Pre prints.org

Article Not peer-reviewed version

Numerical Modelling on OBS P-Wave
Receiver Function to Analyze Influences
of Seawater and Sedimentary Layers

Wenfei Gong , Hao Hu i , Aiguo Ruan i , Xiongwei Niu , Wei Wang , Yong_Tang i

Posted Date: 1 October 2024
doi: 10.20944/preprints202409.2441v1

Keywords: Ocean Bottom Seismographs; Receiver Function; H-kappa Stacking; Neighborhood Algorithm

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/3877813
https://sciprofiles.com/profile/3881557
https://sciprofiles.com/profile/3881558
https://sciprofiles.com/profile/3881559

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 October 2024 d0i:10.20944/preprints202409.2441.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Numerical Modelling on OBS P-Wave Receiver
Function to Analyze Influences of Seawater and
Sedimentary Layers

Wenfei Gong'?, Hao Hu34*, Aiguo Ruan?>*, Xiongwei Niu?, Wei Wang?5, Yong Tang!25*

1 Ocean College, Zhejiang University, Zhoushan 316021, China; gongwf@zju.edu.cn (W.G.);
tangyong@sio.org.cn (Y.T.)

2 Key Laboratory of Submarine Geoscience, Second Institute of Oceanography, Hangzhou 310002, China;
ruanag@163.com (A.R.); xwniu@sio.org.cn (X.N.); wangwei_lsr@sjtu.edu.cn (W.W.); tangyong@sio.org.cn
(Y.T.)

3 College of Civil Engineering and Architecture, Zhejiang University of Water Resources and Electric Power,
Hangzhou 310018, China; huhao@zjweu.edu.cn

4 Department of Ocean Science and Engineering, Southern University of Science and Technology, Shenzhen
518055, China; huhao@zjweu.edu.cn

5 School of Oceanography, Shanghai Jiao Tong University, Shanghai 200240, China;

wangwei_lsr@sjtu.edu.cn (W.W.); tangyong@sio.org.cn (Y.T.)

Correspondence: huhao@zjweu.edu.cn (H.H); ruanag@163.com (A.R.); tangyong@sio.org.cn (Y.T.)

Abstract: It is challenging to apply the receiver function method to teleseisms recorded by ocean
bottom seismographs (OBS) due to a specific working environment that differs from land stations.
Tele-seismic incident waveforms reaching the vicinity beneath stations are contaminated by
multiple reflections generated by seawater and sediments and noise resulting from currents.
Furthermore, inadequate coupling between OBS and seabed reduces the signal-to-noise ratio (SNR)
of seismograms, leading to poor quality of extracted receiver functions or even wrong
deconvolution results. For instance, the poor results cause strong ambiguities regarding Moho
depth. This study uses numerical modelling to analyze the influences of multiple reflections
generated by seawater and sediments on H-kappa stacking and neighborhood algorithm.
Numerical modellings show that seawater multiple reflections are mixed with coda waves of direct
P-wave and slightly impact extracted receiver functions, thus can be ignored in subsequent
inversion processing. However, synthetic seismograms have strong responses to the sediments.
Compared to waveforms of horizontal and vertical components, sedimentary responses are too
strong to identify the converted waves clearly. The extracted RFs correspond to the above
influences, resulting in divergent results of H-kappa stacking (i.e., Moho depth and crustal average
Vr/Vs ratio are unstable and have great uncertainties). Fortunately, waveform inversion approaches
(e.g., neighborhood algorithm) is available and valid for obtaining S-wave velocity structure of the
crust-upper mantle beneath the station with sediments varying in thickness and velocity.

Keywords: Ocean Bottom Seismographs; Receiver Function; H-kappa Stacking; Neighborhood
Algorithm

1. Introduction

When conducting a seismic observation using ocean bottom seismographs (OBS) to detect
Earth’s deep structures, signals are mainly from onboard air guns (active sources) and earthquakes
(passive sources). Passive sources usually have massive power, so they are able to reveal much
deeper and farther structures reaching the inner core with less cost [1]. Receiver function (RF) is
widely used in passive seismic observations and is an effective way to obtain the crust-upper mantle
structures employing data recorded at a single seismic station [2-5]. Due to the approximately vertical
incidence of ray path of tele-seismic event, the vertical component waveform is roughly assumed to
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be the source function. Seismic responses of near station structures can be extracted by performing
deconvolution in frequency [6] or time [7] domains to eliminate the source function from the radial
or tangential component. This result is the so-called RF. By applying post-processing techniques to
the RFs, deep structures below the station(s) can be obtained. The H-kappa Stacking (H-k stacking;
[8]) and Common Converted Point Stacking (CCP Stacking; [9]) are used to calculate the Moho depth,
average crustal Vr/Vs ratio and main discontinuities of Earth’s interior. Inversion techniques (e.g.,
linear inversion approach, genetic algorithm and simulated annealing; [10-12]) are utilized to derive
one-dimensional (1-D) S-wave velocity (Vs) structure.

