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ABSTRACT

Detecting small-size objects is a primary challenge at archaeological sites due to the high
degree of heterogeneity present in the near surface. Although high-resolution reflection seis-
mic imaging often delivers the target resolution of the subsurface in different near-surface
settings, the standard processing for obtaining an image of the subsurface is not suitable
to map local diffractors. This happens because shallow seismic-reflection data are often
dominated by strong surface waves which might cover weaker diffractions, and because tra-
ditional common-midpoint moveout corrections are only optimal for reflection events. Here,
we propose an approach for imaging subsurface objects using masked diffractions. These

masked diffractions are firstly revealed by a combination of seismic interferometry and non-
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stationary adaptive subtraction, and then further enhanced through crosscoherence-based
super-virtual interferometry. A diffraction image is then computed by a spatial summation
of the revealed diffractions. We use phase-weighted stack to enhance the coherent summa-
tion of weak diffraction signals. Using synthetic data, we show that our scheme is robust
in locating diffractors from data dominated by strong Love waves. We test our method on
field data acquired at an archaeological site. The resulting distribution of shallow diffrac-
tors agrees with the location of anomalous objects identified in the Vg model obtained by
elastic SH/Love full-waveform inversion using the same field data. The anomalous objects
correspond to the position of a suspected burial, also detected in an independent magnetic

survey and corings.
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INTRODUCTION

Archaeology is the study of past human cultures through the analysis and interpretation of
artifacts and material remains (Smith, 2014). The material remains, which possess certain
physical properties (e.g., elastic impedance) that contrast with the subsurface background
medium, can be detected by means of non-invasive near-surface geophysical surveys, and
more specifically with the seismic methods. For detecting small, localized objects, the usual
normal-moveout stacking is generally not useful, because traditional common-midpoint
moveout corrections are only optimal for reflection events. Although common-offset gathers
can potentially show such objects more reliably (Ghose et al., 1998), these gathers focus on
the primary reflected waves and mostly ignore the diffracted waves. The conspicuous ap-
pearance of diffracted waves can be utilized to locate an object buried in the heterogeneous
subsurface at an archaeological site. However, the amplitude of these diffracted events is
usually weak (Klem-Musatov, 1994) and difficult to detect in field seismic data, due to
the usually dominant presence of other coherent events like surface waves and specular

reflections.

Several methods have been developed to detect various near-surface buried features
using diffracted waves. Landa and Keydar (1998) develop an algorithm to construct a so-
called diffraction-point-section (D-section) by concentrating the diffracted signals spread
from diffractor points. In this D-section, high-amplitude anomalies indicate the existence
of local heterogeneities. Shtivelman and Keydar (2005) present a multipath summation
approach to stack diffracted signals along all possible diffraction trajectories for shallow
inhomogeneities detection. Kaslilar et al. (2013) propose an approach inspired by seismic

interferometry (SI) to estimate the location of a near-surface tunnel by traveltime inversion
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of crosscorrelated diffracted arrivals. The crosscorrelation procedure eliminates the com-
mon raypath between the source and the subsurface diffractor. This makes the traveltime

dependent only on properties between the receivers and the diffractors.

In this paper, we introduce a workflow for imaging subsurface objects using masked
diffractions, i.e., weak diffractions covered by other signals. This workflow consists of three
main steps. We first reveal masked diffractions by suppression of the dominant Love waves
through a combination of SI and nonstationary adaptive subtraction (AS) (Dong et al.,
2006; Halliday et al., 2007; Konstantaki et al., 2015; Liu et al., 2018). We then enhance the
revealed weak diffraction signal through crosscoherence-based super-virtual interferometry
(SVI) (Dai et al., 2011; Nakata et al., 2011; An and Hu, 2016; Place et al., 2019). Finally,
a diffraction image, which can be used to interpret the locations of subsurface diffractors,
is generated by a spatial summation (Shtivelman and Keydar, 2005; Landa et al., 2006;

Shtivelman et al., 2009) of enhanced diffractions.

In the following, we first describe the theory of each of the above-mentioned steps.
We then illustrate the feasibility of our approach in detecting near-surface objects using
synthetic seismic data dominated by Love waves. Finally, we test our workflow on field
seismic data acquired at an archaeological site in the Veluwe, the Netherlands, with the aim

of mapping the distribution of shallow diffractors of archaeological importance.

METHODOLOGY

In this section, we present a workflow (Figure 1) for near-surface diffractor detection from
data dominated by strong surface waves (in our case Love waves), which consists of three

main steps. These steps include surface-waves suppression by SI+AS, diffraction enhance-
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ment through SVI, and diffraction imaging. We list the full names of each acronyms used

in this paper in Table 1. Below, we present the theory of each of these steps.

[Table 1 about here.]

[Figure 1 about here.]

SI+AS for surface-waves suppression

Seismic interferometry (SI) refers to a process of retrieving the seismic response between
two receivers by crosscorrelating and integrating the wavefields recorded at these receivers
from a boundary of sources (Wapenaar et al., 2008; Schuster, 2009). When the sources
are located along the Earth’s surface, the response retrieved by SI would be dominated
by surface waves (Dong et al., 2006; Halliday et al., 2007). The dominance of surface
waves is observed in passive seismology (Shapiro et al., 2005), exploration seismology (Dong
et al., 2006; Balestrini et al., 2020), and near-surface seismology (Konstantaki et al., 2015).
Depending on the source type (passive or active), the retrieval steps for SI are different. In

the context of this paper, we focus only on active-source interferometry.

[Figure 2 about here.]

The steps of inter-receiver surface-wave retrieval using active sources are illustrated in
Figure 2a. In Figure 2a, ~» represents surface waves propagating along the Earth’s
surface from an active source to the receivers. By crosscorrelating the trace recorded
at receiver A with that at B, we obtain a virtual trace at B as if caused by a virtual

source located at A. The traveltime of this virtual trace is denoted as 745 (red ~»
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in Figure 2a), and it is independent of the source position as long as the source falls
inside the stationary-phase region (Snieder, 2004). For this reason, the virtual trace
at B from each of the sources can be stacked constructively to give the inter-receiver
estimate of the surface waves propagating from A to B. Mathematically, it can be
formulated in the frequency domain as (Wapenaar and Fokkema, 2006; Halliday et al.,

2007)

N
Cxpx, = 3 (X4, X))u'(Xp, X;). (1)

i=1
In equation 1, Cx,x, represents inter-receiver surface waves propagating from A
to B retrieved by SI. The seismic data generated by a source at X; and recorded
by receiver at X4 and Xp are denoted as u(X4,X;) and u(Xp, X;), respectively.
The superscript * indicates complex conjugation. N is the number of active sources
available for stacking. If we ignore the presence of noise, in the frequency domain the

seismic wavefield can also be represented by the multiplication of a source wavelet

and a Green’s function:

uw(X, X;) = W(X;)G(X, X;), (2)

where W (X;) is the source wavelet generated by the source located at X; and G(X, X;)
denotes the Green’s function between X; and X. Substituting equation 2 into equa-

tion 1, we have

Cxpx, = W2 (X)) G(Xa, X))G* (X5, X). (3)

i=1
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To accurately retrieve the amplitude of the seismic response using equation 3,
according to the theory, the sources should effectively surround the receivers and illu-
minate them homogeneously, the source boundary should be a sphere with sufficiently
large radius, and the medium should be lossless (Draganov et al., 2006; Wapenaar and
Fokkema, 2006). For conventional 2D near-surface seismic surveys, this requirement
can not be fulfilled because active sources are placed only at the surface and usually
along the line connecting the receivers (this limitation is also true for 2D seismic
surveys at exploration scale); thus, the retrieved surface waves will be characterized

by amplitude errors.

