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Abstract
Seismic interferometry (SI) retrieves the Green function between two receiver
locations using their recordings from a boundary of sources. When using
sources and receivers only at the surface, the virtual-source gathers retrieved
by SI contain pseudo-physical reflections as well as ghost (non-physical)
reflections. These ghost reflections are the results of the cross-correlation or
auto-correlation (AC) of primary reflections from two different depth levels, and
they contain information about the seismic properties of specific layers in the
subsurface.We investigated the application of ghost reflections for layer-specific
characterization of the shallow subsurface using SI by AC. First, we showed
the technique’s potential using synthetic data for a subsurface model with a
lateral change in velocity, a gradient in depth for velocity, a thickness change
and a velocity change of the target layer. Then, we applied the technique to
shallow subsurface field data. We also focused on improving the retrieval of
ghost reflections by removing the free-surface multiples and muting undesired
events in active-source gathers before applying SI.Our results demonstrate that
the ghost reflections can be used advantageously to characterize the layer that
causes them to appear in the results of SI. Consequently, they can also provide
valuable information for imaging and monitoring shallow subsurface structures.

KEYWORDS
seismic, S-wave, reflection, velocity, imaging

INTRODUCTION

Seismic interferometry (SI) is a method for estimating
the Green function between different receivers using
correlation, convolution or deconvolution of the record-
ings from surrounding sources by turning the receivers
into virtual sources (Snieder et al., 2009; Wapenaar
& Fokkema, 2006). In the case of using correlation,
the Green function between two receivers is retrieved
by cross-correlating recorded responses generated by
each source and then summing the correlation results
over the surrounding sources. Moreover, Curtis et al.

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

© 2023 The Authors. Near Surface Geophysics published by John Wiley & Sons Ltd on behalf of European Association of Geoscientists and Engineers.

(2009) showed that it is possible to estimate the Green
function between two sources surrounded by a bound-
ary of receivers where one source acts as a virtual
receiver.
The theory behind SI assumes certain conditions.

Among others, it is assumed that there are no intrin-
sic losses in the medium, although, in reality, the Earth
is strongly attenuating. Additionally, the receivers are
presumed to be evenly surrounded by a complete and
sufficiently dense boundary of either passive or active
sources. In practice, these assumptions are rarely met,
particularly when applied to surface exploration data
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(i.e. sources and receivers located at or near the
surface).As a result, not only the pseudo-physical reflec-
tions are retrieved, but also the ghost (non-physical)
reflections (Draganov et al., 2010; King et al., 2011;
Snieder et al., 2009). The pseudo-physical reflections
and lower order multiples are retrieved through the
correlation of primary reflections with their surface-
related multiples or a multiple with its next-order multiple
(Boullenger and Draganov, 2016; Löer et al., 2013). In
contrast, ghost reflections are caused by the correla-
tion of primary reflections from two different depth levels
(Draganov et al., 2012; King and Curtis, 2012).

The ghost reflections could provide valuable informa-
tion about the physical rock properties of the subsurface,
such as velocity or thickness changes, because they
represent reflections from inside specific subsurface lay-
ers – as if measured with a virtual ghost source and a
virtual ghost receiver positioned directly on top of the
specific layers, which means ghost reflections only prop-
agate inside the specific layer (Draganov et al., 2013).
Consequently, the ghost reflections can provide infor-
mation of a specific layer without the effect of changes
in overburden and underburden layers. Through realistic
numerical modelling using a horizontally layered model,
Draganov et al. (2012) showed that ghost reflections are
sensitive only to the thickness and velocity of the target
layers. Ma et al. (2021, 2022) illustrated the applica-
tion of ghost reflections in estimating the layer-specific
velocity of a fluid–mud layer in a water/fluid–mud sys-
tem, using ultrasonic experiments. They clearly showed
that the retrieved ghost reflections propagate only inside
the fluid–mud layer, and the travel paths inside the
water layer are eliminated. Moreover, Draganov et al.
(2013) applied SI to records from receivers at the Earth’s
surface from sources in wells. They showed, using a hor-
izontal well, that the identified ghost reflections could
be employed to monitor the changes in velocity and
quality-factor inside a layer at a depth of 600 m.
In this study, we use numerical modelling and field

data to investigate the utilization of ghost reflections
retrieved by SI for monitoring and imaging purposes,
particularly in shallow subsurface applications. Few
studies have investigated the application of ghost
arrivals from SI in shallow subsurface studies, espe-
cially using field data. Harmankaya et al. (2013) showed
the application of ghost arrivals in locating near-surface
scatters. To do that, they inverted the travel time of ghost
arrivals by solving the inverse problem for several numer-
ically modelled datasets with increasing complexity by
including lateral inhomogeneity, and they demonstrated
that the location of the scatterer can be estimated with
good accuracy from ghost scattered waves. Moreover,
Nichols et al. (2010) presented the first application of
ghost refractions (the so-called virtual refractions) to
field data for near-surface characterization. They deter-
mined seismic velocities of unsaturated and saturated

sand layers, and the relative variable depth by combining
information from the virtual shot record, the correlation
gather and the actual field shot record.
In this paper, we first illustrate the potential of ghost

reflections using numerically modelled data for a lay-
ered subsurface model in different conditions, including
a lateral change in velocity, a gradient change in velocity
and a thickness change. We retrieve virtual zero-offset
sections using SI by auto-correlation (AC). Studies on
retrieving ghost reflections have been mostly restricted
to using cross-correlation (CC) in SI. However, the SI
by AC can provide extra information on the subsurface
in imaging and monitoring, because the result of SI by
AC is directly a zero-offset section obtained without any
other seismic processing. Additionally, we present the
first application of ghost reflections to shallow subsur-
face field data. The site is located near Rotterdam, the
Netherlands. The geology of this site, known from ear-
lier borehole measurements, comprises flat alternating
Holocene clay and sand layers (Ghose & Goudswaard,
2004). We retrieve zero-offset sections by turning shots
into virtual receivers, and receivers into virtual sources.
In both cases, we investigate the trend of ghost reflec-
tions for directly imaging and monitoring the target
layer.
Ghost reflections usually exhibit similar characteristics