Even though the RF method is widely applied to data from land stations, it is still hard to use it
in marine seismic observations. Firstly, OBS is deployed on the seafloor, so oceanic currents and
marine ambient noise reduce the waveform quality recorded by OBS. Secondly, when tele-seismic
waves arrive at the seafloor, the wave propagation behaviors generate transmissions and reflections.
The up and down multiple reflections in the seawater layer are recorded by OBS mixed with
converted waves of direct P-wave. Thirdly, when deploying OBS, it is free-falling through seawater
and then landing on the seafloor, which leads to insufficient contact and poor coupling between OBS
and the seabed. According to the above-mentioned issues, deriving effective RFs from OBS passive
seismic data is still a great challenge. Even data recorded by the same seismic station, SNRs change
with time periods. [2] proposed that suppressing non-stationary noise is critical for extracting RFs
from OBS recordings by analyzing huge amounts of data. Previous study on data recorded by seven
OBSs deployed at ultra-spreading Southwest Indian Ridge shows that only one OBS successfully
extracted three RFs from a month of recordings [5]. Comparing the results of high-quality RFs of [2]
and [5] with active sources inverted results [13,14], the Moho depth determined by the RF method is
2-3 km deeper than that of active source inversion. The differences are interpreted as the Moho
discontinuity is a transition zone with certain thickness [15-17]. When Moho reflected waves of an
active source reach the upper interface of this transition zone, they will return immediately. However,
plane waves of tele-seismic incidence piercing the upper mantle reach the lower interface of Moho,
generating the converted waves at once. The above interpretation is a reliable case for the different
Moho depths of RF and active source inversions. Alternatively, different seismic inversion algorithms
have different parameterization schemes and constraints, which may also lead to slight variabilities
in the final results. For example, when using OBS RFs to obtain the lithosphere structures in the South
China Sea Basin, the Moho depths estimated by the H-k stacking method and the Neighborhood
Algorithm (NA; [18-20] were quite similar beneath some stations, but there are a few difference
below other stations [2].

Previous studies have been carried out to try to solve parts of the above-mentioned issues. [21]
used a series of geological models to compute their seismic responses and RFs, then analyzed which
factors affect the OBS RFs, such as the noise of seawater and the reflections from the seawater or
sedimentary layer. The results found that the sedimentary layer leads to unstable OBS RFs. [22] used
an advanced non-linear waveform analysis technique accompanied by the Simulated Annealing
algorithm to analyze OBS array recordings from water layer response. [23] determined the influence
of the sedimentary layer on OBS RFs through numerical modelling to constrain gravity inversion.
However, these studies have not completely resolved the challenges associated with OBS RFs. Here,
we perform some numerical modelling focusing on the seawater layer with different thicknesses and
the sedimentary layer with both different thicknesses and Vs that affect the inversion results of the
widely used H-k stacking method and the NA. Because the models are composed of horizontally
stratified medium, we compute synthetic seismograms by using the Thomson-Haskell matrix
propagation method [24-28]. To enhance the SNRs of RFs, we use the time domain iterative
deconvolution method [7] to extract RFs. Finally, we use the H-k stacking method to estimate the
Moho depth and average crustal Vr/Vs ratio and use the non-linear NA to invert the Vs structure
beneath the station.
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2. RF-Related Methods

2.1. Receiver Function

For a distant earthquake, incident angle near the station is approximately vertical. Due to the
close ray path at the source side, the influence of the source side on different components of one
seismograph could be ignored. Therefore, the recorded three-component waveforms can be treated
as the convolution of the instrument response, the source function and the medium response beneath
the station, which can be expressed in the time domain:

Dy (t) = I(t) * S(t) * Ey(D)

Dr(D) = I(t) * S() * Er() (1)