To account for the amplitude difference between the retrieved surface waves and
the dominant surface waves from the physical active source, a matching filter (see
Appendix A) is estimated via the regularized nonstationary regression technique pro-
posed by Fomel (2009). This is done by using shaping regularization (Fomel, 2007)
to constrain the continuity and smoothness of the filter coefficients. The retrieved
surface waves are then convolved with this estimated matching filter and subsequently

subtracted from the field data.

SVI for diffraction enhancement

After the suppression of the dominant surface waves, the hidden diffraction events may
become identifiable. To further enhance the diffraction energy, we use a crosscoherence-
based SVI (Dai et al., 2011). The principle of SVI consists of two steps and is
illustrated in Figure 2b. First, the traces recorded at receivers A and B are crosscor-

related. The common raypath from source to a subsurface object (black straight line)
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is subtracted, thus the traveltime of the obtained virtual diffraction can be denoted
as Top + Toa. This traveltime is the same for all active-source positions of a survey,
so stacking the virtual diffraction at B from N sources will enhance its signal-to-noise
ratio (S/N) by a factor of v/N assuming uncorrelated noise. Next, SI by convolution
is applied (Slob et al., 2007) and the stacked virtual diffraction is convolved with
an actual trace originally recorded at a receiver position A from the source at X to
produce a super-virtual trace at B. This super-virtual trace represents the seismic re-
sponse from a subsurface diffractor, recorded by receiver B from the source positioned
at X. The super-virtual trace is kinematically equivalent (with traveltime equal to
Txo + Top) for all receiver positions A located between the source X and receiver B.
Thus, the retrieved super-virtual traces at N receiver positions A could be stacked to

obtain a final trace with S/N increased again by as much as O(v/N).

In this paper, we use crosscoherence instead of crosscorrelation (similar to equa-
tion 1) to retrieve the virtual diffraction Hx,x, (Nakata et al., 2011; Place et al.,

2019):

XA) ) (XB; XA7 )G*(XB7 )
H e
XoXa = ZM |+n Z|GXA, X nx) v P

Au ||U (CCB7

where 7 is a small number for stabilizing the division, and | - | indicates that the
amplitude spectrum is used. If we consider the effect of the source wavelet, which is
denoted by W (X;), a virtual diffraction obtained by crosscorrelation will contain an
amplitude factor proportional to W?(X;) (see equation 3). The corresponding super-

virtual diffraction will then include an amplitude factor proportional to W?3(X;), due
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to the additional convolution involved in the second step. This W?3(X;) factor may
lead to wavelet distortion of the enhanced diffractions. On the other hand, SI by
crosscoherence (equation 4) eliminates (theoretically) the contribution of the source
wavelet W (X;) and makes the virtual diffraction contain only the medium response.
The resulting super-virtual diffraction will then contain an amplitude factor propor-
tional to W (X;), which avoids wavelet distortion and thus improves the precision of

the reconstructed diffractions.

Diffraction imaging

The diffractions that are revealed by SI+AS and enhanced by SVI can now be used for
detecting near-surface diffractors. We design a diffraction algorithm (based on studies
from Landa and Keydar (1998) and Shtivelman and Keydar (2005)) to coherently
focus the diffraction energy back to its original position; all other events in the shot-
gather domain will be suppressed by the used directional summation. Such procedure
will make the true diffractions appear as high-amplitude anomalies in the resulting

sections, which can be used to indicate the locations of diffractors.

Consider a seismic wave emitted from a source X, (Figure 3). When it encounters
a subsurface diffractor along its propagation path, it would generate a secondary wave
that spreads from this point in all directions. In Figure 3, X; is the image point and
2 denotes the diffracted wavefront element surrounding this image point. We assume
that the velocity variations are small and the propagation distance between source and
receiver is relatively short, so that the diffracted wavefronts can be approximated as

an arc of a circle with a radius of R. This radius R has a specific physical meaning,
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which is the depth of the diffractor below the image point. Thus, the kinematic
response (Ty,.) of the diffractor recorded by receivers can be written as (Landa and

Keydar, 1998)

[Figure 3 about here.]

Xo— X2+ R2+ /(X — X2+ R?* 2R
TST:\/( 0= Xi) VO\/( ) 2o, (5)

where 1} is the average velocity of the medium above the diffractor, t; is the vertical
time above the diffractor. Xy, X;, X} denote the lateral positions of the source (s),

image point, and receiver (r), respectively.

If we know the exact value of R (the depth of the diffractor), a diffraction image
can be obtained by stacking seismic energy along the diffraction surface defined by
equation 5. If the value of R is unknown, it can be estimated by maximizing the
semblance function (Taner and Koehler, 1969) calculated from seismic records within
a time window along the traveltime surface defined by equation 5 (similar to the
traditional velocity analysis). The alternative approach for diffraction imaging, not
requiring the specification of the radius R, is the multipath summation (Shtivelman
and Keydar, 2005; Shtivelman et al., 2009). This is done by stacking seismic energy
(with unit weights) along diffraction trajectories defined by equation 5, calculated
for various values of R within a specified range. The resulting diffraction image
would be close to the one produced by stacking with the correct radius, due to the
constructive and destructive interference of the amplitudes contributing along each

diffraction trajectory.

10
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The practical implementation steps of this diffraction-stacking method include the
following. For a specific common-source gather, we first assume that the diffractor is
located directly under the first receiver and the depth of the diffractor is known as R.
This will define a specific diffraction traveltime curve according to equation 5. Next,
we obtain a diffraction-moveout corrected gather by applying diffraction-moveout
correction to this common-source gather. Such a traveltime correction is repeated
for all other combinations of source-receiver pairs. We then resort these moveout-
corrected common-source gathers into the common-receiver domain and stack traces
within each common-receiver gather to produce one single trace per receiver position.
To enhance coherent summation of weak diffraction signals, a phase-weighted stack
(PWS) (see Appendix B) method is used. The stacked traces from each common-
receiver gather are then assembled into a diffraction image (Landa and Keydar, 1998;
Liu et al., 2019). For better visualization of high-amplitude anomalies, we produce
the final diffraction image using a coherency measure calculated from each diffraction
image resulting from different R. The coherency measure we choose is the unnor-
malized crosscorrelation sum (Neidell and Taner, 1971), due to its high sensitivity to

coherent weak signals. This coherency function (C') can be expressed as

C:;{[éﬁ,t(i)r}a (6)

where f; ;) denotes the amplitude value of the ith trace at two-way traveltime (i),
and M is the number of traces. The outer summation is performed over the two-
way zero-offset time samples ¢ within a time gate. The length of the gate should be

approximately equal to the main wavelength of the seismic signal.

