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S U M M A R Y 

Seismic interferometry (SI) retrieves new seismic responses, for example reflections, between 

either receivers or sources. When SI is applied to a reflection survey with active sources 
and receivers at the surface, non-physical (ghost) reflections are retrieved as well. Ghost 
reflections, retrieved from the correlation of two primary reflections or multiples from two 

dif ferent depth le vels, are onl y sensiti ve to the properties in the layer that cause them to 

appear in the result of SI, such as velocity, density and thickness. We aim to use these ghost 
reflections for monitoring subsurface changes, to address challenges associated with detecting 

and isolating changes within the target layer in monitoring. We focus on the feasibility of 
monitoring pore-pressure changes in the Groningen gas field in the Netherlands using ghost 
reflections. To achieve this, we utilize numerical modelling to simulate scalar reflection data, 
deploying sources and receivers at the surface. To build up subsurface models for monitoring 

purposes, we perform an ultrasonic transmission laboratory experiment to measure S -wave 
velocities at different pore pressures. Applying SI by autocorrelation to the modelled data 
sets, we retrieve zero-offset ghost reflections. Using a correlation operator, we determine time 
differences between a baseline surv e y and monitoring surv e ys. To enhance the ability to detect 
small changes, we propose subsampling the ghost reflections before the correlation operator 
and using only virtual sources with a complete illumination of receivers. We demonstrate that 
the retrieved time differences between the ghost reflections exhibit variations corresponding 

to velocity changes inside the reservoir. This highlights the potential of ghost reflections as 
valuable indicators for monitoring even small changes. We also investigate the effect of the 
sources and receivers’ geometry and spacing and the number of virtual sources and receivers 
in retrieving ghost reflections with high interpretability resolution. 

Key words: Numerical modelling; Induced seismicity; Seismic interferometry. 
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1  I N T RO D U C T I O N  

Subsurface activities, such as CO 2 storage, oil and gas produc- 
tion and geothermal energy production, involve substantial trans- 
portation of fluids, either into or out of geological formations. The 
changed pore-fluid pressure can result in potential risks such as in- 
duced seismicity (Bourne et al. 2014 ) or surface subsidence. There- 
fore, detecting temporal variations in subsurface characteristics is 
crucial for risk mitigation. Numerous time-lapse seismic studies 
have demonstrated the feasibility of detecting temporal variations 
in subsurface characteristics. 

Time-lapse seismic studies compare an initial baseline study with 
subsequent monitoring studies (Lumley 2001 ; Macbeth et al. 2020 ). 
For instance, Landrø ( 2001 ) explored the use of seismic amplitude 
analysis to assess changes in pressure and fluid saturation. Roach 
1018 

C © The Author(s) 2024. Published by Oxford University P
article distributed under the terms of the Creative Common
permits unrestricted reuse, distribution, and reproduction in
et al. ( 2015 ) used two 3-D time-lapse surv e ys at a CO 2 storage site to
monitor CO 2 injection processes. Additionally, Hatchell & Bourne 
( 2005 ) investigated the observation of compaction in reservoirs 
through seismic-attributes analysis. 

Amplitude, traveltime and their combination can be used as seis- 
mic attributes for the purpose of time-lapse studies (Trani et al. 
2011 ; MacBeth et al. 2020 ; Van Ijsseldijk et al. 2023 ). Ho wever , 
comple x ov erburden structures can complicate the seismic response 
and obscure the desired temporal variations. The presence of ge- 
ological features such as faults or heterogeneities in the overlying 
layers can distort the seismic signals and make isolating the changes 
of the target layer challenging. Moreover, detecting small reservoir 
changes presents a significant challenge due to noise interference 
and limited sensitivity. These factors can make detecting changes in 
the subsurface more difficult. In order to address those challenges, 
ress on behalf of The Royal Astronomical Society. This is an Open Access 
s Attribution License ( https://creati vecommons.org/licenses/b y/4.0/ ), which 
 any medium, provided the original work is properly cited. 
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e aim to show the feasibility of using ghost reflections retrieved
rom seismic interferometry (SI) to monitor small temporal varia-
ions in subsurface characteristics. 