to other reflection events, appearing in close proxim-
ity to each other with only slight temporal differences.
So, one of the most significant challenges in using
ghost reflections is their identification. Draganov et al.
(2010) showed that ghost reflections could be identi-
fied by a change of their polarity after the application
of a damping-compensation factor. Curtis and Halliday
(2010) showed that ghost arrivals could be identified
either through wavefield separation or by reversing the
order of the CC in perturbed acoustic media. Draganov
et al. (2013) proposed using a vertical-well geometry to
identify ghost reflections. Ruigrok et al. (2009) showed
that the identification could be achieved by applying both
SI by CC with full responses and SI by CC between a full
response and only the first arrival at the other receiver.
Here, to address the challenge of identification of the

ghost reflections, we eliminate the surface-related mul-
tiples in the synthetic dataset, which could be achieved
through using an absorbing boundary condition at the
surface in the numerical modelling. As a result, the
retrieved events include only the ghost reflections. Fur-
thermore, we show how the specific ghost reflections
can be retrieved more efficiently by muting undesired
reflections in the dataset before applying SI. Using the
muted active-source gathers also helps retrieve robust
and clear ghost reflections from the field data.
Later, we first present a brief overview of the method-

ology of retrieving ghost reflections with SI in the
METHODS section. Then, in the Numerically modelled
data section, we show the results of SI by AC when

 18730604, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/nsg.12275 by C

ochrane N
etherlands, W

iley O
nline L

ibrary on [11/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



94 SHIRMOHAMMADI ET AL.

applied to data from numerical modelling for several sub-
surface models. There we discuss how to retrieve the
ghost reflections more efficiently. After that, we illustrate
in the Field data section the application of this technique
to a field dataset. This is followed by the DISCUSSION
and CONCLUSION sections.

METHODS

Through reciprocity theorems of the correlation type,
Wapenaar and Fokkemma (2006) showed that the
acoustic Green function Ĝ(xB, xA,𝜔) between two points
at xA and xB can be obtained from

Ĝ∗ (xB, xA,𝜔) + Ĝ (xB, xA,𝜔) ≈
2
𝜌c

∫
𝜕D
Ĝ∗ (xA, x,𝜔)G (xB, x,𝜔) d2x,

(1)
where c and 𝜌 are the constant propagation velocity
and mass density, respectively, at and outside of the
source-boundary surface ∂D, which effectively encloses
xA and xB . The asterisk (∗) denotes complex conjuga-
tion in the frequency domain, which corresponds to a
time-reversed version of a quantity in the time domain.
The right-hand side of relation (1) represents the CC of
recordings at points xA and xB from active sources at
positions x on boundary surface ∂D in the subsurface.
Some assumptions and approximations are made in

deriving relation (1): a high-frequency approximation to
reduce the integrand to a single CC product; ∂D is a
hemisphere with a large radius; the medium at and out-
side D is homogeneous to remove a term that would
otherwise result in the retrieval of a certain type of ghost
events (Figure 1a). When the positions x are at the sur-
face, as in a typical active-source exploration survey, the
requirement about ∂D to effectively enclose the receivers
is not met, leading to ghost reflections being retrieved in
the Green function estimates.
Figure 1 shows schematically the retrieval of pseudo-

physical and ghost reflections in the virtual-source
response for a simple medium. When the sources sur-
round the two receivers, physical reflections (the black
arrows in Figure 1a) are retrieved from the correlation
of direct arrivals (the dotted blue line in Figure 1a) with
their corresponding surface-related multiples (the dot-
ted green line in Figure 1a), where one receiver acts
as a virtual source (as indicated by a yellow star in
Figure 1a).Here, the free surface acts as a mirror, mean-
ing, through reflection, it turns the half-sphere of sources
into a full sphere. As a result, there is a complete surface
of sources that surround the receivers, and only physical
reflections are retrieved.
The correlation process physically removes the com-

mon travel path from the correlated arrivals. The
retrieved physical reflection arrivals exhibit kinematics,
including the phase, and relative amplitudes coinciding
with those of reflections in active-source reflection data.

When the assumptions for obtaining relation (1) are met,
also the absolute amplitudes will coincide.
In exploration seismology, where the sources are usu-

ally restricted to the surface (such as the red dots in
Figure 1b), we can consider that a stationary point on
∂D is equivalent to a stationary point at the surface
by using simple geometric arguments (Draganov et al.,
2012; Halliday et al., 2007) and applying the stationary-
phase method (Snieder et al., 2006). As a result, we can
replace the integration over ∂D in relation (1) by a sum-
mation over N active sources at the surface (Halliday
et al., 2007):

Ĝ∗ (xB, xA,𝜔) + Ĝ (xB, xA,𝜔) ∝

N∑

n = 1

Ĝ∗ (xA, xn,𝜔) Ĝ (xB, xn,𝜔) .

