T, define the time window that includes the direct P wave and the sediment reverberations,
which are set to 5s before and 10s after the time sample with the maximum vertical amplitude. Note that
the misfit function defined in equation (4) is actually similar to the normalized square difference between
the two cross convolutions.

01, 02, and 03 in equation (3) are the uncertainties of the three data sets, which are generally difficult to eval-
uate objectively. In this study, we employ a strategy proposed by Bodin et al. (2012) that treats the uncertain-
ties as unknown model parameters, which are inverted during the inversion. We employ computer programs
in seismology (Herrmann & Ammon, 2004) to calculate the synthetic phase velocity and Z/H ratio at a given
period, and the Thomson-Haskell propagator matrix method (Haskell, 1962; Thomson, 1950) to compute the
synthetic P wave Green's functions. We employ a simple linear model to represent the sedimentary velocity
structure, which is defined by four parameters: sediment thickness, Vs at the top and the bottom of the sedi-
ment layer, and an averaged Vp/Vs of the sediment (Table S1 in the supporting information). Since the pas-
sive seismic data used in the inversion are of relatively low frequency (surface wave data <0.125 Hz and BW
<0.5 Hz) and have limited resolution on details of sediment structure, a linear velocity model appears to be a
suitable first-order approximation to likely more complicated velocity structure of the real sedimentary
layers. A more detailed model parameterization method is elaborated in the supporting information
(Brocher, 2005; Gardner et al.,, 1974; Haskell, 1962; Herrmann & Ammon, 2004; Shen, Ritzwoller,
Schulte-Pelkum, & Lin, 2013; Thomson, 1950).

The first stage of the inversion is the burn-in period. At this stage, the code randomly generates 160,000 trial
models to estimate the first-stage posterior probability. After that, the random walk is stationary and starts to
produce importance sampling of the model space according to the posterior probability estimated from the
burn-in period. In the second stage, we generate 80,000 candidate models, which are not fully independent.
We further employ the autocorrelation method proposed by Mosegaard and Tarantola (1995) to select 1,000
independent models, which are finally used to calculate the maximum probability model. In theory, the
maximum probability model is equivalent to the average model of the final ensemble of solutions.
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3. Applications of the Method
3.1. Application to Synthetic Data

To illustrate the feasibility of the proposed joint inversion, we conduct tests with synthetic data generated
from two velocity models. The first model has a 4-km-thick sediment layer sitting on the crystalline crust
(hereafter referred to as thickSM). Details of the model are listed in Table S2, and the top 10 km of the model
is plotted in Figure 1a. Based on the input model, phase velocity curves at 8-40 s, Z/H ratio curves at 8- to 40-
s periods, and vertical and radial impulse responses of BWs are synthesized. The synthesized body wave-
forms are from 14 hypothetical events with epicentral distances from 30 to 90°. We add Gaussian noise to
the synthetic phase velocity and Z/H ratio data, which has a standard deviation of 15 m/s and 3.0%, respec-
tively. The former is based on Shen, Ritzwoller, and Schulte-Pelkum (2013), and the latter is estimated from
the NECESSArray data as shown in the real data section. We also include Gaussian noise in computing the
Thomson-Haskell synthetics with a SNR of 10. Here the SNR is defined as the ratio between the maximum
amplitude of the signal window and the root-mean-square of the noise window. We stack the waveforms
using the method described in section 2.2 and use the stacked vertical and radial waveforms to invert for
the input velocity model.