SI refers to retrieving seismic responses through, for example
ross-cor relation, autocor relation (AC) or deconvolution of seismic
bservations at locations of seismic receivers or sources (Wapenaar
 Fokkema 2006 ; Wapenaar et al. 2010 ). When using a data set from

ctive sources and receivers at the surface, ghost (non-physical) re-
ections are retrieved from SI because of insufficient destructive

nterferences (Snieder et al. 2006 ; Draganov et al. 2010 ; King &
urtis 2012 ). Such ghost reflections propagate inside a specific layer
r group of layers. This can be used adv antageousl y for monitoring
hanges inside those specific layers, for example a gas reservoir
r CO 2 reservoir. Draganov et al. ( 2012 ) verified this concept by
onducting numerical modelling and scaled laboratory experiments
o monitor CO 2 storage. Fur ther more, Ma et al. ( 2022 ) showed that
host reflections can be used to monitor the geotechnical behaviour
f fluid mud using ultrasonic reflection measurements in a labora-
ory. In another study, Shirmohammadi et al. ( 2024 ) investigated the
otential application of ghost reflections for characterizing specific
ayers in the shallow subsurface. They demonstrated the technique’s
f fecti veness using synthetic data for a subsurface model with a lat-
ral change in velocity, a velocity gradient in depth, a thickness
hange, a velocity change of the target layer and also a shallow field
ata set. 

To demonstrate the feasibility of using ghost reflections for mon-
toring reservoir pressure changes, we use the Groningen gas field
s a well-known example of an onshore gas field in Europe, lo-
ated in the Netherlands. The extraction of natural gas from this
eld since 1963 has led to a series of seismic events (Van Eijs
t al. 2006 ; Muntendam-Bos et al . 2022 ). The occurrence of such
eismic activity has raised concerns regarding the need for effec-
ive monitoring methods. A number of studies suggest using SI for

onitoring the Groningen subsurface. Brenguier et al. ( 2020 ) used
 passive-seismic monitoring approach to detect velocity changes in
he Groningen reservoir in ballistic wav es recov ered from seismic
oise correlations. Their methodology requires dense arrays of seis-
ic sensors. For the same gas reservoir, Zhou & Paulssen ( 2020 )

nvestigated the potential of passi vel y recorded deep borehole noise
ata to detect temporal variations using SI by deconvolution. They
howed the possibility of monitoring small temporal changes in
he Groningen gas field if repeating noise sources are available.
sing the same approach, Zhou & Paulssen ( 2022 ) showed that

he observed traveltime changes in P wave and P -to- S converted
aves could be related to fluctuations of the gas–water contact in

he observation well. 
We use a synthetic reflection data set from the Groningen sub-

urface model to illustrate our approach of using ghost reflections
or monitoring. To build up the subsurface model for the base-
ine surv e y and the monitoring surv e ys, we perform an ultrasonic
aboratory experiment to measure the direct S -wave velocities for
ariations in the reserv oir -rock pore pressures using in situ condi-
ions of pore pressure, stress, and confining pressure. We use the
elocities measured in the laboratory experiment at different pore
ressures to determine the effect of pressure depletion on the time-
apse changes of seismic velocity of the Groningen reservoir to see
hether we could pick up those velocity changes using ghost re-
ections. Thus, after building up subsurface models, we apply SI by
C to the synthetic reflection data to retrieve ghost reflections from

nside the Groningen reservoir for the baseline surv e y and moni-
oring surv e ys. To deter mine the time difference in the reser voir,
e use a correlation operator between the ghost reflection retrieved
rom the baseline surv e y and the monitoring surv e ys. To validate
ur approach, we also calculate the (relative) time difference of the
host reflections from monitoring surv e ys with the baseline sur-
 e y using the expected time difference. Moreover, we discuss the
ource and receiver configuration for future practical applications
f ghost-reflection retrie v al using the field data set. 

Below, we first present in Section 2 the methodology of retriev-
ng ghost reflections with SI and calculating the time differences
etween the baseline surv e y and the monitoring surv e ys, as well as
he validation process. Then, in Section 3.1 , we show the results
f SI by AC when applied to data from numerical modelling for
he baseline surv e y . Subsequently , in Section 3.2 , we discuss time-
apse investigation using ghost reflections. In Section 3.3 , we also
nvestigate the influence of the source and receiver configuration in
etrieving high-resolution ghost reflections. This is followed by a
iscussion to address challenges, provide recommendations for the
ractical application of our approach and draw conclusions. 

 M E T H O D  

or an active-source reflection seismic surv e y, where the sources
the red stars in Fig. 1 ) and receivers (the blue triangles in
ig. 1 ) are restricted to the surface, the frequency-domain response

ˆ G ( x B , x A , ω ) and its complex conjugate at x B from a virtual source
t x A can be obtained from the equation (Halliday et al. 2007 ) 

ˆ G 

∗ ( x B , x A , ω 

) + 

ˆ G 

( x B , x A , ω 

) ∝ 

N ∑ 

n = 1 
ˆ G 

∗ ( x A , x n , ω 

) ˆ G 

( x B , x n , ω 

) . (1) 

The right-hand side of this equation corresponds in the time do-
ain to a cross-correlation between two observations at positions

x A and x B , both originating from active sources located at x n at
he surface. The symbol ( ∗) shows the complex conjugate in the
requency domain, while N representing the total number of ac-
ive sources at the surface. Given the source–receiver reciprocity
heorem, x A and x B can also represent the positions of the active
ources, and the obtained response on the left-hand side of eq. ( 1 )
orresponds to the frequency domain response at virtual receivers.
n this case, we turn the active sources into virtual receivers, while