(2)
The right-hand side of this relation is, in the time

domain, a CC between two observations at positions xA
and xB, both originating from active sources located at
xn at the surface (such as the red dots in Figure 1b). The
retrieved Green function on the left-hand side of relation
(2) comprises pseudo-physical reflections, as well as
ghost reflections. These ghost reflections are retrieved
in the time domain from the CC of the primary reflections
from two different interfaces due to insufficient destruc-
tive interferences (Draganov et al., 2012;Ma et al., 2022).
Ghost reflections are similarly retrieved from the correla-
tion of internal multiples with primaries or other internal
multiples. For example, the result of CC of the primary
reflection from the second interface recorded at xB (the
orange arrows in Figure 1b) with the primary reflection
from the first interface (the blue arrows in Figure 1b)
retrieves a ghost reflection which propagates only inside
the second layer (the cyan arrows in Figure 1b). The
retrieved ghost reflection can be intuitively interpreted
as the wavefield reflected from the second interface
as though a ghost virtual source (the red star in
Figure 1b) and a ghost virtual receiver (the white trian-
gle in Figure 1b) are positioned at the first interface. We
labelled them as a ghost virtual source or a ghost vir-
tual receiver because they cannot be physically placed
there. Note that the retrieved pseudo-physical reflec-
tion arrivals exhibit kinematics coinciding with those of
reflection events in active-source reflection data, but the
amplitudes and phases are not directly comparable. So,
they are labelled pseudo-physical reflections (Löer et al.,
2013; Boullenger & Draganov, 2016).

In relation (2), if we substitute the response xA instead
of xB on the right-hand side, the retrieved Green function
on the left-hand side is the result of AC of the arrivals at
receiver xA, which means xA acts as a co-located virtual
source and receiver:

Ĝ∗ (xA, xA,𝜔) + Ĝ (xA, xA,𝜔) ∝

N∑

n = 1

Ĝ∗ (xA, xn,𝜔) Ĝ (xA, xn,𝜔) .

(3)
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THE UTILIZATION OF GHOST REFLECTIONS 95

FIGURE 1 Schematic representation of seismic interferometry (SI). (a) The sources (the red dots) are at the source-boundary surface ∂D,
which effectively encloses the receivers at xA and xB (blue triangles) due to the Earth’s free surface. The retrieved virtual-source response
contains physical reflections (the black arrow) from the cross-correlation (CC) of a direct arrival (the blue dotted line) with its surface-related
multiple (the green dotted line). The yellow star indicates the virtual source. (b) The sources are on the surface. The retrieved virtual-source
response includes pseudo-physical and ghost reflections (e.g. the cyan arrows), in which the ghost reflection is the result of the CC of the
primary reflection from the top and the bottom of the second layer (the blue and orange dotted arrows). (c) Same as (b) but for SI by
auto-correlation (AC). The retrieved virtual-source response includes pseudo-physical and ghost reflections (e.g. the red arrows), in which the
ghost reflection is the result of the cross-correlation (CC) of the primary reflections from the bottom of the first and the bottom of the third layer
(the blue and purple dotted arrows). The red star indicates the ghost virtual source, and the white triangle indicates the ghost virtual receiver.

Similar to CC, besides the pseudo-physical reflec-
tions, ghost reflections are also retrieved. The retrieved
ghost reflection propagates inside a specific layer which
represents a reflection for a ghost virtual source to a
receiver co-located exactly at the top of that specific
layer. Besides the specific ghost reflection which prop-
agates inside one layer, it is possible to retrieve ghost
reflections from inside multiple layers, for example the
ghost reflection from inside the second and the third lay-
ers in Figure 1c (the red arrows). This retrieved ghost
reflection is the result of the correlation of the primary
reflections from the bottom of the first layer (the blue
arrows in Figure 1c) and the bottom of the third layer (the
purple arrows in Figure 1c), and it propagates vertically
as the layers are horizontal.
The retrieved ghost reflection in Figure 1c (the red

arrows) represents a zero-offset reflection arrival. If we
use multiple surface receivers at the surface as xA in
relation (3) and repeat the AC and summation process,
the result is a virtual zero-offset section which provides

an image of specific subsurface structures directly in
two-way travel time.

RESULTS

In this section, we first use numerically modelled data to
demonstrate how the ghost reflections can be used for
monitoring purposes of shallow subsurface structures.
We discuss the results of SI by AC for different conditions
of the subsurface model. Second, we show the method’s
applicability to a shallow subsurface field dataset.

Numerically modelled data

We illustrate the potential of SI on data derived from
numerical modelling using a shallow subsurface struc-
ture from around Rotterdam, the Netherlands (Ghose
& Goudswaard, 2004). Figure 2a shows the subsurface
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FIGURE 2 (a) Shear-wave velocity (CS) model for the base survey; (b) directly modelled reflection response for an active source at (70,0)
m, (c) the same as (b) but when the model has an absorbing boundary condition at the surface. The colour-coded arrows indicate the events
described in Table 1.

TABLE 1 Colour coding of events in the directly modelled reflection response and in the result from seismic interferometry (SI) in
Figures 1–4.

Colour codes in Figures 1–4 Explanation

Blue Primary reflection from the bottom of the first layer

Orange Primary reflection from the bottom of the second layer

Purple Primary reflection from the bottom of the third layer

Green Surface-related multiple from the bottom of the first layer

Yellow Combination of pseudo-physical reflections and ghost reflections

Cyan Ghost reflection from inside the second layer

Pink Ghost reflection from inside the third layer

Red Ghost reflection from inside the second and third layers

model, which consists of five horizontal layers below a
free surface.
The fixed receivers were placed from 45.25 m to