Dr(t) = I(t) * S(t) * Ex(t)
where S(t) represents the effective source time function of the incident plane wave; I(t) represents
the instrument response; Ey(t), Ez(t) and E;(t) represent the medium structure responses in the
vertical, radial and tangential components, respectively. Under the equivalent source assumption of
the vertical component [29], E,(t) is suggested to be an impulse function. Therefore, the two
horizontal components perform deconvolutions with the vertical component in the frequency
domain:

Dg(w) " Dg(w)
1(@)S(@) ™ Dy(w)
Er(w) = - Dr(w) ~ Dr(w)

(w)S(w)  Dy(w)
Ep(t) and Er(t) can be obtained by the inverse Fourier transform of Ep(w) and Er(w),
respectively. These are so-called radial and tangential RFs. Different from the deconvolution
algorithm in the frequency domain, the time domain iterative deconvolution method based on the
assumption of the equivalent source, minimizes the difference between the observed horizontal
component and a predicted signal generated by convolution of the iteratively predicted pulse time
series with the vertical component, to obtain the final RF. As depicted in Figure 1, two kinds of RFs
(P- and S-wave RFs) are based on their incident wave type. Using their post-processing, the Moho
depth, average crustal Ve/Vs ratio, and Vs structure of the medium beneath the station can be

Ep(w) =
(2)

estimated.
(a) Station (b) Station
Seabed Seabed
Pp Moho | Sp (LAB)
be 5
= B (Moho) 5

P-Wave

Figure 1. [llustration of P- and S-wave Receiver Functions. Different colors correspond to different ray paths of
multiple phases. (a) P-wave receiver function and the related ray paths; (b) The same as (a) but for S-wave
receiver function.
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2.2. H-k Stacking

The H-k stacking method is widely used to determine the Moho depth (H) and the average
crustal Vp/Vs ratio (k) [8]. When a certain average crustal P-wave velocity (Vr) beneath the station is
given, the travel-time differences between multiple phases (i.e., Ps, PpPs and PpSs+PsPs) and the
direct P-wave can be calculated. For example, the relationship of the Ps phase between travel time,
velocity and thickness is expressed by the following equation (3).

H= tps (3)

1_ 5, |1_
\/V% P \]v% P

where H represents the Moho depth; tps is the travel-time difference between the Ps phase and
the direct P-wave; Vs is the average crustal S-wave velocity (can be represented by Vp/k); p is the
ray parameter. According to the estimation of [8], H is much more sensitive to the variation of k than
to that of Vr. By grid searching of H and k in regular grids, calculating the travel times of Ps, PpPs
and PsPs+PpSs, and stacking the corresponding amplitudes on RFs, the optimal value of H and k can
be determined according to the maximum stacked amplitude:

S(H’ k) = er(tPs) + Wzr(thPs) - W3r(thSs+PsPs) (4)

where s(H,k) represents the stacked amplitude with the specific H and k; W;, W, and W; are
the stack weights for the different multiple phases (The weights used in this study are 0.6, 0.3 and
0.1, respectively); r is the amplitude of the RF waveform corresponding to the travel times.

2.3 Neighborhood Algorithm

With the development of computer techniques, non-linear methods have been rapidly used in
geophysical inversions, such as Genetic Algorithm [12], Simulated Annealing [11] and Neural
Network [30]. These non-linear inversion algorithms can search model parameters globally to
overcome the inherent limitations of linear approximation, avoid solutions falling into local
extremum and significantly reduce the reliance on the initial model. However, these algorithms
contain a lot of empirical and random parameters, which lead to complicated inversion processes and
huge computation costs. Here we use the NA proposed by [18-20] for the inversion of RFs. This
algorithm parameterizes the model randomly. The best velocity model can be obtained by
minimizing the synthetic and observed RFs, which is able to infer the geological information beneath
the station. Similar to the Genetic Algorithm, the NA can search the whole model space globally.
However, the NA incorporates the geometric concept of the “Voronoi diagram”, which offers robust
and adaptive searching capabilities. Initially, the model space is partitioned into numbers of Voronoi
cells by randomly sampled points. Subsequently, mismatch functions are constructed within each
Voronoi cell to find a series of cells with acceptable mismatch values. The reliable model is inverted
by sparsely and densely resample cells with relatively higher and lower mismatches.