N represents the number of receivers at the surface. 
The theory behind SI requires having sources which ef fecti vel y

urround the receivers completely. When the positions x n are at the
urface, like for eq. 1 (the red stars in Fig. 1 ) as in a typical active-
ource e xploration surv e y, one-sided illumination of the receiv ers
ccurs (Wapenaar 2006 ). A consequence of the one-sided illumina-
ion is that the application of eq. ( 1 ) will retrieve not only the desired
pseudo-)physical reflections but also ghost reflections. [Note that
e labelled the retrieved reflection arri v als as pseudo-physical re-
ections because they exhibit kinematics coinciding with those of
eflections in active-source reflection data, but the amplitudes and
hases are not directly comparable (Loer et al. 2013 ).] 

Ghost reflections are retrieved primarily from the correlation of
wo primary reflections from two different depth levels. For exam-
le, the ghost reflection inside the reservoir (red lines in Fig. 1 ) can
e retrieved by correlation of the primary reflection from the top
nd bottom of the reservoir (the blue and the purple dotted lines, re-
pecti vel y, in Fig. 1 ). These ghost reflections propagate only inside
he reservoir without any kinematic effect of the overburden and
nderburden; they are equi v alent to reflections by a virtual ghost
eceiver (the green triangle in Fig. 1 ) due to a virtual ghost source
the black star in Fig. 1 ). 

If we substitute the response at x A instead of the response at
x B in the right-hand side of eq. ( 1 ), x A acts as a collocated virtual
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Figure 1. Schematic representation of seismic interferometry by (a) cross-correlation (CC) and (b) autocorrection (AC). The ghost reflections (red lines) are 
retrieved from the correlation of the primary reflections from the top and the bottom of the reservoir (the blue and the purple dotted lines, respecti vel y) from 

the active sources (the red stars) and recorded at the receivers (the blue triangles) at the surface. The black stars and the green triangles indicate virtual ghost 
sources and receivers, respectively. 
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source and receiver, which means we perform SI by AC and the 
result represents a zero-offset reflection trace at x A . 

ˆ G 

∗ ( x A , x A , ω 

) + 

ˆ G 

( x A , x A , ω 

) ∝ 

N ∑ 

n = 1 
ˆ G 

∗
b/m 

( x A , x n , ω 

) ˆ G b/m 

( x A , x n , ω 

) . (2) 

In order to improve the accuracy of retrieving a specific ghost 
reflection, for example the ghost reflection inside the reservoir, we 
implement a process of muting observations before the reflection 
from the top of the reservoir and after the reflection from the bottom 

of the reserv oir, w hich are used in the right-hand-side of eq. ( 2 ) 
( ̂  G b/m 

( x A, x n, ω )) . As a result, the Green`s functions on the left- 
hand of eq. ( 2 ) contains only the ghost reflection from inside the 
reserv oir, w hich we refer to as C 

A 
b/m 

( x A , ω ) for simplification in 
further equations. We apply eq. ( 2 ) for a baseline surv e y and a 
monitoring surv e y. So, a subscript ‘b’ would denote the baseline 
surv e y, while a subscript ‘m’ would denote the monitoring surv e y. 
If we apply eq. ( 2 ) to all the active sources, a ghost zero-offset section 
is retrie ved directl y (the red lines of Fig. 1 b) corresponding to both 
the baseline surv e y and the monitoring surv e y . Subsequently , by 
obtaining these zero-offset sections for both surv e ys, we determine 
the time difference ( C C 

A 
m 

) using a correlation operator between the 
ghost reflection of the baseline surv e y and monitoring surv e y: 

C C 

A 
m 

= 

∣∣argmax 
(
F T −1 

(
C 

A ∗
b ( x A , ω 

) C 

A 
m 

( x A , ω 

) 
))∣∣ . (3) 

The right-hand side of eq. ( 3 ) represents multiplication between 
two terms in the frequency domain: C 

A ∗
b ( x A , ω ) , which presents the 

ghost reflection retrieved from the baseline survey at the source (or 
receiver) location x A , and C 

A 
m 

( x A , ω ) , which represents the ghost 
reflection retrieved from the monitoring surv e y at the source (or 
receiver) location x A . The symbol ( ∗) denotes the complex conju- 
gate. Thus, we use an inverse Fourier transform of this correlation as 
described by ( F T −1 ), then determine the time difference by iden- 
tifying the argument of the absolute maximum value within this 
correlation. 