95.25 m, and the sources were placed from 30 m to
110 m at the free surface with spacing between neigh-
bouring points of 0.5 m and 1.0 m, respectively. A Ricker
wavelet with a centre frequency of 45 Hz was used
as a source signature, and a finite-difference modelling
code (Thorbecke & Draganov, 2011) in an acoustic mode
generates the seismic reflection dataset. This approach
is valid as we imitate a 2D field survey for which the
shear (SH)-wave sources and the horizontal-component
receivers are oriented in the direction perpendicular
to the line. Because of this orientation and assum-
ing no 3D scattering, the horizontally polarized SH
waves which we record are completely decoupled
from the compressional and vertically polarized SH
waves.
Figure 2b shows the modelled common-source gather

for a source located at 70 m. Next to the primary reflec-
tions, such as the reflections from the bottom of the first
(the blue arrows), second (the orange arrows) and third
(the purple arrows) layer, also free-surface multiples are
present in the shot gather, such as the free-surface mul-
tiple of the first layer (the event indicated by the green
arrow in Figure 2b). Table 1 lists the colours correspond-

ing to events in the directly modelled reflection response
and the result from SI in Figures 1–4.
We applied SI by AC (relation 3) to the simulated

reflection dataset, such as the active-source gather in
Figure 2b, to investigate the retrieval of the ghost reflec-
tions, which means that we correlated each signal with
itself. Consequently, the zero-offset sections can be
retrieved at each receiver location. The virtual zero-
offset sections (Figure 3) perfectly match the geometry
of the specific subsurface interfaces. In our numerical
modelling, the subsurface model is horizontal. There-
fore, we retrieve the horizontal events in the results of
SI by AC, and it is easier to separate different reflections
and interpret them.To enhance the clarity of the depicted
events in the virtual zero-offset sections, we also show
the trace of one receiver at 70.25 m in Figure 3.
Figure 3a shows the virtual zero-offset section when

full active-source gathers are used in SI by AC.
We retrieved several horizontal reflections, including
pseudo-physical and ghost reflections such as the
events shown by the cyan, orange, blue and purple
arrows.But identifying all ghost reflections is challenging
when the full recordings are used for SI by AC, because
different retrieved arrivals interfere with each other.
One way to make the result from SI by AC clearer

for the interpretation of the ghost reflections is to mute
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FIGURE 3 Retrieved results of the application of seismic interferometry (SI) by auto-correlation (AC) to (a) the full active-source gathers, (b)
the active-source gathers, which are muted before the reflection from the bottom of the first layer and after the reflection from the bottom of the
third layer, (c) the active-source gathers which are muted before the reflections from the bottom of the first layer and after reflection from the
bottom of the second layer, (d–f) same as (a–c) but when the model has an absorbing boundary condition at the surface. The seismic trace next
to each image represents the retrieved result for the receiver located at 70.25 m. The colour-coded arrows indicate the events described in
Table 1.

the arrivals recorded before and after the reflections that
contribute to the retrieval of specific target ghost reflec-
tions. Figure 3b shows the virtual zero-offset section
when we manually muted all events before the reflection
from the bottom of the first layer (the arrival indicated
by the blue arrow in Figure 2b) and after the reflection
from the bottom of the third layer (the arrival indicated
by the purple arrow in Figure 2b). As we can see in
Figure 3b, we retrieved better the ghost reflections inside
the third layer at approximately 0.12 s (the pink arrow)
or the ghost reflection from the combination of the sec-
ond and third layers with an arrival time at approximately
0.21 s (the red arrow).However, the ghost reflection from
inside the second layer is unclear (the cyan arrow in
Figure 3b). The two-way travel time of each of these
ghost reflections corresponds to a specific layer velocity
and thickness.For example, the ghost reflection at 0.21 s
traverses the second and the third layers, so its two-way
travel time is characterized by the effective velocity of
these two layers.
To retrieve the specific ghost reflection that propa-

gates only inside the second layer, we muted the arrivals
before the reflection from the bottom of the first layer
and after the reflection from the bottom of the second
layer in the active-source gathers (the arrivals indicated
in Figure 2b by blue and orange arrows, respectively)
before applying SI by AC. As shown in Figure 2b, muting

all unwanted events, such as all direct arrivals at far off-
sets, is difficult.However, this has very little impact on the
result of SI as the direct-wave energy is already weak,
and we perform stacking over all active-source gathers.
By muting, we expected to retrieve the ghost reflection
from the correlation of the primary reflections from the
top and bottom of the second layer, which propagates
only inside the second layer as if measured from a ghost
virtual source to ghost virtual receivers – both placed
directly at the top of the second layer.
Figure 3c shows the virtual zero-offset sections

derived from the application of SI by AC using the thus-
mutated active-source gathers. We see a clear event at
0.09 s, which is the ghost reflection from inside the sec-
ond layer (the cyan arrow). Some artefacts are observed
because it is impossible to mute all undesired reflec-
tions for some active-source gathers, especially for the
far offsets. Moreover, the primary reflections may be
contaminated with free-surface multiples.
As mentioned above, it is still challenging to dis-

criminate all ghost reflections from the pseudo-physical
reflections in the results of SI. A better way of achiev-
ing this discrimination is to remove the free-surface
multiples in the active-source gathers. This precludes
retrieval of pseudo-physical reflections and leads to
retrieval of only ghost reflections. In numerical mod-
elling, removing the free-surface multiples is easily
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FIGURE 4 (i) Shear-wave velocity (CS) subsurface models used to test the idea of monitoring in case of (a) a base subsurface model, (b) a
lateral change in the velocity of the second layer, (c) a gradient change with depth in the velocity of the second layer, (d) a thickness change in
the second layer, (e) a 10% velocity change in the second layer. (ii) Retrieved results of seismic interferometry (SI) by auto-correlation (AC)
applied to active-source gathers in which events before the reflections from the bottom of the first layer and after the reflection from the bottom of
the third layer are muted for the subsurface models in (i), respectively. (iii) Same as (ii), but SI by AC applied to active-source gathers which were
muted before the reflections from the bottom of the first layer and after the reflection from the bottom of the second layer. The seismic trace next
to each represents the retrieved result for the receiver located at 70.25 m, and the colour-coded arrows indicate the events described in Table 1.
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THE UTILIZATION OF GHOST REFLECTIONS 99

achieved by defining an absorbing boundary condition
at the surface. With this condition, we have only the
primaries in the active-source gathers. In field data, it
is possible to use surface-related multiples elimination
(SRME) (Verschuur, 1991) or estimate the primaries
through sparse inversion (van Groenestijn & Verschuur,
2009), which are the two most widely accepted tools for
free-surface-multiple elimination.
Figure 2c shows the common-source gather for an