3. Seismic Responses of Seawater Multiple Reflections

Differing from land stations, OBSs are deployed on the seafloor. Due to strong reflection
boundaries of the free surface and seafloor, incident P-waves from distant events generate multiple
reflections in the seawater layer. Because the incident waves are not extremely perpendicular to
horizontal components, when the vertical component records these multiples, their polarized waves
are recorded by horizontal components simultaneously. Therefore, although these added multiples
destroy the assumption of the equivalent source of the vertical component, the highly correlated
polarized waves on horizontal components can mitigate these influences on RFs. The following
numerical modellings are conducted to identify seawater multiple reflections and analyze their
influences to verify the above inference.

3.1  Half-Space Model with Overlying a Seawater Layer
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The average thickness of the oceanic crust is approximately 6 km (hereafter, it is referred to as
the normal oceanic crust [31-33], but an extremely thick oceanic crust is found at the Southwest
Indian Ridge, where crust thickness reaches 10 km (we call it thick oceanic crust hereafter; [34].
Therefore, two models with thicknesses of 6 km and 10 km, respectively, are considered in the
synthetic modelling. The thickness of the seawater layer varies from 0 to 5 km with a step of 1 km.
Parameters of each layer of the 1-D stratified model are listed in Table S1, and the velocity structures
are illustrated in Figure 2a and 4a.

3.2 Synthetic Results of Normal Oceanic Crust Models

Figures 2b to 2d illustrate the synthetic three-component seismograms and their corresponding
RFs for different seawater layer thicknesses. Notably, seismic phases of P, Ps, PpPs and PsPs+PpSs
can be clearly identified in the RF waveforms (Figure 2d), which are almost not affected by the
thickness of the seawater layer. In terms of the vertical (Figure 2b) and radial (Figure 2c) seismograms
and RFs (Figure 2d), waveforms within 0-5 s have very high consistency. In the absence of a seawater
layer, the RF waveforms after 5 seconds are nearly zero without other phases. However, when the
models have a seawater layer, some seawater multiple reflections are contained in the RF waveforms
after 5 seconds and result in alternating positive and negative waveforms, respectively. Fortunately,
their amplitudes are significantly lower than those of the Moho reflections. Furthermore, three
obvious anomalies are found in Figure 2d: (1) when the thickness of the seawater layer is 1 km, RF
has a negative peak around 1 s, and the amplitude of the PpPs phase is relatively stronger than that
of the seawater layer thickness equals 0 km; (2) when the seawater layer thickness is 2 km, the
amplitude of the PpPs phase is comparatively smallest; (3) when the seawater layer thickness is 3 km,
there is a negative peak following the PsPs+PpSs phases, which is considerably stronger than no
seawater layer. These three anomalies are obviously resulted from seawater multiples.
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Figure 2. Normal oceanic crust models and their synthetic seismograms and RFs. (a) A layered velocity model
for calculating synthetic seismograms and corresponding RFs. (b-c) Vertical and radial seismograms are
calculated from different seawater thicknesses. (d) Synthetic RFs are computed from the waveforms shown in
(b-c). The blue solid and dashed arrows represent positive and negative peaks caused by seawater multiple
reflections.

3.3 Analysis of Abnormal Characteristics of Synthetic Results

To interpret the above-mentioned anomalies of RFs, we analyze the travel-time characteristics
of seawater multiple reflections on horizontal and vertical components. The vertical component
shows that the odd-numbered waveforms have positive peaks (see blue solid arrows in Figure 2b).
In contrast, even-numbered waveforms have negative peaks consistent with theoretical predictions
of seawater multiple reflections (see blue dashed arrows in Figure 2b). At the same time,
corresponding positive and negative peaks can be found on the radial component at many places.
However, most places are hard to identify visually because polarized waves are too weak and mixed
with other seismic waves (Figure 2c). Compared to synthetic RF calculated from the model without
a seawater layer, the places differing from those of models with seawater layers are consistent with
predicted reflections. Therefore, we conclude that the seawater layer has certain influences on OBS
RFs, but the influences are quite slight. Generally, for a thin seawater layer (e.g., 1 km), the travel
times of multiple reflections are relatively short, thus they appear within 2.5-10 s. However, when
the seawater layer is thick (e.g., 5 km), multiple reflections are not visible before 5 s, and the RF is the
same as RF calculated from the model without a seawater layer in this period. After 5 s, there are
alternatively positive and negative phases. Whatever the thickness variation of the seawater layer,
the influences are reduced with time. Their impacts on RFs can be ignored after 20 s.