Since our technique is being applied to a numerically modelled 
data set, we can e v aluate the retrie ved time dif ferences. First, we 
determine the expected time difference for a monitoring surv e y: 

�T m 

= 

∣∣t cal 
b − t cal 

m 

∣∣ . (4) 

Here, t cal 
b is the calculated arri v al time of the ghost reflection 

for the baseline surv e y and t cal 
m 

is the calculated time of the ghost 
reflections for the monitoring surv e y. Assuming a constant thickness 
for the reservoir and homogeneous lateral velocity changes within 
the reservoir in our subsurface model for numerical modelling, the 
ghost reflections exhibit the same arri v al time at all virtual receiver 
positions. Consequentl y, we can appl y averaging of the retrie ved 
time differences over the positions to simplify the validation process. 
To accomplish this, we compare the retrieved time difference from 

the ghost reflection ( C C 

A 
m 

in eq. 3 ) with the expected time difference 
( �T m 

in eq. 4 ). Given that the time difference inside the reservoir 
may exhibit varying scales across different monitoring surv e y, we 
compute the average relative time difference ( RT m 

) between the 
retrieved time differences and expected time difference: 

RT m 

= 

V r ∑ 

A = 1 

∣∣C C 

A 
m 

− � T m 

∣∣
�T m 

/ V r, (5) 

where V r is the number of the virtual receivers. 
Up to this point, w e ha ve been considering the virtual receivers 

indi viduall y. Gi ven our assumption about the subsurface model, 
we can also calculate the time difference for the stacked ghost 
reflection. This involves stacking all the ghost reflections retrieved 
from all virtual receivers using eq. ( 2 ): 

C 

T 
b/m = 

V r ∑ 

A = 1 
C 

A 
b/m 

. (6) 

Here, C 

A 
b/m 

represents the ghost reflection for each virtual re- 
ceiver, and V r represents the total number of virtual receivers. This 
calculation results in a single trace representing the ghost reflection 
inside the reservoir for both the baseline surv e y and the monitoring 
surv e y ( C 

T 
b/m 

). 
We apply the same procedure to calculate the time difference 

( C C 

T 
m 

) and the relative time difference ( RT T m 

) using the stacked 
ghost reflection: 

C C 

T 
m 

= 

∣∣argmax 
(
F T −1 ( C 

T ∗
b ( x A , ω 

) C 

T 
m 

( x A , ω 

) ) 
)∣∣ , (7) 
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Figure 2. Measured velocity in the laboratory experiment as a function of 
changes in pore pressure. The blue circles indicate the chosen pore pressures 
for the baseline and monitoring surv e ys. 
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RT T m 

= 

∣∣C C 

T 
m 

− � T m 

∣∣
�T m 

. (8) 

 R E S U LT S  

n this section, we first show the retrie v al of ghost reflections from SI
or the baseline surv e y, utilizing the Groningen subsurface model.

e then proceed to demonstrate the retrieved ghost reflections for
he monitoring surv e ys, with a specific emphasis on analysing the
ime differences between the baseline surv e y and the monitoring
urv e ys. Furthermore, we delv e deeper into understanding the influ-
nce of source and receiver configurations on successfully retrieving
igh-resolution ghost reflections. 

.1. Numerically modelled data using the Groningen 

ubsurface model 

ur objective is to retrieve and analyse ghost reflections from in-
ide the Groningen reservoir to monitor changes occurring within
t. One of the key factors contributing to these changes is the pres-
ure depletion resulting from gas extraction. To investigate this
henomenon, we conducted a laboratory experiment to measure
elocity variations caused by pressure depletion. 

To simulate the conditions of the Groningen gas reservoir, we
tilize a Red Felser sandstone cylindrical sample, known as an
nalogue to the Rotliegend sandstones found in the reservoir. The
ample has a porosity of 19 per cent and dimensions of 30 mm
n diameter and 60 mm in height. Our experimental setup involves
ctive-source ultrasonic transmission measurements, using two S -
ave transducers integrated into the pistons of the loading system.
he transducers are positioned such that one serves as the source
t the top while the other acts as the receiver at the bottom. By
tilizing a centre frequency of 1 MHz, we determine the S -wave
elocities (a schematic illustration of the experimental setup can be
ound in Veltmeijer et al. 2022 and Naderloo et al. 2023 ). During
he experiment, we systematically reduced the pore pressure from
01 MPa, using decrement steps of 5–10 bar. Throughout this pro-
ess, the axial stress (65 MPa) and confining pressure (33 MPa)
re kept constant to investigate the specific impact of pore-pressure
epletion. These specific values were adopted from Spiers et al.
 2017 ) and represent the stress regime of the Groningen reservoir.
ig. 2 shows the measured velocity changes due to the pore pressure
hanges. 