11
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SYNTHETIC TEST

To verify the effectiveness of our method for near-surface diffractor detection, we first
test it on data from 2D synthetic modeling. The model shown in Figure 4 is an S-wave
velocity (V) model. This model consists of two layers. The first layer has a lower
velocity (100 m/s) and thickness of 0.5 m. Below this layer, we place a high-velocity
(150 m/s) half-space. Two circular diffractors are also embedded in the model at a
depth of 5 m. These diffractors have a certain impedance contrast with respect to the
background medium. The size of these diffractors is 1.0 m. The receiver array, which
is located at the surface, consists of 40 geophones aligned in the horizontal direction
from 10 m to 29.5 m at an interval of 0.5 m. During data generation, the receiver
array is kept fixed, while the source, also deployed at the surface, advances at a step
of 1 m. The first source is located 5 m to the left of the first geophone, while the
last source is placed 4.5 m to the right of the last geophone. With this acquisition
geometry, 30 common-source gathers are computed using an elastic 2D SH finite-
difference algorithm (Bohlen, 2002; Dokter et al., 2017). We discuss the reason for
choosing SH-wave processing in the field-example section. At the top boundary, a
free-surface boundary condition is realised by the image technique (Robertsson, 1996)
for accurate SH-wave modeling. For the other boundaries, convolutional perfectly
matched layers (CPML) absorbing boundary conditions are used (Komatitsch and
Martin, 2007). The source signature is a band-limited spike with the central frequency

at 40 Hz.

[Figure 4 about here.]

12
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Revealing weak diffractions

Figure ba shows an example of the synthetic shot gathers for the source located at
horizontal position 13 m, i.e., at the seventh receiver. This shot gather (Figure 5a) is
dominated by dispersive Love waves, because the presence of the high-velocity half-
space in the velocity model. The amplitudes of the diffracted waves in Figure 5a,
which represent the seismic response from the diffractors embedded in the model in

Figure 4, are so weak that it is difficult to identify them directly.

Before we introduce our SI+AS scheme for the suppression of Love waves, we first
apply conventional frequency-wavenumber (f — k) filtering to eliminate the dominant
Love waves, while preserving the weak diffraction signals. Figure 6a displays the f—k
spectrum of the synthetic gather from Figure ba. We can see that this spectrum is
dominated by two clusters of Love-wave energy (black arrows). We design a fan filter
to reject the Love-wave energy in the f — k domain (Figure 6b). This is followed by
inverse mapping back to the shot-gather domain. As shown in the resulting filtered
shot gather (Figure 7a), weak diffraction signals begin to be identifiable, due to the
significant suppression of the Love waves. However, we can still observe some remain-
ing Love waves (red box in Figure 7a). This is because Love waves and diffractions
are not well separated in the f — k domain (Figure 6a) due to their similar apparent
velocities. Thus, it is hard to design an efficient fan filter, which can completely reject

the Love-wave energy while preserving the diffraction events.

We then make use of SI to compute a virtual common-source gather for the receiver

positioned at 13 m (this receiver becomes the virtual source), following the scheme

13
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presented in Figure 2a. As shown in Figure 5b, the main kinematic characteristics
of the Love waves in Figure 5a are retrieved well. However, due to the source term
W2(X;) involved in the SI procedure (equation 3), the wavelet of the Love waves in
Figure 5b is broader then that in Figure 5a. Further, the interferometric approxi-
mation used in equation 3, such as elastic media and active sources distributed only
at the surface, causes the amplitude of the estimated Love waves in Figure 5b to be
erroneous compared to the amplitude of the Love waves in the original shot gather

in Figure ba.

To account for amplitude, phase, and frequency differences between Figure ba
and Figure 5b, a matching filter is estimated via the regularized nonstationary re-
gression technique proposed by Fomel (2007). Figure 5d shows the mean coefficients
of the matching filter determined by minimizing the difference between Figure 5a
and Figure 5b in the least-squares sense. From Figure 5d, we can see that the filter
coefficients vary in both time and space, which agrees well with the variability of
the original shot gather (Figure 5a). We then convolve the estimated matching filter
(Figure 5d) with Figure 5b to compensate for the amplitude, phase, and frequency
distortions in Figure 5b that we mentioned earlier, which leads to the result presented
in Figure 5c. Comparing Figure Ha with Figure 5¢, we can now see that the dominant
Love waves in Figure 5c¢ and Figure 5a match very well. Next, we subtract Figure 5¢
from Figure 5a, which gives the result shown in Figure 7b. As shown in Figure 7b,
two diffraction events with negative moveouts can now be easily recognized. This is
due to the significant suppression of Love waves in Figure 5a through the SI + AS

procedure (Figure 2a).

14
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During the procedure of AS, the dominant Love waves dictate the parameters of
the matching filter, and hence these waves will be most effectively suppressed. The
weak diffraction signals might also be affected, but to a lesser extent. As shown
in Figure 7b, certain parts of diffractions which overlap with the Love wave are
also regarded as Love-wave energy by this algorithm (Figure 2a) and suppressed. To
recover this lost diffraction energy and further enhance the amplitude of the diffraction
events, we then apply SVI to the data as in Figure 7b, obtaining results as shown
in Figure 7c. For comparison, we also show, a reference shot gather (Figure 7d)
containing only the seismic response from the diffractors. This shot gather is obtained
by taking the difference of synthetic data modeled with and without the diffractors.
This process removes any arrivals other than the diffractions. Comparing Figure 7c
with Figure 7b, we can see that the diffractions in Figure 7c show more complete

moveouts (see blue boxes in Figure 7b and 7c), and their apices are recovered well.

[Figure 5 about here.]

[Figure 6 about here.]

[Figure 7 about here.]

Diffraction imaging

We now apply our diffraction-focusing approach to the data shown in Figure 7, i.e.,
after the suppression of the Love waves by different approaches, which gives the

corresponding diffraction images (Figure 8). In this figure, the horizontal axes show

15
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the lateral location (in m) as shown in Figure 4, while the vertical axes denote the
approximate depth (in m) that we derive using an average velocity (Vp = 150 m/s)
from the model in Figure 4. We also use this average velocity (V5 = 150 m/s) in
equation 5 to describe the moveouts of possible diffractions. The range of R (depth
of potential diffractors) used for diffraction stacking is from 0.5 m to 8 m with a step
of 0.5 m. Such a range covers the area of interest for near-surface diffractor detection.
To mitigate the near-field effects as much as possible, we mute early arrivals before

producing the final diffraction images.

Figures 8a—8c represent the diffraction images from the data after Love-wave elim-
ination by the f — k filtering, SI4+AS, and SI4+AS+SVI, respectively. Every second
common-source gathers is used. We apply PWS to enhance the coherent summation
of weak signals. From Figures 8a—8c, we can clearly identify two prominent anomalies
(red color). We interpret the maximum amplitudes of these anomalies as the centers
of the detected diffractors, whose lateral locations agree well with those of the objects
embedded in the synthetic model (Figure 4). There are some errors in the estimated
depths of the detected diffractors (around 6 m). This can be explained by the fact
that a constant velocity (Vp = 150 m/s) may not be accurate enough to describe the
travel path of diffracted waves and hence may cause errors in the estimated depths.
Note that the shapes of the anomalies in Figures 8a—8c do not necessarily indicate the
actual shapes of the true objects in Figure 4. Figures 8d-8f show diffraction images
as in Figures 8a—8c, respectively, but using all modeled common-source gathers. We
show this result to investigate the effect of the number of common-source gathers

on the resolution of the diffraction images. We can see that having half as many

16
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sources did not affect the resolution of the obtained diffraction images. This is very
encouraging for field applications, where due to operational reasons sparser source
points would be available. In the field data example below, we have sources every 2
m. Figures 8g—8i show diffraction images as in Figures 8d-8f, respectively, but using
linear stack for weak diffraction summations. We can see that the resolution of the
anomalies in Figures 8d-8f is higher than in Figures 8g-8i. This is because PWS
is more efficient for incoherent-noise reduction than linear stack, thus reducing the

amount of incoherent noise present in the resulting diffraction image.