active source located at 70 m, when the absorbing
boundary condition is used at the surface. The primary
reflections from the bottom of all layers are observable
(the blue, orange and purple arrows in Figure 2c). By
applying SI to such gathers, we retrieve only ghost reflec-
tions. Figure 3d shows the zero-offset section retrieved
from SI by AC when we define an absorbing bound-
ary condition at the surface. As shown in this figure,
we retrieve all ghost reflections from inside all the lay-
ers, or the ghost reflections from inside more than one
layer.Consequently, it is not easy to separate the specific
ghost reflections. Therefore, we used the muted active-
source gathers before correlation. Figure 3e shows the
result of SI by ACwhenwe used themuted active-source
gathers containing only the reflection from the bottom of
the first, second and third layers. We retrieved better the
ghost reflection inside the second, third and from inside
the second and the third layers together (the cyan, the
pink and the red arrows, respectively, in Figure 3e) in
comparison with Figure 3d. Moreover, by removing the
surface-related multiples in the active-source gathers,
we retrieved stronger the ghost reflections, compared to
those in Figure 3b.

Figure 3f shows the virtual zero-offset section result-
ing from SI by AC using muted active-source gathers
that contain reflections only from the top and bottom of
the second layer. The event around 0.09 s is the ghost
reflection from inside the second layer. By comparing
with Figure 3c, which results from SI by AC using the
subsurface model with a free surface at the top, we can
see that the retrieved ghost reflection is more robust.
To investigate the application of ghost reflections

for monitoring in specific subsurface structures, we
looked into retrieving the ghost reflections for different
subsurface models shown in Figure 4a–e. Our tar-
get layer for monitoring is the second layer. The five
models in Figure 4 include a base subsurface model
(Figure 4a(i)) lateral change in velocity in the second
layer (Figure 4b(i)), a gradual change of velocity with
depth in the second layer (Figure 4c(i)), a thickness
change of the second layer (Figure 4d(i)) and finally a
10% velocity increase in the second layer (Figure 4e(i)).
We applied SI by AC (relation 3) to the modelled
active-source reflection responses for these subsurface
models. Based on the results of SI by AC using the base
survey (Figure 3), we focused on the result of SI by AC
for the muted active-source gathers with an absorbing
boundary condition at the surface.

Figure 4a–e(ii) shows the result of SI by AC for the
base subsurface models and the other subsurface mod-
els with an absorbing boundary condition at the surface,
when we use active-source gathers muted to contain
reflections from the bottom of the first, second and
third layers. Figure 4a(ii) shows the result of the model
for the base survey. This figure shows that, as shown
also earlier, we could retrieve the ghost reflection inside
the second layer (the cyan arrow), the ghost reflec-
tion inside the third layer (the pink arrow) and also the
ghost reflection from the combination of these two lay-
ers (the red arrow). Similar to Figure 3, we have included
a single trace from the receiver positioned at 70.25 m
to provide a more detailed depiction of the indicated
events.
Figure 4b(ii) shows the result of SI by AC for the model

with a lateral velocity change in the second layer. The
ghost reflection of the combination of the second and the
third layers is clear at approximately 0.24 s at the hori-
zontal distance of 45 m (the red arrow). It is not possible
to distinguish the ghost reflection from inside the second
layer and the ghost reflection from inside the third layer
clearly. Moreover, for the model with a gradient change
of velocity with depth in the second layer, it is difficult to
see the ghost reflection inside the second layer. Again,
the ghost reflection inside the third layer (the pink arrow
in Figure 4c(ii)) and the combination of the second and
the third layers (the red arrow in Figure 4c(ii)) are clearer.
Figure 4d(ii) shows the result of SI by AC for a thick-

ness change in the second layer, whereas Figure 4e(ii)
shows the result of SI by AC for a 10% velocity change
inside the second layer. In both cases, we retrieved the
ghost reflection inside the second and the third layers
(the cyan and the pink arrows, respectively) and the
ghost reflection from inside these two layers (the red
arrow in Figure 4d(ii),e(ii)).

By comparing the SI result in Figure 4a–e(ii), it is
obvious that the ghost reflection from inside the sec-
ond and the third layers (the red arrow) can be used
for monitoring purposes, because the differences in time
and amplitude as a result of respective changes in the
subsurface models are clearly recognizable. However,
retrieving the ghost reflections from inside the second
layer (the cyan arrow in Figure 4a–e(ii)) is more challeng-
ing with this type of muting because of the interference
with the ghost reflection inside the third layer. Neverthe-
less, the ghost reflection from inside the second layer
is recognizable, as indicated by the cyan arrow, and
it reveals changes in comparison with the base model
(Figure 4a(ii)) for the case of the thickness change
(Figure 4d(ii)) and the velocity change (Figure 4e(ii)).

As all changes occur in the second layer of our sub-
surface models, we further focus on retrieving the ghost
reflection from inside the second layer, resulting from
the correlation of the primary reflection from the top and
the bottom of the second layer. As explained above, we
used muting before the reflection from the top of the
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100 SHIRMOHAMMADI ET AL.

second layer and after the reflection from the bottom of
the second layer and then applied SI by AC.
Figure 4a–e(iii) shows the result of SI by AC applied

to the muted active-source gathers. We retrieved only
the ghost reflection from inside the second layer (the
cyan arrow in Figure 4a–e(iii)) – we retrieved a clear and
robust arrival at 0.09 s for the base survey (Figure 4a(iii)).
For the model with a lateral change, we can see that
the retrieved ghost reflection has a weak amplitude at
a place where it is expected, that is at shorter lat-
eral distances (Figure 4b(iii)). Figure 4c(iii) shows the
ghost reflection from inside the second layer of the
model with a gradient change of velocity in depth. The
retrieved ghost reflection has a lower amplitude than in
Figure 4d(iii). Figure 4e(iii) shows the result of SI by AC
in the case of thickness change.We see the ghost reflec-
tion from inside the second layer at around 0.05 s, which
corresponds with the two-way travel time inside the sec-
ond layer. In the case of a velocity change of 10% (higher
than that in the base-survey model), the ghost reflection
from inside the second layer shows a time difference of
approximately 0.008 s (Figure 4e(iii)). For a comparison
of the retrieved ghost reflection from inside the second
layer, we conclude that the use of layer-specific ghost
reflection does allow monitoring the change in thickness
and/or velocity of or inside the second layer.