We use the measured S -wave velocities for the pore pressures
f 30, 20, 10, 8 and 5 MPa (the blue circles in Fig. 2 ) for the
otliegend reservoir in the Groningen subsurface model (derived

rom the Groningen Velocity Model 2017 by Nederlandse Aardolie
aatschappij (NAM 2017 ), which is one of the best-known real-

stic velocity models for the Groningen subsurface). We consider
 subsurface model with a pore pressure of 8 MPa as the baseline
urv e y and the others as monitoring surv e ys. Our choice of 8 MPa
or the baseline surv e y is dictated by the current pore pressure in
he reservoir (NAM 2021 ). 

Using the subsurface model, we generate a seismic reflection
ata set using a finite-difference modelling code (Thorbecke &
raganov 2011 ) in a scalar mode. We use S -wave velocities in our
umerical modelling because, in a 2-D field surv e y, it is possible
o use S -wave sources and horizontal-component receivers oriented
n the direction perpendicular to the line. As a result, the recorded
orizontal S waves are completely decoupled from the P wave and
ertical S waves. 

Fig. 3 shows the location of the Groningen region and the S -wave
elocity model for the baseline surv e y. The Groningen reservoir is
ocated at a depth of around 3000 m, and we consider a constant
hickness of 267 m in our modelling to be able to interpret the result
s monitor velocity changes inside the reservoir and to avoid the
elocity/thickness ambiguity . Additionally , in order to avoid using
n e xcessiv ely small grid size in our finite-difference modelling,
 e ha ve taken into account a higher velocity for the North Sea

ormation (the top layer in the velocity model). This adjustment
ims to reduce computational costs associated with the modelling
rocess without having any conceptual influence on the results. The
xed receiver positions for our numerical modelling range from
000 to 7000 m (the blue triangles in Fig. 3 b); the sources are
laced from 2001.25 to 8001.25 m at the surface (the red stars
n Fig. 3 b). The receivers and sources are regularly sampled with
.25 m (the grid length) and 40 m spacing, respecti vel y. We use a
icker wavelet with a peak frequency of 20 Hz as a source wavelet.
e also use an absorbing boundary at the surface to remove free-

urface multiples in the numerically modelled data to better retrieve
host reflections (Shirmohammadi et al. 2024 ). 

Fig. 4 (a) shows the modelled common-source gather for a source
t 5001.25 m for the subsurface model for 8 MPa pore pressure as a
aseline surv e y. In this shot gather, we can see primary reflections
rom subsurface layers, including the reflections from the top and
ottom of the reservoir (the blue and the purple arrows, respec-
i vel y). We appl y SI b y AC b y turning acti ve sources into virtual
eceivers, which means we correlate each trace with itself for each
ommon-receiver gather, and then we stack all correlated gathers
long the receivers to retrieve a zero-offset section. Fig. 4 (b) shows
he results of SI by AC while all events in the common-receiver
athers are used. The result contains several retrieved ghost reflec-
ions from inside different layers of the subsurface model. They
esult from the correlation of all primaries and internal multiples in
he source gathers. Note that all the events in the result of SI in our
umerical modelling are ghost events because we used an absorbing

art/ggae099_f2.eps
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Figure 3. (a) The location of the velocity model and (b) the Groningen velocity model and the geometry of the active sources (red stars) and the receivers 
(blue triangles) at the surface used in our numerical modelling. 

Figure 4. (a) Common-source gather for an active shot at 5001.25 m. (b) The result of SI by AC when all events are used. (c) Same as (b) but for muted 
shot gathers. The blue and purple arrows indicate the reflections from the top and the bottom of the reservoir, the magenta arrows indicate the possible ghost 
reflections from inside the Rotliegend reservoir or other ghost reflections, and the red arrow shows the specific ghost reflection from inside the Rotliegend 
reservoir. 

receiver at 5001.25 m from the retrieved zero-offset sections for all 
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boundary at the surface, and there are no surface-related multiples 
in the source gathers to create pseudo-physical reflections. 

As indicated in Fig. 4 (b) by the magenta arrows, it becomes chal- 
lenging to distinguish specific ghost reflections from target layers, 
such as the ghost reflection from inside the reservoir. To improve 
the retrie v al of ghost reflections propagating specifically inside the 
reserv oir, w hich is our target layer, it is essential to correlate only 
the reflection from the top and the bottom of the target layer (eq. 2 ). 
Therefore, we mute by manual picking all undesired events arriving 
earlier than the reflection from the top of the reservoir and later than 
the reflection from the bottom of the reservoir before applying SI 
by AC. In this condition, we only correlate the primary reflection 
from the top and the bottom of the reservoir (the blue and the purple 
arrows, respecti vel y, in Fig. 4 a). As a result, we only retrieve the 
ghost reflection from inside the reservoir. 