3.4 Influence of Seawater Multiple Reflections on H-k Stacking Inversion

Theoretically, the travel times of the reflected seismic waves from Moho discontinuity are less
than 5 s on the synthetic RFs, and seawater multiple reflections would affect the application of the H-
k stacking method to the inversion of the Moho depth and average crustal Vr/Vs ratio when the
seawater layer is thin. However, the phases of Ps, PpPs, and PsPs+PpSs dominate the main
waveforms of RFs, thus the disturbances induced by seawater multiple reflections are quite slight.
According to Figure 2, it is reasonable to deduce that the influence of seawater multiple reflections
on H-k stacking inversion could be ignored, and the corresponding results are shown in Figure 3.
Based on the RFs calculated from normal oceanic crust model (the oceanic crust thickness and the
average crustal Vr/Vs ratio are 6 km and 1.714, respectively), applying the H-k stacking method to
these RFs to achieve the results. Comparing Figure 3a with 3b, the calculated crust thickness equals
the presupposed thickness (6 km), and the computed Vr/Vs ratio (1.71) is close to the presupposed
value (1.714). The calculated crust thicknesses are the same whether the seawater thickness is 0 km
or 5 km. In addition, because the grid searching step of the Vr/Vs ratio is 0.01, so this tiny difference
has no significance in synthetic tests and practices of real data. It is worth noticing that the grid
searching of the H-k stacking method should select a suitable time range to avoid the strong
amplitude of the direct P-wave, which is not used in stacking. We have to adjust the search range,
especially when the optimal point is close to the grid edge.
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Figure 3. H-k stacking results of normal oceanic crust models. Where k is the average crustal Vr/Vs
ratio; Hwis the Moho depth; Hw is the thickness of the seawater layer. (a) H-k stacking results of
normal oceanic crust model without seawater layer. (b) The same as (a) but for a normal oceanic
crust model with a 5 km thick water layer.

3.5  Synthetic Results of Thick Oceanic Crust Models

To analyze the impact of seawater multiple reflections on the RF in the case of a thick oceanic
crust model (10 km), we also calculated the corresponding RFs (Figure 4) and analyzed the influence
of seawater multiple reflections on the application of the H-k stacking method (Figure 5). They are
extremely similar to those of normal oceanic crust models (Figures 2 and 3). The waveforms of
vertical, radial and RF components are close to those of the normal oceanic crust models. Because of
the thicker oceanic crust, the longer travel times of the Moho reflected waves extend the time window
of seawater multiple reflections up to ~10 s (Figure 4d). In which, the Ps, PpPs, and PsPs+PpSs phases
are affected by seawater multiple reflections. However, the P, Ps, PpPs, and PsPs+PpSs phases
dominate the main waveforms (Figure 4d), which are consistent with the results of the normal oceanic
crust models. Although seawater multiple reflections still have impacts on the RFs of the thick oceanic
crust models, they do not affect the application of H-k stacking method (see Figure 5). Compared
with Figure 2d, due to the thicker oceanic crust, the converted phases of the Moho are distributed
sparsely on waveforms, leading simple selection of H-k stacking parameters.
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Figure 5. The same as Figure 3 but for models with a thick oceanic crust.

4. Influences of Sedimentary Layer Thickness on OBS RFs

Except for the influence of the seawater layer, oceanic basins are covered by marine sediments,
especially in marginal seas. The seismic wave propagation and dissipation in sedimentary layers may
directly affect the quality of the RFs extracted from the observed seismic data. Therefore, it is
necessary to evaluate the impact of sedimentary layers for most oceanic basins, except for regions of
newly formed oceanic crust or seamounts.
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4.1  Half-Space Model with Seawater and Sedimentary Layers

To estimate the detailed impact of a sedimentary layer on OBS RFs, the model parameters of
synthetic tests are configured in Table S2. The velocity structures of normal and thick oceanic crust
are shown in Figures 6a and 7a, respectively. According to Table S2, these models fix the seawater
thickness of 5 km. Normal and thick oceanic crust thicknesses are 6 km and 10 km, respectively. The
thickness of the sedimentary layer varies from 0 to 2.5 km with a step of 0.25 km. Vr and Vs of the
sediments are 2.1 km/s and 0.8 km/s, respectively. The density of the sedimentary layer is 2.0 g/cm3.