[Figure 8 about here.]

FIELD EXAMPLE

Site overview

In 2017, we acquired seismic data at the Epe-Niersen barrow alignment, an archae-
ological site located in the Veluwe, the Netherlands. With our survey, we wanted to
obtain more information about such monuments (burial mounds) using non-invasive
geophysical methods, including seismic imaging, with the aim to minimize or even
completely eliminate the need for excavation. To do that, we investigated one burial
mound from the Epe-Niersen barrow alignment, which is known as Mound 4749 (Bour-

geois, 2012).

17
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Seismic-data acquisition

We carried out a seismic survey over the top of Mound 4749. We used two kinds
of active sources — a sledge-hammer and a high-frequency S-wave vibrator (Ghose
et al., 1996; Brouwer et al., 1997) — to excite seismic waves recorded by horizontal,
10-Hz single-component geophones. The horizontal geophones were oriented in the
crossline direction, while the active sources (hammer and vibrator) were used in the
SH mode, i.e., also oriented in the crossline direction. Under such acquisition system,

we can generate and record SH-wave.

We used SH-waves because they have several main advantages over P- and/or
SV-waves. The first advantage is that they can offer higher resolution of subsurface
structures then P/SV-waves, given the same frequency content. This is due to the
relatively low propagation velocity of SH-wave in soft soils and ensuing wavelength.
The second benefit of SH-waves is that they are directly linked to the small-strain
rigidity and hence quite sensitive to subtle changes in the subsoil mechanical prop-
erties (Ghose, 2003; Ghose and Goudswaard, 2004; Ghose et al., 2013). Another
advantage is that when SH-waves encounter a diffractive object in the subsurface,
the diffracted wavefield will mainly consist of SH-wave diffractions. For P/SV-waves,
however, such discontinuity will cause a complex diffracted wavefield, which includes
P-P, P-SV, SV-P and SV-SV diffractions. Of all these diffraction modes, the SH-wave
diffractions have the largest amplitude and most coherent phase characteristic along
the traveltime hyperbola, making it advantageous for diffraction imaging (Lellouch
and Reshef, 2017; Peterie et al., 2020). Our receiver array consists of 120 geophones

planted with a 0.25 m interval. During data acquisition, we kept this receiver array

18
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fixed and moved only the source at an interval of 2 m. The first source position
was at 4 m to the left of the first geophone, while the last source position was at 4
m to the right of the last geophone. At each source position, four recordings were
acquired and stacked to yield one common-source gather. This was done to reduce

the source-incoherent noise and increase the S/N of the recorded data.

Near-surface diffractors detection

Figure 9a shows a typical raw SH-wave common-source gather when using the sledge-
hammer source, in this case at lateral position of 0 m. Figure 9b shows an example
shot gather when using the vibrator as source at the same source position, after
crosscorrelation of the raw vibrograms with the estimated groundforce (Ghose, 2002).
The main preprocessing steps that we apply to these two types of seismic data are
trace editing, top muting, statics corrections, geometrical-spreading correction, trace
normalization, and band-pass filtering (5 — 80 Hz). Due to the soft-soil condition in
the near surface of our study area, we can see that the raw seismograms (Figure 9a and
Figure 9b) are dominated by distinct, dispersive Love waves. The strong presence of
these Love waves makes it hard to identify the diffraction events, if they exist, directly
from the raw data. To reveal possible weak diffracted energy, these dominant Love

waves have to be suppressed while the diffraction events should also be preserved.

[Figure 9 about here.]

To attenuate the Love waves, we first retrieve the dominant Love-wave energy

from the preprocessed data by SI in a data-driven way, as explained above, and then
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adaptively subtract the retrieved result from the raw data (Figure 9a and 9b), i.e.,
we apply SI+AS which leads to the results shown in Figure 9c and 9d, respectively.
Comparing the latter with the respective gathers illustrated in Figure 9a and 9b,
some meaningful diffraction events caused by heterogeneities in the subsurface (e.g.,
red circles in Figure 9¢ and 9d) can be identified. To further enhance these diffracted
events and suppress other coherent signals, we then apply SVI to the data as shown
in Figure 9c¢ and 9d. The results are shown in Figure 9e and 9f, respectively. As in
the synthetic example (Figure 6), Love waves and masked diffraction signals in the
preprocessed data (Figure 9a and 9b) map to the similar regions in the f —k domain.
In such cases, it is hard to design an efficient filter to suppress the Love waves and
preserve the weak diffractions at the same time. Because of this fact, we choose not

to apply conventional f — k filtering to suppress Love waves in the field data.

Figure 10 illustrates the four final diffraction images obtained from the hammer
and vibrator datasets (after SI+AS, SI+AS+SVI) using our diffraction-focusing ap-
proach described in the Methodology section. The average velocity that we use for
diffraction stacking is 90 m/s. We base this velocity value on the results from an
iterative full-waveform inversion (FWI) algorithm (Tarantola, 1984; Virieux and Op-
erto, 2009). Note that the diffraction-focusing approach does not require detailed
subsurface information, but assumes a homogeneous value characteristic of the ve-
locity close to the surface (V4 in equation 5). This assumptions is only valid at sites
with gradual velocity variation. Figure 11 shows the inverted Vg model by elastic
SH/Love FWI using the hammer data. From the velocity model (Figure 11) obtained

by FWI, we think that here the near-surface (< 1.0 m) is quite homogeneous laterally

20

Page 20 of 73



Page 21 of 73

Geophysics Manuscript, Accepted Pending: For Review Not Production

and can be, on average, described by a single velocity (Vy = 90 m/s). We stack the
diffraction events in the shot domain over diffractor depths from 0.5 m to 5.0 m (R
in equation 5), which mainly covers the depth range of our interest in the shallow
subsurface. In Figure 10, the horizontal axes show lateral locations of the receiver
array that we deployed over the Mound 4749, while the vertical axes indicate the

approximate depth (in m) converted from time using an average velocity of 90 m/s.

Figure 10a and 10c display diffraction images obtained from sledge-hammer and
S-wave vibrator data after Love-wave suppression by SI+AS. Figure 10b and 10d rep-
resent diffraction images from sledge-hammer and S-wave vibrator data after Love-
wave suppression by SI4+AS and diffraction enhancement by SVI. Two clusters of
high-amplitude anomalies (indicated by ellipses) can be identified at similar positions
(around 15 m and 22 m horizontal distance) in these four diffractions images. From
the Vs model (Figure 11) obtained by FWI, we can see that areas at similar posi-
tions also show high-velocity (blue ellipses) contrasts with the background medium.
These facts give us more confidence to interpret these distinct anomalies (ellipses in

Figure 10) as potential buried objects of archaeological importance.