Fig. 4 (c) shows the retrieved result for the muted common- 
recei ver gathers. The e vent indicated by the red arrow is the ghost 
reflection from inside the reserv oir, w hich propagates only inside 
the reservoir. The arri v al time of the retrie ved ghost reflection (0.27 s 
in Fig. 4 c) corresponds to the traveltime of a reflection inside the 
reserv oir, w hich is equi v alent to a reflection that would be recorded 
at a virtual ghost receiver placed directly at the top of the reservoir 
from a virtual ghost source at the same position. (Because such 
direct recordings are impossible with our acquisition geometry, we 
call them virtual ghost receiver and virtual ghost source, respec- 
ti vel y.) We aim to use the retrieved ghost reflections from inside the 
Groningen reservoir for monitoring. So, we continue with retrieving 
ghost reflections for monitoring surv e ys. 

3.2. Time-lapse investigation using ghost reflections 

For retrieving ghost reflections from the subsurface models for the 
monitoring surv e ys for pore pressures of 30, 20, 10 and 5 MPa, 
we apply a procedure similar to the one for the base surv e y. To 
better compare the results of SI, we extract one trace for a virtual 
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ifferent pore pressures (Fig. 5 a) and a virtual receiver at 3801.25 m
Fig. 5 b) and the stacked ghost reflection using all virtual receivers
sing eq. ( 6 ) (Fig. 5 c). 

As we can see in Fig. 5 , the retrieved ghost reflections show
hanges in time and amplitude for the different pore pressures. Our
oal is to assess the time difference between the ghost reflections
etrieved in the baseline survey and those in the monitoring surv e ys.
t is challenging to extract the exact time differences in the ghost
eflections by comparing them, as depicted in Fig. 5 . To address
his challenge, we use a correlation technique between the ghost
eflections obtained from the baseline surv e y and the corresponding
host reflections from the monitoring surv e ys. By applying this
orrelation operator across all virtual receivers, we can determine
he time at which the correlation yields its maximum amplitude
eq. 3 ). This time value directly corresponds to the time difference
etween the ghost reflections in the base and monitoring surv e ys.
ote that these ghost reflections e xclusiv ely propagate within the

eservoir, and, thus, the extracted time difference can be interpreted
s a direct measure of the time difference within the reservoir itself.

In Figs 6 (a)–(d), we present as the blue areas the retrieved time
ifferences between the ghost reflections from the baseline surv e y
nd the monitoring surv e y for different pore pressure conditions:
0 MPa (Fig. 6 a), 20 MPa (Fig. 6 b), 10 MPa (Fig. 6 c) and 5 MPa
Fig. 6 d), considering all virtual receivers denoted by the blue high-
ighted region. The thick black line in this figure represents the
xpected time difference, calculated using eq. ( 4 ). 

As observed in Figs 6 (a) and (b), for monitoring surv e ys for pore
ressures of 20 and 30 MPa, the time differences for all virtual
eceivers are more or less similar to the expected one, especially for
hose virtual receivers in the middle of the line of the sources. These
irtual receivers are characterized by a complete illumination of the
ctual receivers from both sides. As also illustrated in Figs 5 (a)
nd (b), it becomes evident that the ghost reflections at the virtual
eceivers positioned in the middle present a better signal-to-noise
atio. So, we further zoom in on the virtual receivers positioned in
he middle of the line, as shown in Figs 6 (e)–(h), depicting the time
if ferences specificall y for this subset of virtual receivers. For the
onitoring surv e ys for pore pressure of 10 and 5 MP a (Figs 6 c and

, respecti vel y), the time difference is consistently zero, indicating
hat the ghost reflections cannot accurately predict time differences
n these scenarios. 

To increase our ability to estimate time differences between ghost
eflections, we use time-series subsampling, which, in this context,
nvolves increasing the number of samples through the use of in-
erpolation (Mikesell et al. 2015 ). Consequently, we subsample the
etrieved ghost reflections before applying the correlation opera-
or for calculating time differences. The time differences derived
rom the subsampled data set are depicted in the highlighted or-
nge regions in Fig. 6 . We observe a significant improvement in
he time-dif ference estimation, particularl y for pore pressures of 10
nd 5 MPa (Figs 6 c, d, g and h), which were pre viousl y challenging
o predict using the original data set. Fur ther more, there is still a
oticeable enhancement in the time-difference estimation for pore
ressures of 30 and 20 MPa (Figs 6 a, b, e and f). 

As mentioned in the methodology section, we validate our re-
rieved time differences by computing the average relative time
ifference for the monitoring surv e ys using eq. ( 5 ). Fig. 7 shows the
v erage relativ e time differences using all virtual receivers (Fig. 7 a)
nd specifically using selected virtual receivers positioned in the
iddle of the line (Fig. 7 b) derived from both the original data set

the blue circles) and the subsampled data set (the purple trian-
les). Note that w e ha ve chosen to show the average relative time
ifference due to our assumption of no thickness change or lateral
elocity change in our subsurface model. This procedure simplifies
he validation process of our technique. 