We jointly invert the surface (PH+Z/H) and BW data for the shallow structure. The inverted results are
plotted in the red dashed line in Figure 1a, which is almost identical to the input models (solid grey line in
Figure 1a). The dispersion curves of the 1,000 resampled models in the Markov Chain (grey lines in
Figures 1b and 1c) fit the observed data (solid blue squares) very well. The probability density functions of
the vertical and radial impulse responses calculated from the 1,000 models are shown in Figures 1d and 1e,
respectively, with the highest probability being shown in red. The predictions of these models (warm colors)
match well with the observed waveforms (dashed white lines in Figures 1d and 1e), including the direct P waves
and the following sediment reverberations. Figures 1f-1h show the marginal distributions of the inverted
sediment thickness, the surface S wave velocity, and the Vp/Vs ratio of the sediment layer, respectively. All
of the three parameters follow an approximately Gaussian distribution with small standard deviations,
suggesting that they are tightly constrained by the joint inversion. For comparison, we also conduct two more
inversions: one using only the Rayleigh wave data (PH+Z/H) and the other using BW data alone. The two
inverted models are also plotted in blue dotted and green dash-dotted lines in Figure 1a, respectively, together
with the input model (grey solid line) as well as the joint inversion model (red dashed line). We notice that the
BW-based model exhibits an unusual trade-off between the sediment depth and velocity, which is attributed to
the higher recovered Vp/Vs ratio (2.87) as compared to the input Vp/Vs ratio (2.0). A quantitative comparison
between the input model and three inverted models is further shown in Table S2. It is apparent that the joint
inversion best recovers the input model in all aspects.

The second model has a thin and unconsolidated sediment layer with a thickness of 0.5 km, which we refer
to as thinSM. Details of the model parameter are listed in Table S3. We follow the above approach and con-
duct one joint and two separate inversions. The results are shown in Figure S2 and listed in Table S3, which
again indicates that the joint inversion does a much better job than the two independent inversions in terms
of recovering the input model.

3.2. Application to Field Data

We also apply the joint inversion method to waveform data recorded at two broadband stations (NE68 and
NE96) inside the Songliao Basin in northeast China (Figure S3). The two stations belong to the
NECESSArray (NorthEast China Extended SeiSmic Array; Steve & Jim, 2009) project, a temporal deploy-
ment of 127 broadband seismic stations in northeast China between September 2009 and September 2011.
Station NE68 is located in the southern Songliao Basin with relatively thin sedimentary accumulation
(Wei et al., 2010); while station NE96 is located in the northern Songliao Basin near the city Daqing
(Figure S3), which is named after China’s largest oil field, Daging (also known as Taching) Oil Field inside
the central downwarp of the basin (Feng et al., 2010).

We obtain the phase velocities and Z/H ratios in the periods of 8-40 s of the two stations from Guo et al.
(2015) and Li et al. (2016), respectively. We select teleseismic records at the two stations from earthquakes
with a magnitude greater than 6.0 and an epicentral distance between 30 and 90°. We first align the wave-
form records at the maximum amplitude of the P waves on the vertical components, which is set to zero
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Figure 1. Synthetic tests with the thickSM model. (a) The input model (grey solid line) is shown together with three resulting models from one joint (red dashed
line) and two separate inversions (blue dashed line and green dash-dotted line). PH, Z/H, and BW represent Rayleigh wave phase velocity, Rayleigh wave Z/H ratio,
and teleseismic body wave data, respectively. (b) The synthetic phase velocity data with an uncertainty of 15 m/s (blue squares with error bars connected by

the red dotted line) computed from the input model are shown together with calculated phase velocities of the 1,000 resampled models (grey solid lines). (c) Same as
(b) except for Z/H ratio data. The assigned uncertainty here is 3%. (d) The white dashed lines show the stacked vertical component of the 14 hypothetic events,
and the background shows the probability density function of the vertical component synthetic seismograms of the 1,000 resampled models. (e) Same as (d) but for
the horizontal component. (f-h) The marginal distributions of sediment thickness, surface Vs, and average Vp/Vs ratio of the sediment layer.

time. As mentioned before, if the maximum amplitude is negative, we reverse the polarity of the recordings
by multiplying them with minus one. We then stack all the vertical and radial records separately to generate
hypothetic teleseismic records of the vertical and radial components. The stacked waveforms are further
band-pass filtered between 0.05 and 0.5 Hz, which are shown in Figures 2c and 2i, respectively.