In an earlier separate field work, a magnetic survey was conducted at this site
(Lambers et al., 2017). This survey detected magnetic anomalies in the range of
+5 ~ 8 n'T, which is nearly the strongest value among their measurements made
within the mound. The configuration of the anomalies and their position within the
burial mound suggest these are probably traces of a burial underneath the mound.
Additional corings also confirm the place of a pit at this position — most likely

a grave. Earlier excavations of burial mounds in the direct vicinity of this mound
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have found evidence for large stones that were incorporated within the structure of
the graves (Bourgeois et al., 2009). The high-amplitude anomalies detected in our

diffraction images (Figure 10) might correspond to such stones.

During a seismic survey, when seismic waves encounter such stones, the waves
would be diffracted due to the strong impedance contrast of the stones with the
background medium. In the shot gathers after SI+AS and SI+AS+SVI, we can
identify diffraction events (red circles in Figure 9), with apices located at around
15 m horizontal distance. However, the diffraction event at around 22 m horizontal
distance is not recognizable in the shot gathers. A possible explanation is that the
S/N of this diffraction is still low in them. However, after coherent summation of this
weak diffraction in the following diffraction-stacking procedure, its amplitude becomes
strong enough and can be easily identified in the final diffraction images (dashed
ellipses in Figure 10). Comparing the diffraction images from data after SI+AS and
SI+AS+SVI, we can see that the high-amplitude anomalies in SI+AS+SVI diffraction
image (ellipses in Figure 10b and 10d) seem to be more easily identifiable than those

in the SI+AS diffraction image (ellipses in Figure 10a and 10c).

[Figure 10 about here.]

[Figure 11 about here.]

DISCUSSION

When a propagating seismic wave encounters a subsurface object or a velocity per-

turbation of size comparable to the wavelength, it will be diffracted. For a 2D seismic
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survey, the imaging of the target objects is reliable only when the seismic data are ac-
quired along a line above such targets. If this is not the case, the imaging of diffractors

will be negatively affected (spatially smeared or estimated at a wrong location).

In the modeled example, we saw that f — k filtering could damage the desired
diffraction arrivals. In our case, it indeed resulted in such a damage to the right
sides of the diffractions (Figure 7a). Still, the energy at and around the apices of the
diffractions was preserved, and the diffraction stacking gave good results, possibly
even better than the results from our proposed methodology. Figure 7b (and the
filter in Figure 5d) show that SI+AS had damaged the diffraction apices with the
result of less strong diffraction stacking. The application of SVI partly compensated
for that and thus the diffraction stacking produced better results. Note that this
is also a result of the modeling, as the diffractions are relatively strong and thus
the SI step retrieves not only the dominant Love waves, but also the apices of the
diffractions. In the case of the field data, the diffraction events are not clear at all. In
such cases, the damaging effect of the f —k filter on diffraction events, which map into
the same region in the f — k domain as the Love-wave energy, would lead to a lower
diffraction-stacking image. Contrary to this, our proposed methodology, making use
of a data-driven Love-wave suppression and diffraction-event enhancement through
SI+AS+SVI, would not result in damaging but in enhancement, and thus would

produce better diffraction-stacking image.

The two datasets corresponding to two different seismic sources, sledge-hammer
and S-wave vibrator, used in this study were independently acquired and processed.

The horizontal locations of diffractors are well-constrained by surface seismic meth-
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ods (Peterie et al., 2020). The very close lateral locations of the diffractors derived
from the diffraction focusing applied on SI+AS and SI+AS+SVI processed datasets
(Figure 10) validate our interpretation regarding the presence of these diffractors and
their approximate lateral locations. The estimated depths of the detected diffractors
have inherent uncertainty and are connected to the average velocity Vj in equation
5. Assuming a constant velocity may not be enough to describe the travel path of
the diffracted waves, especially at sites with strong lateral or vertical velocity varia-
tions. This may contribute to errors in the estimated depths. The estimated depth
information of the detected diffractors could be verified by other geophysical method

(such as core profiling) once their horizontal locations are determined.

After Love-wave suppression and diffraction enhancement, diffraction events (red
ellipses in Figure 9) with clear apices could be identified. These diffraction events are
representative of subsurface heterogeneities, and are useful to map the distribution
of buried objects at an archaeological site. However, as mentioned above, a diffrac-
tion image can only indicate the approximate location of the subsurface objects. To
obtain a more complete picture regarding the subsurface objects of archaeological
importance, use of 3D seismic imaging and near-surface FWI could be important

options, which is the direction of our future research.

CONCLUSION

We present a workflow for imaging shallow subsurface objects represented by weak
diffractions hidden behind dominant surface waves (in our case Love waves). Our

workflow includes three main steps. The masked diffractions are first revealed after
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the suppression of the dominant Love waves. This is done by retrieving the Love waves
in a data-driven way by seismic interferometry and then adaptively subtracting them
from the raw data. Secondly, we enhance the revealed weak diffraction signals further
through crosscoherence-based super-virtual interferometry. Thirdly, we produce a
diffraction section by a spatial summation of the revealed diffraction energy, where
no specific velocity for the subsurface is needed. We introduce phase-weighted stack
to enhance the coherent summation of weak diffraction signals. Using synthetic data,
we illustrate that our workflow is robust in detecting and imaging weak diffractions.
We apply our workflow on seismic datasets acquired in an archaeological site using two
different active seismic sources. Our results show two prominent diffraction objects
in the subsurface at our test location. Our workflow has the potential to be used to
map the spatial locations of shallow heterogeneities in near-surface seismic surveys,

when no detailed subsurface velocity is available.
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APPENDIX A
NON-STATIONARY MATCHING FILTER ESTIMATION

Matched filtering is a method to measure time-varying differences between two sig-
nals (Fomel, 2009). In this paper, we use it for the adaptive subtraction of surface
waves. Consider two time series — prediction p(¢) and observation b(t). A station-
ary matching filter f(-y) can obtained by stretching p(¢) to different scales in order to
match p(¢) and d(¢). This can be formalized as the following least-squares inversion

problem:

. 2
min| Y7 p(r) * £(7) — d(t)| | (A1)

g
where * denotes the convolution operator, 7 is a stretching variable. For a particular
value of the stretching variable «y, equation A-1 gives a single measurement f(+) for
all the time coordinates. To handle the inherent non-stationary seismic data, a time-
varying matching filter f(,¢) is needed. As equation A-1 shows, this f(v,¢) can be

obtained by minimizing the following objective function:

2

min ‘ S p(t) * £, ) —d(t)] - (A-2)

Equation A-2 is an ill-posed problem because it contains more unknown variables
than constraints. One remedy is to add additional constraints, i.e., regularization, to
constrain the variability of the filter coefficients. With shaping regularization (Fomel,

2007), equation A-2 can be solved as
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f(7,t) = [\’T+S (PTP — \21)] ' SP7d, (A-3)

where ) is a scaling coefficient , which is defined as A = |p(¢)|®. P is the data matrix
composed of p(yt). S denotes the shaping operator, which is chosen as a triangle
smoothing operator in this paper.