As we can see in Fig. 7 , the relative time differences for pore
ressures of 5 and 10 MPa are both equal to 1 (the blue circles for
he pore pressure of 5 and 10 MPa). This indicates we are unable
o estimate time differences for these monitoring surv e ys, giv en
he very small changes inside the reservoir using the original data
et without subsampling. Contrary to this, after the application of
ubsampling, we can ef ficientl y estimate time differences for these
wo pore pressures, approaching an average relative time difference
lose to zero. Conversely, for pore pressures of 20 and 30 MPa,
he relative time differences for both the original data set and the
ubsampled data set remain relati vel y consistent and close to zero. 

Fig. 7 (b), illustrating the selected virtual receiv ers, e xhibits a
imilar trend to Fig. 7 (a) for both the original data set and the
ubsampled data set (the blue circles and purple triangles, respec-
i vel y). Howe ver, the relati ve time difference for the selected virtual
eceivers approaches zero, signifying that they provide better es-
imates compared to using all virtual receivers. This improvement
n results for the virtual receivers positioned in the middle of the
ource line is because of the complete illumination from both sides.

To mitigate the influence of virtual receivers positioned at the
ides, we apply stacking as introduced in eq. (6 ). The stacked ghost
eflections are shown in Fig. 5 (c). Subsequently, we calculate the
elative time difference for both the original data set (the black plus
ymbols in Fig. 7 ) and the subsampled (the grey plus symbols)
sing eq. ( 7 ). Comparing these relative time differences, it becomes
vident that the stacked data set yields superior results when all
irtual receivers are utilized, while there is no significant distinction
etween the relative time difference of stacked ghost reflections and
he average of the time differences of the individual virtual receivers
hen we use the selected virtual receivers. This implies that stacking

f fecti vel y mitigates the influence of the virtual receivers positioned
t the sides. 

In conclusion, the subsampled data set yields the most fav ourab le
utcome for all monitoring surv e ys (the gre y plus symbols in Fig. 7 ).
onsequently, we opt to present the retrieved time differences from

he stacked subsampled data set as the final time difference for
ifferent pore pressure conditions of our monitoring surv e ys. 

Fig. 8 presents the time difference between the baseline and
onitoring surv e ys, using the stacked subsampled ghost reflections.

n this context, the baseline survey corresponds to a pore pressure
f 8 MPa, while the monitoring survey at 5 MPa can be interpreted
s representing pore pressure depletion within the reservoir. On the
ther hand, the monitoring surv e ys at pore pressures of 10, 20 and
0 MPa can be viewed as examples of an injection mode within
he reservoir. In both scenarios, we observe that the time difference
emains detectable, even in the presence of small changes within the
eser voir. It is wor th noting that, as depicted in Fig. 2 , we observe
elocity variations in the reservoir ranging from 0.3 to 6 per cent,
nd the retrieved time differences depicted in Fig. 8 e xclusiv ely
eflect changes inside the reservoir that correspond to these velocity
ariations inside the reservoir. 

To recap the procedure for time-lapse monitoring using ghost
eflections, we initially apply SI by AC using eq. ( 2 ). Then, we
pply subsampling to the retrieved ghost reflections, and we extract
he time differences between the monitoring surv e y and the baseline
urv e y using the correlation operator in eq. ( 3 ) for each individual
irtual source, same as shown in Fig. 6 . Note that stacking and
veraging are only used to simplify the validation of our technique
in Figs 7 and 8 ), which is allowed due to the constant velocity
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Figure 5. (a) Retrieved zero-offset ghost reflections for a virtual receiver at 5001.25 for the baseline surv e y and the monitoring surv e ys; (b) same as (a) but 
for a virtual receiver at 3801.25 m. (c) Results of stacking the retrieved ghost reflections over virtual receivers. 
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and uniform thickness within the target la yer. How ever, it can be 
applied to models with homogeneous changes within the target 
lay ers or w hen utilizing very localized receivers, assuming that the 
changes inside the target layer are homogeneous. 

3.3. Sources and receivers configuration for retrieval of 
ghost reflections 

In the previous subsections, we looked at the result of SI by AC, 
where we turned actual sources into virtual receivers using SI. We 
opted for this approach because the spacing between the receivers 
was 1.25 m, which is shorter than the spacing between the sources. 
In this subsection, we will show the result of SI by turning receivers 
into virtual sources. Additionally, we demonstrate the effect of the 
source and receiver configuration, such as the number of sources 
and receivers, the spacing between them, and their geometry, in 
the retrie v al of ghost reflections. This will of fer v aluable insights 
into the future practical applications of ghost reflections using field 
data sets. Note that in this subsection, we only look at the virtual 
zero-offset section for the baseline surv e y. 