Field data

After showing the usefulness of retrieving ghost reflec-
tions from SI using the numerically modelled data for the
five subsurface models, we next test the technique on
field data.
The site where the data were recorded is located in

the western part of the Netherlands, near Rotterdam.
The total profile length was 190 m with shot and receiver
interval of 1.0 and 0.5 m, respectively. The sources
and receivers moved along a line following an end-on
acquisition geometry, which means that the receivers
are positioned on the right-hand side of each shot.
As SH-wave source, a high-frequency electrodynamic
horizontal vibrator (Brouwer et al., 1997; Ghose, 2012;
Ghose et al., 1996) oriented in the direction perpendic-
ular to the line was used. The receivers recorded the
horizontal particle velocity also in a direction perpen-
dicular to the line. Therefore, we could directly apply
to the recorded data the methodology described in the
previous subsection.
The geology of this site, known from earlier bore-

hole measurements, comprises flat alternating layers of
Holocene clay and sand (Figure 5a,b). The sand is rel-
atively homogeneous. In the topmost part (Holocene),
the appearances of sand layers at around 1–2 m, 4–5 m
and 7–12 m depths were marked in several boreholes
(Ghose & Goudswaard, 2004).
Figure 5c shows one example of the recorded

shot gathers after the application of a pre-processing

step, which also included surface-wave suppression
via SRME (Verschuur, 1991). Ghose and Goudswaard
(2004) illustrated the successful application of SRME
on this shallow SH-wave field dataset. Several strong
reflection events are visible in the gather corresponding
to various sand-clay interfaces. Some examples of raw
and pre-processed shot gathers can be found in Figure 5
of Ghose and Goudswaard (2004).
We illustrated in the previous section that, to retrieve

better the ghost reflections from inside a specific layer, it
is better to use the dataset without surface-related mul-
tiples. Therefore, we used the recorded data after the
application of the free-surface-related multiple elimina-
tion. Moreover, to retrieve a specific ghost reflection, we
used tapered muting to extract only the two of the earli-
est reflections from the active-source gathers (indicated
by the transparent blue area in Figure 5c).
We applied SI by AC to all available active-source

gathers from these data. We used SI not only to turn
sources into virtual receivers (Figure 6a) but also to turn
the receivers into virtual sources (Figure 6b). When we
turn the sources into virtual receivers, we sum the AC
results over the receivers whose spacing is 0.5 m. The
so-retrieved zero-offset section ismore reliable, because
the spacing of the stacked traces is shorter than the
dominant wavelength. When we turn the receivers into
virtual sources, we sum over the available sources
whose spacing is 1.0 m. In this case, the spacing is
similar to the dominant wavelength, but there are more
traces in the ghost zero-offset section, because there
are more receiver points than source points. Comparing
the result in Figure 6a to that in Figure 6b, we ascertain
the validity of the latter. Thus, for interpretation, we use
both results. Note that the retrieval of ghost reflections
eliminates any surface statics. Therefore, we have simi-
lar ghost reflections in Figure 6a,b, despite the fact that
we use common-source and common-receiver gathers,
respectively.
The ghost zero-offset sections in Figure 6 exhibit a

ghost reflection at approximately 20 ms (as indicated by
the cyan arrows). This ghost reflection is related to the
subsurface layer located at 4–6 m depth. It shows a gen-
erally horizontal layer with constant thickness except at
horizontal distances 1560–1660 m, where the retrieved
ghost reflection indicates local thinning.Based on known
geology, we interpret this change in the thickness of this
specific layer as possibly indicating the appearance of
the sand layer at this depth. It is, therefore, possible
to use such retrieved ghost reflection for imaging and
monitoring of the shallow subsurface.

DISCUSSION

Applying SI using surface reflection data results in the
appearance of ghost reflections in the retrieved virtual-
source or virtual-receiver gathers. The ghost reflections
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THE UTILIZATION OF GHOST REFLECTIONS 101

FIGURE 5 (a) Interval velocity obtained from the root-mean-square velocity, and (b) the CPT cone-tip resistance at the same site (Ghose
and Goudswaard, 2004). (c) Example of an active-source shot gather, where the source is located at 1635 m (the blue highlighted region shows
the extracted reflection arrivals used for SI by AC).

FIGURE 6 Result of seismic interferometry (SI) by auto-correlation (AC) applied to field data: (a) to turn active sources into virtual receivers
and (b) to turn the receivers into virtual sources. The cyan arrows indicate the retrieved ghost reflection.

result from the correlation of the primary reflections
from different depth levels. These ghost reflections are
comparable to the spurious multiples as described by
Snieder et al. (2006) for one-sided illumination, to vir-
tual refractions (Nichols et al., 2010) and also to ghost
reflections due to intrinsic losses (Draganov et al., 2013).
Our study was designed to determine the application

of ghost reflections for monitoring and imaging purposes
for shallow subsurface applications. In the previous sec-
tion, we showed that we could successfully retrieve a
ghost reflection from the field dataset. The ghost reflec-
tion indicated a horizontal layer with constant thickness
except at greater horizontal distances, where it indi-

cated local thinning. Using a ghost zero-offset section
directly allows us to make such an interpretation, as the
retrieved ghost reflections depend kinematically only on
the properties of the layer (or layers) that caused them to
be retrieved. Draganov et al. (2013) showed that apply-
ing SI for the retrieval of ghost reflections eliminates
the kinematic influence of the layers above the target
one. This means that any possible kinematic influence
of the layers above the target layer in the field data is
eliminated.
Ghose and Goudswaard (2004) showed a stacked

time section of the subsurface structures for the same
field data in Figure 6. They obtained the stacked section
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102 SHIRMOHAMMADI ET AL.