APPENDIX B

PHASE-WEIGHTED STACK METHOD

Phase-weighted stack (PWS) is a technology first proposed by Schimmel and Paulssen
(1997) to detect weak but coherent arrivals. The basic idea underlying PWS is to
suppress components of stacked signals, which do not share the same instantaneous
phase. Following the notations from Schimmel and Paulssen (1997), a complex trace

S(t) is constructed from a seismic trace s(t) and its Hilbert transform #[s(t)]:

S(t) = s(t) + iH(s(t)), (B-1)

which can also be expressed by amplitude A(¢) and instantaneous phase ®(t):

S(t) = A(t)expli®(t)], (B-2)

where

At) = V/s2(t) + H2(s(1)), (B-3)
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and

B(#) = arctan 2% (B-4)

Schimmel and Paulssen (1997) define the following phase stack c¢(t), where no am-

plitudes of complex traces are explicitly involved:

1 N
- N‘Z eaplio; ()] (B-5)

where N is the number of traces involved in stacking, j is the index of each trace. The
amplitude of the phase stack c(t) varies between 0 and 1, as schematically illustrated
by Figure B-1. As shown in Figure B-1a, the amplitude of the phase stack ¢(t) equals 1
if the instantaneous phase of the two traces are exactly the same (coherent) at time t.
On the other hand, when the instantaneous phase of the two traces varies quite
significantly, ¢(t) will be approximately 0 (Figure B-1b). Thus, we can use the phase

stack to weight the summation of all the traces — g¢(t) is expressed as

[Figure B-1 about here.]

()] <
=5 > i), (B-6)

j=1
In equation B-6, [c(t)]” is used to enhance coherent signals, that is, signals with
similar phase. The exponent v controls the transition between more coherent and less
incoherent signal summations. In our paper, we use v = 2, as suggested by Schimmel
and Paulssen (1997). When v equals 0, equation B-6 reduces to the conventional,

linear stack.
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Flowchart for raw-data processing for diffraction imaging. To reveal weak
diffractions, a combination of seismic interferometry (SI) and adaptive sub-
traction (AS) is firstly used to suppress dominating surface waves (SW). A
crosscoherence-based super-virtual interferometry (SVI) is then applied to
further enhance the diffractions. . . . . . . . .. .. ..o

(a) The step for retrieving dominant surface waves between two receivers by
SI. (bl), (b2) The steps for creating super-virtual diffractions with an in-
creased signal-to-noise ratio (S/N). Note that the surface-wave component
can also be retrieved/enhanced by the SVI step. Hence, it is beneficial to
apply SVI for diffraction enhancement only after suppression of the domi-
nant surface waves. ), (), @ denote crosscorrelation-, crosscoherence-, and
crossconvolution-based operators, respectively. ~- represents surface waves
propagating along the surface from an active source to the receivers. —
denotes the propagation of diffracted waves from an active source to the
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Schematic view of diffracted waves. Xy, X;, X denote the lateral position
of the source (red star), image point (blue triangle), and receiver (black
triangle), respectively. € is the diffracted wavefront element surrounding the
image point (blue triangle at lateral position X;). . . . .. ... ... ...

S-wave velocity (V) model used to generate the synthetic common-source
gathers. Two shallow diffractors with a given impedance contrast with re-
spect to the background media are included in the model. . . . . . . .. ..

Steps for revealing weak diffractions dominated by strong Love waves. (a)
A synthetic SH shot gather computed for the model shown in Figure 4; (b)
retrieved Love waves from the gather as shown in Figure 5a; (c) result after
convolution of the data in (b) with the matching filter (d); (d) mean filter
coefficients estimated by minimizing the difference between (a) and (b), using
the regularized non-stationary regression method. . . . . . . . . .. ... ..

(a) The frequency-wavenumber (f — k) spectrum of the synthetic SH shot
gather from Figure 5a; (b) the f — k spectrum of the same shot gather, but
after rejecting Love-wave energy indicated by the black arrows in (a).

(a) Result after Love-wave suppression in the data in Figure ba by f — k
filtering; (b) result after adaptive subtraction of Figure 5b from Figure 5a;
(c) result after applying SVI to the result in (b) for diffraction enhancement;
(d) reference shot gather showing only diffracted arrivals obtained from sub-
traction of modeled data using models with and without diffractors.
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8  Comparison of results from diffraction imaging by different approaches. (a),(b),(c)
diffraction imaging of the data after Love-wave suppression by f — k filtering,
SI4+AS, and SI+AS+SVI, respectively. Every second common-source gather
is used. Phase-weighted stack (PWS) is applied to enhance the coherent
summation of weak diffraction signals. (d),(e),(f) Similar to (a), (b), (c), but
using all the modeled common-source gathers. (g), (h), (i) Similar to (d),

(e), (f), but ordinary, linear stack is used to stack the weak diffraction signals.

9 (a) A typical preprocessed SH-wave shot gather from the field data acquired
using a sledge-hammer source. The gather is dominated by strong Love
waves. (c) Result after Love-wave suppression by SI+AS; (e) result after
diffraction enhancement by SVI; (b),(d),(f) are the same as (a),(c),(e), but
using S-wave vibrator as the source. The first 101 traces are displayed. . . .

10  Diffraction imaging result obtained from the field seismic data following our
proposed workflow 1: (a) sledge-hammer data after Love-wave suppression
by SI4+AS; (b) sledge-hammer data after Love-wave suppression by SI+AS
and diffraction enhancement by SVI; (c), (d) are same as (a), (b) but using
S-wave vibrator data. High-amplitude anomalies (solid and dashed ellipses)
indicate the potential locations of subsurface diffractor-like objects.

11  Two-dimensional subsurface Vg model obtained by elastic full-waveform in-
version of the sledge-hammer data. . . . . .. . ... ... ... ... ....

B-1 Illustrations of the summation of exp[ig1(t)] and expliga(t)] in the complex
plane. Red arrows denote these two vectors, while the blue vector is the
addition of these two vectors. (a) When two signals have the same instan-
taneous phase (¢1(t) = ¢2(t)), the amplitude of the phase sum (blue arrow)
will be 2, and the corresponding value of ¢(t) will be 1. (b) When two signals
have significantly different instantaneous phases, the amplitude of the phase
sum (blue arrow) and the corresponding value of ¢(t) will be approximately
0. Modified from Schimmel and Paulssen (1997). . . . . ... ... ... ..
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Acronyms

Full names

AS

Adaptive subtraction

F-K

Frequency-wavenumber

FWI

Full-waveform inversion

PWS

Phase-weighted stack

SI

Seisimc interferometry

SVI

Super-virtual interferometry
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geometrical-spreading correction, etc.

SI+AS
Data after SW suppression, which is
done with a conbination of seismic
interferometry (SI) and adaptive subtraction (AS).

SVI
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Data after diffraction enhencement, using
crosscoherence-based super-virtual interferometry (SVI).