4.2 Influences of Sedimentary Layers on OBS RFs

Synthetic seismograms and their RFs are shown in Figures 6b-d and Figures 7b-d, respectively.
Figures show that the thickness variation of the sedimentary layer would drastically affect the
waveform of the RFs. When the sedimentary layer is thin, converted waves (Pbs; Figures 6d and 7d
blue dashed line) of the layer have a larger amplitude than that of the direct P-wave (Figures 6d and
7d black dashed line), and their arrival times are close. The thin sedimentary layer with relatively
lower speed causes delayed arrival of direct P-wave and results in the overlap of their waveforms on
RFs. When the thickness of the sedimentary layer increases, the amplitude of the direct P-wave
becomes weaker, and the phases of Ps, PpPs, and PsPs+PpSs are difficult to discriminate distinctly.
Multiple reflected phases overlap with each other, leading to Ps, PpPs, and PsPs+PpSs phases not
occupying a significant dominant position on RFs. These phenomena indicate that submarine
sediments significantly influence the effective information of RFs, which correspond to the geological
structures below the seismic station array.
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Figure 6. The same as Figure 2 but for models with a water layer (5 km), sedimentary layers and a
normal oceanic crust.
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Figure 7. The same as Figure 2 but for models with a seawater layer (5 km), sedimentary layers and a thick
oceanic crust.

4.3. Influences of Sedimentary Layers on H-k Stacking Inversion

Synthetic results of models with sediments indicate that the seismic responses are quite
complicated than models without sedimentary layers. Waveform overlap of multiple converted
phases reduces or even destroys convergence of the H-k stacking results, which leads to difficulty in
determining the oceanic crust thickness and average crustal Vr/Vs ratio accurately (see Figures 8 and
9). When the oceanic crust is 6 km thick, thickness variations of sedimentary layer leads to the
estimated oceanic crust too thick or too thin. Most of them are thicker than synthetic models.
Similarly, thickness variations of the sedimentary layer also result in lower or higher Vr/Vs ratios (see
Table 1 for more details). When the oceanic crust is 10 km thick, the thickness variations of the
sedimentary layer cause the same results (Table 1). These tests suggest that the existence of a
sedimentary layer causes a significant difference in structures between H-k stacking results and the
presupposed model, and the variation of the sedimentary layer leads to a much more complicated
situation.
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Figure 8. H-k stacking results of normal oceanic crust models with a seawater layer (5 km) and sedimentary
layers. Where k represents the average crustal Vr/Vs ratio; Hv represents Moho depth; Hc represents
presupposed oceanic crust thickness; Hs represents the submarine sedimentary layer thickness. (a) The
thickness of the sedimentary layer is 0.25 km. (b) The thickness of the sedimentary layer is 1.75 km.
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Figure 9. The same as Figure 8 but for models with thick oceanic crust.

Table 1. Comparison of H-k stacking results between presupposed and estimated values of normal
and thick oceanic crust model with a seawater thickness of 5 km.
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Presupposed Model H-k stacking results
th(i::;:ites Sediments Moho Moho  Mohodepth | .~ Vi/Vs
s thickness depth Ve/Vsratio depth errors ratio ratio
(km) (km) (km) (km) errors
(km)
0.25 6.25 5.7 -0.55 220 049
0.50 6.50 8.1 1.60 1.64 -0.07
0.75 6.75 8.0 1.25 193 022
1.00 7.00 9.0 2.00 204 033
6 1.25 7.25 171 8.2 0.95 1.64 -0.07
1.50 7.50 5.2 -2.30 220 049
1.75 7.75 8.3 0.55 192 021
2.00 8.00 8.6 0.60 204 033
2.25 8.25 8.5 0.25 218 047
2.50 8.50 8.9 0.40 220 049
0.25 10.25 10.5 0.25 1.80  0.09
0.50 10.50 11.6 1.10 1.80  0.09
0.75 10.75 12.0 1.25 1.60 -0.11
1.00 11.00 13.4 2.40 1.77  0.06
10 1.25 11.25 171 13.3 2.05 194 023
1.50 11.50 9.2 -2.30 171 0.00
1.75 11.75 11.4 -0.35 1.67 -0.04
2.00 12.00 14.0 2.00 1.63 -0.08
2.25 12.25 14.0 1.75 1.71  0.00
2.50 12.50 11.8 -0.70 195 0.24

4.4 Influences of Sedimentary Layers on rfs Waveform Inversion

The above numerical tests show that the sedimentary layer (regardless of its thickness) will lead
to significant uncertainties in the estimated structures by the H-k stacking method due to the overlap
and disordered waveform of multiple reflected phases. Therefore, the effectiveness of the inversion
using RF waveforms to obtain the Vs structure beneath the station through non-linear inversion
algorithms becomes very important, because the Vs structure can serve as an alternative to the H-k
stacking results.