through careful data processing, including surface-
related multiple elimination as mentioned above, but
also careful velocity analysis for normal-moveout cor-
rection and stacking. In Figure 6, one can also observe
that the layer between 60 ms and 100 ms exhibits local
thinning between common-midpoint numbers 670 and
700. This is also the target layer for which we retrieved
the ghost zero-offset section in Figure 6. Our results
actually confirm that the local thinning is indeed real
and not caused by less accurate velocity picking for
layers above the target one. This comparison shows
that the stacked time section or depth section can be
utilized for interpreting the changes in ghost reflections
by observing the specific primary reflections used for
retrieving ghost reflections. However, they cannot be
directly employed for a straightforward comparison
with the retrieved ghost reflections because the ghost
reflections can only be observed in the virtual zero-
offset section retrieved from SI (by AC). We show the
comparison of the zero-offset section obtained directly
from full active-source data for the subsurface model
shown in Figure 2a, and the virtual zero-offset section
retrieved from SI by AC in Appendix A.
We showed the first application of ghost reflections

in shallow subsurface studies. We applied SI to turn
receivers into virtual sources and to turn shots into virtual
receivers. Choosing one and/or the other would depend
on the used acquisition geometry of a dataset that is
available, for example on shot and receiver spacings
and on the number of traces in common-receiver and
common-source gathers.
As mentioned earlier, the result of SI by AC is a

zero-offset section which is retrieved without any other
processing. The results we showed are obtained for a
horizontally layeredmedium. It is also possible to retrieve
ghost reflections in complex structures, such as faults,
dipping layers and pinch-outs (Shirmohammadi et al.,
2022; Draganov et al., 2012). Moreover, the significant
advantage of ghost reflections being only sensitive to
the changes inside the layer that caused them to appear
in the SI results makes the developed methodology for
the retrieval of ghost reflections very interesting not only
for monitoring shallow subsurface structures, but also for
the deep structure such as fluid reservoirs or temporal
and cyclic storage of H2 and CO2.
We showed that eliminating the surface-related multi-

ples and muting all other events, specifically the primary
reflections from the top and bottom of the target layer(s),
results in retrieved ghost reflections that are clearer
and more robust (see Figure 3e,f in comparison with
Figure 3d and b,c). However, extracting reflection sig-
nals from both the top and bottom of the target layer from
a field dataset requires those events to be clearly inter-
pretable in the field dataset. This might pose a challenge
due to interference with surface waves, surface-related
multiples, and other undesired events, highlighting a
constraint in our suggested approach. Therefore, it is

advisable to implement careful data processing prior to
SI, as demonstrated in our field dataset example. Never-
theless, for specific subsurface situations, the retrieved
ghost reflections could still be contaminated by arte-
facts in some receiver locations because of the effect
of other undesired reflections in the active-source gath-
ers (Figure 4b,c(ii)). Therefore, it is worth mentioning
that for some conditions where retrieving a strong ghost
reflection of a specific layer is problematic, it is also pos-
sible to look at the ghost reflections which propagate
inside more than one layer, such as the one shown in
Figure 4a–e(ii).

We also applied SI by CC, which resulted in retrieved
multi-offset gathers (see Appendix B). The results of
SI by CC are particularly important for further use of
ghost reflections in velocity analysis for estimating the
velocity inside specific layers. We attempted to apply
velocity analysis to the SI results on the field dataset,
but the result was not very stable. The reason for this
might be the low, and thus insufficient, number of traces
in the retrieved common-midpoint gathers. Therefore,
using a fixed receiver geometry in field acquisitions for
the application of SI for the retrieval of ghost reflections
is recommended.

CONCLUSION

We investigated the application of ghost reflections for
shallow subsurface imaging and monitoring purposes.
We retrieved ghost reflections using SI by AC applied to
seismic reflection data recorded with active sources and
receivers at the surface.
Using a numerically modelled dataset for a horizon-

tally layered subsurface, we illustrated that the retrieved
ghost reflections can be used to monitor changes in a
specific layer that causes the ghost reflections to appear
in the SI results. Additionally, we proposed to eliminate
the surface-related multiples in the active-source gath-
ers and mute undesired events before applying SI to
improve the retrieval of the ghost reflections.
We applied the methodology for retrieval of ghost

reflections using SI by AC to shallow subsurface SH-
wave data acquired at a site located close to Rotter-
dam, the Netherlands. The retrieved zero-offset section
directly showed the geometry of a layer at a depth of
4–6 m. The retrieved virtual zero-offset section allowed
the interpreting of the local thinning of this specific layer.
Our study can be helpful in other ghost-reflection appli-
cations in monitoring and/or imaging shallow or deeper
subsurface structures.
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FIGURE A1 (a) The zero-offset section obtained using the full active-source data for the subsurface model shown in Figure 2a, (b) the
virtual zero-offset section retrieved from seismic interferometry (SI) by auto-correlation (AC) using the full active-source gathers.