Diffraction imaging

[ Diffraction section }

Figure 1: Flowchart for raw-data processing for diffraction imaging. To reveal weak diffractions, a
combination of seismic interferometry (SI) and adaptive subtraction (AS) is firstly used to suppress
dominating surface waves (SW). A crosscoherence-based super-virtual interferometry (SVI) is then applied
to further enhance the diffractions.
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(a) Crosscorrelate and stack over J to retrieve a virtual surface wave at ¥ from ¥
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(b.1) Apph crosscoherence and stack over * to retrieve a virtual diffraction at ¥ from ¥

VAV

(b.2) Convolve and stack over ¥ to retrieve super-virtual diffraction at ¥ from s with higher S/N.
X A B ( X A B

Figure 2: (a) The step for retrieving dominant surface waves between two receivers by SI. (b1), (b2) The
steps for creating super-virtual diffractions with an increased signal-to-noise ratio (S/N). Note that the
surface-wave component can also be retrieved/enhanced by the SVI step. Hence, it is beneficial to apply SVI
for diffraction enhancement only after suppression of the dominant surface waves. $\bigotimes$,
$\bigodot$, $\bigoplus$ denote crosscorrelation-, crosscoherence-, and crossconvolution-based operators,
respectively. $\leadsto$ represents surface waves propagating along the surface from an active source to
the receivers. $\to$ denotes the propagation of diffracted waves from an active source to the receivers.
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Figure 3: Schematic view of diffracted waves. $X_0%, $X_i$, $X_k$ denote the lateral position of the source
(red star), image point (blue triangle), and receiver (black triangle), respectively. $\Omega$ is the diffracted
wavefront element surrounding the image point (blue triangle at lateral position $X_i$).
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Figure 4: S-wave velocity ($V_S$) model used to generate the synthetic common-source gathers. Two
shallow diffractors with a given impedance contrast with respect to the background media are included in
the model.
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Figure 5a: Steps for revealing weak diffractions dominated by strong Love waves. (@) A synthetic SH shot
gather computed for the model shown in Figure 4; (b) retrieved Love waves from the gather as shown in
Figure 5a; (c) result after convolution of the data in (b) with the matching filter (d); (d) mean filter
coefficients estimated by minimizing the difference between (a) and (b), using the regularized non-
stationary regression method.
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Figure 5b: Steps for revealing weak diffractions dominated by strong Love waves. (a) A synthetic SH shot
gather computed for the model shown in Figure 4; (b) retrieved Love waves from the gather as shown in
Figure 5a; (c) result after convolution of the data in (b) with the matching filter (d); (d) mean filter
coefficients estimated by minimizing the difference between (a) and (b), using the regularized non-
stationary regression method.
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Figure 5c: Steps for revealing weak diffractions dominated by strong Love waves. (a) A synthetic SH shot
gather computed for the model shown in Figure 4; (b) retrieved Love waves from the gather as shown in
Figure 5a; (c) result after convolution of the data in (b) with the matching filter (d); (d) mean filter
coefficients estimated by minimizing the difference between (a) and (b), using the regularized non-
stationary regression method.
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Figure 5d: Steps for revealing weak diffractions dominated by strong Love waves. (a) A synthetic SH shot
gather computed for the model shown in Figure 4; (b) retrieved Love waves from the gather as shown in
Figure 5a; (c) result after convolution of the data in (b) with the matching filter (d); (d) mean filter
coefficients estimated by minimizing the difference between (a) and (b), using the regularized non-

stationary regression method.
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Figure 6a: (a) The frequency-wavenumber ($f-k$) spectrum of the synthetic SH shot gather from Figure 5a;
(b) the $f-k$ spectrum of the same shot gather, but after rejecting Love-wave energy indicated by the
black arrows in (a).
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Figure 6b: (a) The frequency-wavenumber ($f-k$) spectrum of the synthetic SH shot gather from Figure 5a;
(b) the $f-k$ spectrum of the same shot gather, but after rejecting Love-wave energy indicated by the
black arrows in (a).
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Figure 7a: (a) Result after Love-wave suppression in the data in Figure 5a by $f-k$ filtering; (b) result after
adaptive subtraction of Figure 5b from Figure 5a; (c) result after applying SVI to the result in (b) for
diffraction enhancement; (d) reference shot gather showing only diffracted arrivals obtained from
subtraction of modeled data using models with and without diffractors.
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Figure 7b: (a) Result after Love-wave suppression in the data in Figure 5a by $f-k$ filtering; (b) result after
adaptive subtraction of Figure 5b from Figure 5a; (c) result after applying SVI to the result in (b) for
diffraction enhancement; (d) reference shot gather showing only diffracted arrivals obtained from
subtraction of modeled data using models with and without diffractors.
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Figure 7c: (a) Result after Love-wave suppression in the data in Figure 5a by $f-k$ filtering; (b) result after
adaptive subtraction of Figure 5b from Figure 5a; (c) result after applying SVI to the result in (b) for
diffraction enhancement; (d) reference shot gather showing only diffracted arrivals obtained from
subtraction of modeled data using models with and without diffractors.
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Figure 7d: (a) Result after Love-wave suppression in the data in Figure 5a by $f-k$ filtering; (b) result after
adaptive subtraction of Figure 5b from Figure 5a; (c) result after applying SVI to the result in (b) for
diffraction enhancement; (d) reference shot gather showing only diffracted arrivals obtained from
subtraction of modeled data using models with and without diffractors.
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Figure 8a: Comparison of results from diffraction imaging by different approaches. (a),(b),(c) diffraction
imaging of the data after Love-wave suppression by $f-k$ filtering, SI+AS, and SI+AS+SVI, respectively.
Every second common-source gather is used. Phase-weighted stack (PWS) is applied to enhance the
coherent summation of weak diffraction signals. (d),(e),(f) Similar to (a), (b), (c), but using all the modeled
common-source gathers. (g), (h), (i) Similar to (d), (e), (f), but ordinary, linear stack is used to stack the
weak diffraction signals.
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Figure 8b: Comparison of results from diffraction imaging by different approaches. (a),(b),(c) diffraction
imaging of the data after Love-wave suppression by $f-k$ filtering, SI+AS, and SI+AS+SVI, respectively.
Every second common-source gather is used. Phase-weighted stack (PWS) is applied to enhance the
coherent summation of weak diffraction signals. (d),(e),(f) Similar to (a), (b), (c), but using all the modeled
common-source gathers. (g), (h), (i) Similar to (d), (e), (f), but ordinary, linear stack is used to stack the
weak diffraction signals.
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Figure 8c: Comparison of results from diffraction imaging by different approaches. (a),(b),(c) diffraction
imaging of the data after Love-wave suppression by $f-k$ filtering, SI+AS, and SI+AS+SVI, respectively.
Every second common-source gather is used. Phase-weighted stack (PWS) is applied to enhance the
coherent summation of weak diffraction signals. (d),(e),(f) Similar to (a), (b), (c), but using all the modeled
common-source gathers. (g), (h), (i) Similar to (d), (e), (f), but ordinary, linear stack is used to stack the

weak diffraction signals.
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Figure 8d: Comparison of results from diffraction imaging by different approaches. (a),(b),(c) diffraction
imaging of the data after Love-wave suppression by $f-k$ filtering, SI+AS, and SI+AS+SVI, respectively.
Every second common-source gather is used. Phase-weighted stack (PWS) is applied to enhance the
coherent summation of weak diffraction signals. (d),(e),(f) Similar to (a), (b), (c), but using all the modeled
common-source gathers. (g), (h), (i) Similar to (d), (e), (f), but ordinary, linear stack is used to stack the
weak diffraction signals.
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Figure 8e: Comparison of results from diffraction imaging by different approaches. (a),(b),(c) diffraction
imaging of the data after Love-wave suppression by $f-k$ filtering, SI+AS, and SI+AS+SVI, respectively.
Every second common-source gather is used. Phase-weighted stack (PWS) is applied to enhance the
coherent summation of weak diffraction signals. (d),(e),(f) Similar to (a), (b), (c), but using all the modeled
common-source gathers. (g), (h), (i) Similar to (d), (e), (f), but ordinary, linear stack is used to stack the
weak diffraction signals.
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Figure 8f: Comparison of results from diffraction imaging by different approaches. (a),(b),(c) diffraction
imaging of the data after Love-wave suppression by $f-k$ filtering, SI+AS, and SI+AS+SVI, respectively.
Every second common-source gather is used. Phase-weighted stack (PWS) is applied to enhance the
coherent summation of weak diffraction signals. (d),(e),(f) Similar to (a), (b), (c), but using all the modeled
common-source gathers. (g), (h), (i) Similar to (d), (e), (f), but ordinary, linear stack is used to stack the