This study adopts the NA in RF waveform inversions for different models, including thickness
variations of the oceanic crust, seawater, and sedimentary layer (see Table 1 for details). Figure 10
illustrates two results obtained from NA inversion for 6 and 10 km thick crust with overlying 0.5 km
thick sediments, respectively. The left panel (Figure 10a) shows the results of the normal oceanic crust
(6 km) with a sedimentary layer of 0.5 km (i.e., Moho depth is 6.5 km). The inverted optimal Vs and
Vr/Vs ratio are very close to the with very slight differences. In contrast, when the oceanic crust
thickness is 10 km with a sediment layer of 0.5 km thick (i.e., Moho depth of 10.5 km), the results of
NA inversion are approximately the same as the presupposed model. Besides, the other inversion
results based on the parameters listed in Table 1 are also perfect. In practical work, the seawater depth
can be obtained using acoustic techniques (e.g., multi-beam systems), and the VP of seawater can be
taken as a constant of 1500 m/s. Therefore, the synthetic tests mentioned above suggest that the
influence of the seawater layer on the inversion results is almost negligible. Furthermore, the RF
waveform inversion (such as NA used in this study) can effectively overcome the disadvantaged
effects caused by the sedimentary layer. Thus, the reliable structures below stations are available by
using the post-processing of RF mentioned above.
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Figure 10. Results of the NA inversion structures. In synthetic tests, the thicknesses of seawater and
sediments are 5 km and 0.5 km, respectively. The Vs of the sediments is 0.8 km/s. (a) Inversion results
of the normal oceanic crust (6 km thick). The red and blue solid lines represent the best Vs structure
and Vp/Vs ratio; the orange dashed line indicates the Moho depth. (b) The same as (a) but for a model
with thick oceanic crust (10 km thick). (¢) Comparison of waveforms between the synthetic RFs (blue
lines) and RFs calculated from the inversion model (red lines). The solid lines correspond to the model
with the normal oceanic crust, and the dashed lines correspond to the model with the thick oceanic
crust.

5. Influences of Vs variation of the Sedimentary Layer on OBS RFs

5.1  Half-Space Model with Varied Vs of the Sedimentary Layer

Different from the almost constant seismic velocity values of seawater, both seismic velocity and
thickness of the sedimentary layer should be considered in RF waveform inversion. Following, we
simulate the influence of Vs variations of the sedimentary layer on OBS RFs. According to Table S3,
these models fix the seawater and sediments thickness of 5 km and 0.5 km respectively. The
sediments Vs varies from 0.1 to 1.0 km/s with a step of 0.1 km/s, Vr is always setting to 2.1 km/s and
the density is 2.0 g/cm3. Table S3 presents the parameters for each layer of the presupposed models,
and the velocity structures are illustrated in Figures 11a and 12a.

5.2 Influences of the Sedimentary layer with different Vs on RFs and H-k Stacking Inversion

Using the same routines of synthetic tests in sections 3.2 and 3.3, we employ models with
parameters shown in Table S3 to calculate the synthetic seismograms for extracting theoretical RFs.
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Then, these RFs will be used to test H-k stacking method and RF waveform inversion. Figures 11 and
12 show the theoretical seismogram and RFs computed from models with different Vs of the
sedimentary layer for both normal and thick oceanic crust thicknesses (6 km and 10 km thick,
respectively). Similar to Figures 6 and 7, the sedimentary layer leads to the waveform overlap among
converted multiple phases. When the Vs decreases, arrival times of the main converted phases of RFs
are delayed, causing a significant deviation between the H-k stacking results and the presupposed
models (see detailed information in Table 2). In general, no matter how the Vs changes, the H-k
stacking results of Moho depth and crustal Vr/Vs ratio are not ideal, which are quite different from
presupposed values.
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Figure 11. The same as Figure 2 but for models with different Vs of the sedimentary layer. Oceanic
crust, seawater and sedimentary layer thicknesses are 6 km, 5 km and 0.5 km, respectively.
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Figure 12. The same as Figure 4 but for models with different Vs of the sedimentary layer. Oceanic
crust, seawater and sedimentary layer thicknesses are 10 km, 5 km and 0.5 km, respectively.

Table 2. The same as Table 1 but for models different Vs of sedimentary layer.