We conduct a joint inversion of the three types of data to obtain a 1-D Vs profile beneath each station. The
inverted results of NE68 and NE96 are shown in Figures 2a-2f and 2g-21. In general, the calculated phase
velocities and Z/H ratios of the 1,000 independent models (thin grey in Figures 2a and 2b and 2g and 2h)
fit the observed data (black crosses) well. The probability density functions of the two cross convolutions,
Vobs(E)*hsyn(t,m) and Hopg(£)*Vsyn(t,m), shown in Figures 2e and 2f and 2k and 21, appear to be similar to each
other. In fact, the cross-correlation coefficient between the pairs is 0.95 for NE68 and 0.92 for NE96, which
implies that stacked waveform data at these two stations are well matched. The sediment layer beneath
NE68 is 0.45+0.07 km thick (Figure 2d) with an average sediment Vp/Vs ratio of 2.77+0.26. The S wave
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line) at NE68 are shown together with calculated phase velocities of the 1,000 resampled models (grey solid lines). (b)
Same as (a) except for Z/H ratios. Note that the model predictions seem to be lower than the observed Z/H data before 25 s
but larger after 30 s, which might suggest that there is a systematic bias in the Z/H measurements from ambient noise
(<25 s) and earthquake (>25) data. (c) Stacked vertical and horizontal components of the teleseismic P and coda waves
recorded at NE68. (d) Color map showing the posterior density function of the inverted Vs with the black dotted line
representing the maximum probability model. (e and f) The color contours showing the probability density functions of
the cross convolutions between the data and 1,000 independent models. The black dotted lines are the cross convolutions
between the observed waveforms and the synthetic Green's functions of the maximum probability model. (g-1) The
same as (a)-(f) except for NE96.
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Figure 3. Surface and subsurface receiver functions. (a) Surface and (c) subsurface receiver functions (RFs) recorded at
NE68 are plotted as a function of the ray parameter. Note the large-amplitude sediment reverberations in (a) and the
isolated Moho Ps in (c). (b and d) Similar to (a) and (c), respectively, except for NE96.

velocity of the sediment layer is very low, which is 0.47+0.11 km/s at the surface and increases to 0.79+0.24
km/s at the bottom of the layer, suggesting that the sediments are largely unconsolidated at this location.
The resulting sedimentary layer underneath NE96 is ~2.90+0.21 km thick with an average Vp/Vs ratio of
2.20+0.23 and an S wave velocity increasing from 0.99+0.07 km/s at the surface to 2.50+0.21 km/s at the
bottom of the layer. The uncertainties here are calculated from the standard deviation of the 1,000
resampled models and are generally acceptable.

We could not find any well log and active source profiles near the two stations for direct comparisons of our
models. Therefore, we decide to take an alternative approach to verify the 1-D velocity models by evaluating
their predictability of the teleseismic P coda. In other words, if a model is correct, it is expected to be able to
generate the strong reverberations shown in receiver function data, and we can use the model predictions to
remove these reverberations and to extract the Moho Ps conversion from the data.

As shown in Figures 3a and 3b, sediment reverberations are the predominant signals of the surface receiver
functions recorded at the two stations. We then use the two 1-D models shown in Figure 2 and adopt a
wavefield-downward-downward-continuation technique (Tao et al., 2014) to strip off the sedimentary
responses from the receiver functions. The corrected receiver functions at the two stations, which can be
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Figure 4. Single-station inversion results. (a) The input thinSM model (grey solid line) is shown together with the two
resulting models from two joint inversions with (red dotted line) or without the phase velocity data (blue dashed line).
(b) Same as (a) except for the thickSM model. PH, Z/H, and BW represent Rayleigh wave phase velocity, Rayleigh wave
Z/H ratio, and teleseismic body wave data, respectively.

considered as being recorded at stations projected down to the base of the sediments and are referred as to
subsurface receiver functions by Tao et al. (2014), are shown in Figures 3c and 3d, respectively. It is clear that
the large-amplitude reverberations shown in the surface receiver functions (Figures 3a and 3b) disappear in
the subsurface receiver functions (Figures 3c and 3d). Meanwhile, the subsurface receiver functions show
clear signals at ~4.5s and ~3.0s in Figures 3c and 3d, respectively. The arrival time of the two signals
increases slightly with increasing ray parameter, suggesting that they are the P-to-S conversions at the
Moho interface.