weak diffraction signals.
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Figure 8g: Comparison of results from diffraction imaging by different approaches. (a),(b),(c) diffraction
imaging of the data after Love-wave suppression by $f-k$ filtering, SI+AS, and SI+AS+SVI, respectively.
Every second common-source gather is used. Phase-weighted stack (PWS) is applied to enhance the
coherent summation of weak diffraction signals. (d),(e),(f) Similar to (a), (b), (c), but using all the modeled
common-source gathers. (g), (h), (i) Similar to (d), (e), (f), but ordinary, linear stack is used to stack the
weak diffraction signals.
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Figure 8h: Comparison of results from diffraction imaging by different approaches. (a),(b),(c) diffraction
imaging of the data after Love-wave suppression by $f-k$ filtering, SI+AS, and SI+AS+SVI, respectively.
Every second common-source gather is used. Phase-weighted stack (PWS) is applied to enhance the
coherent summation of weak diffraction signals. (d),(e),(f) Similar to (a), (b), (c), but using all the modeled
common-source gathers. (g), (h), (i) Similar to (d), (e), (f), but ordinary, linear stack is used to stack the
weak diffraction signals.
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Figure 8i: Comparison of results from diffraction imaging by different approaches. (a),(b),(c) diffraction
imaging of the data after Love-wave suppression by $f-k$ filtering, SI+AS, and SI+AS+SVI, respectively.
Every second common-source gather is used. Phase-weighted stack (PWS) is applied to enhance the
coherent summation of weak diffraction signals. (d),(e),(f) Similar to (a), (b), (c), but using all the modeled
common-source gathers. (g), (h), (i) Similar to (d), (e), (f), but ordinary, linear stack is used to stack the

weak diffraction signals.
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Figure 9a: (a) A typical preprocessed SH-wave shot gather from the field data acquired using a sledge-

hammer source. The gather is dominated by strong Love waves. (c) Result after Love-wave suppression by

SI+AS; (e) result after diffraction enhancement by SVI; (b),(d),(f) are the same as (a),(c),(e), but using S-
wave vibrator as the source. The first $101$ traces are displayed
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Figure 9b: (a) A typical preprocessed SH-wave shot gather from the field data acquired using a sledge-
hammer source. The gather is dominated by strong Love waves. (c) Result after Love-wave suppression by
SI+AS; (e) result after diffraction enhancement by SVI; (b),(d),(f) are the same as (a),(c),(e), but using S-

wave vibrator as the source. The first $101$ traces are displayed.
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Figure 9c: (a) A typical preprocessed SH-wave shot gather from the field data acquired using a sledge-

hammer source. The gather is dominated by strong Love waves. (c) Result after Love-wave suppression by

SI+AS; (e) result after diffraction enhancement by SVI; (b),(d),(f) are the same as (a),(c),(e), but using S-
wave vibrator as the source. The first $101$ traces are displayed
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Figure 9d: (a) A typical preprocessed SH-wave shot gather from the field data acquired using a sledge-
hammer source. The gather is dominated by strong Love waves. (c) Result after Love-wave suppression by
SI+AS; (e) result after diffraction enhancement by SVI; (b),(d),(f) are the same as (a),(c),(e), but using S-

wave vibrator as the source. The first $101$ traces are displayed.
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Figure 9e: (a) A typical preprocessed SH-wave shot gather from the field data acquired using a sledge-
hammer source. The gather is dominated by strong Love waves. (c) Result after Love-wave suppression by
SI+AS; (e) result after diffraction enhancement by SVI; (b),(d),(f) are the same as (a),(c),(e), but using S-

wave vibrator as the source. The first $101$ traces are displayed.
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Figure 9f: (a) A typical preprocessed SH-wave shot gather from the field data acquired using a sledge-
hammer source. The gather is dominated by strong Love waves. (c) Result after Love-wave suppression by
SI+AS; (e) result after diffraction enhancement by SVI; (b),(d),(f) are the same as (a),(c),(e), but using S-

wave vibrator as the source. The first $101$ traces are displayed.
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Figure 10a: Diffraction imaging result obtained from the field seismic data following our proposed workflow
1: (a) sledge-hammer data after Love-wave suppression by SI+AS; (b) sledge-hammer data after Love-
wave suppression by SI+AS and diffraction enhancement by SVI; (c), (d) are same as (a), (b) but using S-
wave vibrator data. High-amplitude anomalies (solid and dashed ellipses) indicate the potential locations of
subsurface diffractor-like objects.
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Figure 10b: Diffraction imaging result obtained from the field seismic data following our proposed workflow
1: (a) sledge-hammer data after Love-wave suppression by SI+AS; (b) sledge-hammer data after Love-
wave suppression by SI+AS and diffraction enhancement by SVI; (c), (d) are same as (a), (b) but using S-
wave vibrator data. High-amplitude anomalies (solid and dashed ellipses) indicate the potential locations of
subsurface diffractor-like objects.
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Figure 10c: Diffraction imaging result obtained from the field seismic data following our proposed workflow
1: (a) sledge-hammer data after Love-wave suppression by SI+AS; (b) sledge-hammer data after Love-
wave suppression by SI+AS and diffraction enhancement by SVI; (c), (d) are same as (a), (b) but using S-
wave vibrator data. High-amplitude anomalies (solid and dashed ellipses) indicate the potential locations of
subsurface diffractor-like objects.
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Figure 10d: Diffraction imaging result obtained from the field seismic data following our proposed workflow
1: (a) sledge-hammer data after Love-wave suppression by SI+AS; (b) sledge-hammer data after Love-
wave suppression by SI+AS and diffraction enhancement by SVI; (c), (d) are same as (a), (b) but using S-
wave vibrator data. High-amplitude anomalies (solid and dashed ellipses) indicate the potential locations of

subsurface diffractor-like objects.

183x112mm (300 x 300 DPI)



Geophysics Manuscript, Accepted Pending: For Review Not Production

Location (m)

5 10 15 20 25
| 400 —
| £
I S~—
300 =
O
o
[«
200 o
S
Z
100 o

Figure 11: Two-dimensional subsurface $V_S$ model obtained by elastic full-waveform inversion of the
sledge-hammer data.
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Figure B-1: Illustrations of the summation of $exp[i\phi_{1}(t)]$ and $exp[i\phi_{2}(t)]$ in the complex
plane. Red arrows denote these two vectors, while the blue vector is the addition of these two vectors. (a)
When two signals have the same instantaneous phase ($\phi_{1}(t) = \phi_{2}(t)$), the amplitude of the
phase sum (blue arrow) will be $2$, and the corresponding value of $c(t)$ will be $1$. (b) When two signals
have significantly different instantaneous phases, the amplitude of the phase sum (blue arrow) and the
corresponding value of $c(t)$ will be approximately $0$. Modified from Schimmel and Paulssen (1997).
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