APPENDIX A
The comparison of the virtual zero-offset sec-
tion retrieved from seismic interferometry by auto-
correlation (SI by AC) with the zero-offset section
obtained using active-source data
Figure A1a shows the zero-offset gathers obtained
directly from full active-source data for the subsurface
model shown in Figure 2a without any processing. We
can see various primary reflections, such as those
from the bottom of the first, second and third layers
(marked by the blue, orange and purple arrows, respec-
tively), as well as free-surface multiples (for illustration,
one marked by the green arrow). Figure A1a can be
directly compared with Figure A1b, which is the virtual
zero-offset section obtained from seismic interferome-
try (SI) by AC using full active-source data. Comparing
these two sections, we can see that several horizontal
reflections are retrieved in the virtual zero-offset sec-
tion, both pseudo-physical and ghost reflections. The
pseudo-physical reflections exhibit kinematics similar to
those of reflection events in the active-source reflection
data (marked by the blue, orange and purple arrows).
But we can only observe ghost reflections in the virtual
zero-offset gathers, such as the ghost reflection from
inside the second layer (marked by the cyan arrow in
Figure A1b) and the ghost reflection from the combina-
tion of the second and third layers (marked by the red
arrow in Figure A1b).

APPENDIX B
Ghost reflections retrieved from seismic interferom-
etry by cross-correlation (SI by CC)
Besides SI by auto-correlation (AC), we applied SI by
CC. We used the synthetic dataset, like the active-
source gather in Figure 2b, to retrieve a virtual-source
gather for a virtual source at 70 m. We applied the
CC and summation process from relation (2) to all the
modelled active-source gathers.Here, we show the sum-
mation of the casual and acausal parts of the retrieved
responses.We can do that as we expect the causal and

acausal times to be symmetric around t = 0 s because
there are active sources and receivers on both sides of
the virtual source. If, for example, the virtual source is
chosen at the position of one of the left-most receivers,
most of the useful retrieved arrivals (pseudo-physical
and ghost reflections) will be retrieved at acausal times
(Ruigrok et al., 2010), and thus, only the acausal part
can be used.
Figure B1a shows the retrieved virtual-source gather

for a virtual source at 70 m using SI by CC. It shows
that we retrieve different arrivals from the subsurface
layers, including pseudo-physical and ghost reflections;
the yellow arrows at 0.12 and 0.21 s for a horizontal
distance of 70 m in Figure B1a indicate interference of
such reflections. In general, the pseudo-physical reflec-
tions result from the correlation of primaries with their
surface-related multiples, whereas the ghost reflections
are the result of the correlation of primaries, internal mul-
tiple or their combination. For example, the correlation
of the primary reflection from the bottom of the first layer
(the blue arrow in Figure 2b) with its free-surface multi-
ple (the green arrow in Figure 2b) results in the retrieval
of the pseudo-physical reflection from the bottom of the
first layer. On the other hand, the correlation of the pri-
mary reflection from the bottom of the first layer (the blue
arrow in Figure 2b) with the primary reflection from the
bottom of the third layer (the purple arrow in Figure 2b)
results in the retrieval of a ghost reflection that appears
to have propagated only inside the second and third lay-
ers. However, identifying the ghost reflections might be
challenging when the full recordings are used for SI by
CC, as can be seen in Figure B1a, because different
retrieved arrivals interfere with each other.
As mentioned in the RESULTS section, one way to

make the result of SI clearer for interpretation of the
ghost reflections is to mute the arrivals recorded before
and after the reflections that contribute to the retrieval
of specific target ghost reflections. Figure B1b shows
the result retrieved from SI by CC for a virtual source at
70 mwhen we used reflection panels with muted arrivals
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FIGURE B1 (a) Retrieved results of seismic interferometry (SI) by cross-correlation (CC) for a virtual source at (70, 0) m (b) as in (a), but for
active-source gathers which are muted before the reflection from the bottom of the first layer and after the reflection from the bottom of the third
layer, (c and d) same as (a and b) but when the model has an absorbing boundary condition at the surface. The colour-coded arrows indicate
the events described in Table 1.

before the reflection from the bottom of the first layer (the
arrival indicated by the blue arrow in Figure 2b) and after
reflection from the bottom of the third layer (the arrival
indicated by the purple arrow in Figure 2b).
Comparing the result in Figure B1b with the result in

Figure B1a, we can see that the retrieved ghost reflec-
tion in Figure B1b (the red arrow) is clearer and more
robust, which is a result of selecting and correlating
specific arrivals in the recorded reflection panels. This
ghost reflection results from the correlation of the pri-
mary reflections from the bottom of the first and the
third layers (the blue and the purple arrows in Figure 2b,
respectively).
As in the RESULTS section, we applied SI by CC to

the modelled common-source gathers where an absorb-
ing boundary condition is defined at the surface, like the
one in the example of active-source gather in Figure 2c.
Figure B1c exhibits the resulting virtual common-source
gather for a virtual source at 70 m. The observed events
are all ghost reflections, but some of them interfere with
each other (the yellow arrows). Nevertheless, the ghost
reflection from inside the third layer (the pink arrow in
Figure B1c) and the ghost reflection from inside the

second and the third layers are retrieved clearer than
in Figure B1a (the red arrow in Figure B1c). Thus, to
retrieve even clearer ghost reflections that propagate
inside specific target layers, it is better to mute the events
other than the primary reflections in the active-source
gathers, as we did before.
Figure B1d shows the result retrieved from SI by CC

for a virtual source at 70 m for muted arrivals before the
reflection from the bottom of the first layer (the blue arrow
in Figure 2c) and after the reflection from the bottom of
the third layer (the purple arrow in Figure 2c). Compar-
ing Figure B1d with Figure B1c, we can see we retrieve
clearer, that is better ghost reflections. Such is the ghost
reflection from the second layer at 0.09 s for the receiver
at 70 m (the cyan arrow in Figure B1d, which is a result
of the correlation of the primary reflections from the top
and the bottom of the second layer (the blue and the
orange arrows in Figure 2c).We can also distinguish the
ghost reflection from inside the third layer at 0.12 s for
the receiver at 70 m (the pink arrow in Figure B1d) and
the ghost reflection from inside the second and the third
layers at 0.21 s for the receiver at 70 m (the red arrow in
Figure B1d).
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