Presupposed Model H-k stacking results
(;mst Sediment Sediment Moho Moho Moho Vr/Vs
thicknes s Ve/Vs depth  Vp/Vs .
. s Vs depth . depth . ratio
s thickness (km/s)  (km) ratio (lm) errors  ratio orrors
(km) (km) (km)

1.0 6.9 0.4 1.63 -0.08

0.9 8.0 15 1.60 -0.11

0.8 8.1 1.6 1.64 -0.07

0.7 8.1 1.6 1.72 0.01

0.6 8.3 1.8 1.81 0.10

6.0 0.5 65 171

0.5 5.0 -1.5 1.88 0.17

0.4 6.7 0.2 1.87 0.16

0.3 8.5 2.0 1.96 0.25

0.2 6.0 -0.5 1.92 0.21

0.1 9.7 3.2 2.10 0.39

1.0 9.8 -0.7 2.20 0.49

0.9 8.0 -25 1.60 -0.11

10.0 0.5 0.8 105 1.71 8.1 -24 1.60 -0.11
0.7 8.1 -2.4 1.65 -0.05

0.6 9.5 -1.0 1.64 -0.07
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0.5 12.0 1.5 1.60 -0.11
0.4 14.0 3.5 1.60 -0.11
0.3 8.0 -2.5 2.20 0.49
0.2 10.8 0.3 2.19 0.48
0.1 10.9 0.4 1.77 0.06

* The seawater thickness is 5 km in these tests.

5.3. Influence of the Sedimentary Layer Different Vs on RF Waveform Inversion

To further analyze the impact of Vs variations of the sedimentary layer on RF waveform
inversion and to verify the effectiveness of waveform inversion, we adopted the NA to estimate the
model parameters by using the RFs obtained under different Vs of the sedimentary layer. In
presupposed models, the thicknesses of the oceanic crust are 6 km and 10 km, the seawater layer is 5
km thick, and the sedimentary layer is 0.5 km thick, with its Vs varying from 0.1 km/s to 1.0 km/s.
Figure 13 shows the inversion results of normal and thick oceanic crust models (6 km and 10 km,
respectively), in which the Vs of the sedimentary layer is 0.6 km/s. It is shown that the inversion
results are aligned with that of the presupposed models, and the RF waveform fittings are also
acceptable. These simulations indicate that changes in the Vs of the sedimentary layer have no
significant impact on the RFs inversion when the NA algorithm is used.
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Figure 13. The same as Figure 10 but for models with other properties. Oceanic crust and seawater
thicknesses are 6 km and 5 km, respectively. The thickness and Vs of the sedimentary layer are 0.5
km and 0.6 km/s, respectively.
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6. Conclusions

This paper focuses on some issues in applying the RF method to passive seismic observation
data of OBS. Numerical tests are performed to estimate the influences of seawater multiple reflections
and the sedimentary layer on the RFs. Two post-processing methods (H-k stacking and the NA) are
used to invert the Moho depth, average crustal Vr/Vs ratio and Vs structure beneath the station. The
main conclusions are as following;:

(1) Seawater multiple reflections would break the equivalent source assumption of the vertical
component, but the deconvolution of the radial and vertical components helps to reduce the
influences caused by seawater multiples. This is because the polarization waves on the radial
component are closely correlated with multiple reflections on the vertical component. As a result, the
negative effect of seawater multiple reflections on RFs can be significantly eliminated or almost
negligible through deconvolution. Consequently, the H-k stacking method and the non-linear
algorithm (e.g., NA) can be adopted to estimate accurate Moho depth, average crustal Vr/Vs ratio and
Vs of crust-upper mantle structure.

(2) The sedimentary layer significantly impacts synthetic seismograms, and the dispersion
effects of seismic wave propagation in sediments would cause challenges in extracting RFs from OBS
recordings. The first arrival and multiple reflections of Moho are weakened, and it is difficult to
identify them with vast variations of their waveforms. These changes lead to significant uncertainties
in estimating the Moho depth and the crustal average Vr/Vsratio when using the H-k stacking
method.

(3) The waveform-related inversion methods (e.g., NA) can be effectively applied to OBS RFs to
obtain the Vs structures from crust to upper mantle beneath the station whenever the sedimentary
layer varies in thickness and velocity.

Supplementary Materials: : The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Table S1: Parameters of seawater-crust-mantle models for synthetic OBS RFs;
Table S2: Parameters of seawater-sediments-crust-mantle models for synthetic OBS RFs; Table S3: Parameters of
seawater-sediments-crust-mantle models with different Vs for synthetic OBS RFs.
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