4. Discussion

We have assumed that the vertical and horizontal Green's functions, vey,(t,m) and hgyy(t,m), remain the
same over the teleseismic distances of 30-90°, which are used to match the stacked waveforms of the two
components, Vops(f) and Hyps(£). This assumption helps our inversions in two aspects: (1) it significantly
reduces the number of body waveforms to be fitted, leading to more efficient inversions, and (2) the stacked
teleseismic data are of much higher SNR as compared to the individual ones, making the inversion more
robust. On the other hand, since the ray parameters of the P-to-S conversion at the base of the sediments
and sedimentary reverberations are marginally different from those of the direct P waves, therefore, the
impulse responses to incident P waves are expected to vary slightly with the incident angle, which is clearly
shown in Figure S1. The stacked waveforms have relative low cross-correlation coefficients with those
recorded at large or small epicentral distances. However, the S wave velocity inside the sediments is gener-
ally very low; therefore, the sediment Ps and reverberations propagate nearly vertically (incident angle of
~2°) inside the sediments even if the incident angle of the teleseismic P changes from 14 to 28°, which cor-
responds to an epicentral distance of 90 and 30°, respectively. This means that changes in sediment response
to epicentral distance are almost negligible, although it is not true when the crustal response is considered
(Chen & Niu, 2013).

In our joint inversion, we combine Rayleigh wave phase velocity, Rayleigh wave Z/H ratio, and teleseismic
waveforms to jointly invert for sedimentary structures. In the inversion, Rayleigh wave phase velocity and
Z/H ratio mainly help constrain smoothly varying velocities, while BW data contribute to constraining the
sediment-crystalline boundary. Both the Z/H ratio and the cross convolutions of teleseismic P waves can
be computed with data recorded by a single seismic station, while phase velocities have to be obtained
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from surface wave tomography that requires a seismic array, which might not be available in some cases.
We thus examine whether or not excluding the phase velocity data in the joint inversion can still achieve
similar results. To do so, we perform two additional inversions by using the Z/H ratio and cross-
convolution data of the two synthetic models, thickSM and thinSM, described in section 3.1. We perform
essentially the same joint inversions of section 3 except that we assign a zero weight to the phase velocity
data. The resulting two models are shown in blue dashed lines in Figures 4a and 4b and further listed in
Tables S2 and S3. For comparison, we also show the input model (grey solid line) and the joint inversion
model (red dotted line) with three types of data. In the case of thinSM (Figure 4a), the two models
inverted with or without the phases velocity data are quite similar; both are very close to the input
model. In the case of thickSM (Figure 4b), the resulting sedimentary depth is 3.75 km, which is 0.25
km less than the input value of 4 km. This discrepancy is likely caused by the relatively lower sensitivity
of the Z/H ratio data to deep structures as compared to phase velocity data. We find that if we extend the
period band of the Z/H ratio data to 90s, we can almost recover the input model (3.95 km). The above
investigation thus suggests that it is possible to constrain sedimentary structures beneath a seismic
station using Rayleigh wave Z/H ratio and teleseismic cross-convolution data. Therefore, the joint
inversion method proposed here can be extended to single station recordings.

5. Conclusions

In this study, we develop a method by jointly inverting Rayleigh wave phase velocity, Rayleigh wave Z/H
ratio, and teleseismic BWs for sedimentary structures. Numerical tests with synthetic data of two end models
indicate that the joint inversion is effective in resolving sedimentary structures with varying thicknesses. We
further apply the joint inversion to seismic records of two broadband stations located within the Songliao
Basin. The resulting models beneath the two stations show a large contrast in sediment structure between
the southern and northern parts of the basin. The inverted models are capable of removing sedimentary
reverberations from the teleseismic data recorded at the two stations. We further show that our method is
applicable to areas where only sparse seismic stations are available and array-based seismic processing tech-
niques can be implemented.
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