Fig. 9 (a) shows the zoomed-in virtual zero-offset section resulting 
from SI by AC from Fig. 4 (c) when turning the active sources into 
virtual receivers, which means we stack the correlated responses 
ov er all receiv ers with 1.25 m spacing. Fig. 9 (b) shows the obtained 
virtual zero-offset section by turning receivers into virtual sources. 
In this situation, we stack the correlated responses for each receiver 
over all active sources with 40 m spacing. Table 1 shows all informa- 
tion regarding the spacing between virtual sources and receivers and 
spacing between stacked traces for the virtual zero-offset sections 
in Fig. 9 . 

Comparing Fig. 9 (a) with Fig. 9 (b), we can see we have similar 
ghost reflections despite different numbers of traces in the zero- 
offset sections and different spacing in responses used for stacking 
in SI. This is an important finding, especially for the applications 
of ghost reflections using seismic field data when the number of 
receivers and sources is different. To better understand the effect of 
optimal spacing and the number of traces, we reduce the number of 
active sources and then apply SI by AC. 

Fig. 9 (c) shows the virtual zero-offset section when we use half 
of the sources as virtual receivers but the same number of receivers 
for stacking as in Fig. 9 (a). By comparing Fig. 9 (a) with Fig. 9 (c), 
we can see that retrieved ghost reflections using optimal spacing 
between responses for stacking allow high-resolution interpretation 
of the target, even with the limited number of virtual receivers. 
Note that the optimal spacing is determined by half of the dominant 
wavelength. Fig. 9 (d) shows a virtual zero-offset section using the 
same data set as in Fig. 9 (c) but now after turning the receivers 
into virtual sources. Comparing this result with the one in Fig. 9 (b), 
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Figure 6. The retrieved time differences in the reservoir using ghost reflections for the monitoring surv e ys with pore pressure of (a) 30 MPa, (b) 20 MPa, (c) 
10 MPa and (d) 5 MPa for all virtual receivers. (e), (f), (g) and (h) Zoomed in results from inside the black rectangles in (a), (b), (c) and (d), respecti vel y. The 
blue highlighted area shows the time difference using the original data set, and the orange one shows the time difference using the subsampled data set. The 
horizontal black lines show the calculated time differences. 

Figure 7. The average relative time differences for the monitoring surv e ys (a) using all virtual receivers and (b) specifically for selected virtual receivers 
positioned in the middle of the line derived from the original data set (the blue circles) and the subsampled data set (the purple triangles). The plus symbols 
show the relative time differences using the stacked ghost reflections from the original data set (black) and the subsampled data set (grey). 
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Figure 8. The time differences between the monitoring surv e ys (pore pres- 
sure of 30, 20, 10 and 5 MPa) and the baseline survey (pore pressure of 
8 MPa) using the stacked ghost reflections. 
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we can see that the retrieved ghost reflections allow interpretability 
with lower resolution compared to Fig. 9 (b), but we can still observe 
the desired ghost reflection. This means that if we have sub-optimal 
spacing between traces for stacking, it is necessary to have sufficient 
virtual sources. 

Fig. 9 (e) shows the virtual zero-offset section for virtual receivers 
retrieved using receivers ranging from 3000 to 7000 m with spacing 
of 40 m and sources from 2001.25 to 8001.25 m with spacing of 
40 m. It is evident that the interpretation resolution of the ghost 
reflections is lowered compared to the one observed in Fig. 9 (a), 
par ticularly for vir tual receivers at lateral distances before 4000 m 

and after 6000 m. Ho wever , for virtual receivers located in the cen- 
tral interval around 5000 m, we achieve the required interpretation 
resolution. This difference can be attributed to the fact that we uti- 
lize for stacking receivers ranging from 3000 to 7000 m, ensuring 
complete illumination from both sides of the virtual receivers (i.e. 
the sources to be turned into virtual receivers). It is crucial to note 
that, for the retrie v al of pseudo-physical or ghost reflections, only a 
limited number of points fall into the stationary-phase region for a 
laterall y homo genous medium and thus significantl y contribute to 
the Green’s function estimate. Consequently, for virtual receivers 
outside the receiver arrays, there is a higher chance for a limited 
number of receivers within the stationary-phase region and incom- 
plete illumination (Draganov et al. 2012 and Balestrini et al. 2020 ). 

Fig. 9 (f) shows the virtual zero-offset section for virtual sources. 
We used sources from 2001.25 to 8001.25 m for while the receivers 
are placed from 3000 to 7000 m with the same 40 m spacing. 
Comparing this result to the one in Fig. 9 (b), we can see that we have 
achieved a comparable resolution, but due to the courser distance 
between the virtual sources, the section now appears as if spatially 
low-pass-filtered. 

In summary, achieving higher interpretation resolution for ghost 
reflections requires a sufficient number of sources (or receivers) for 
stacking within the stationary-phase zone, a sufficient number of 
virtual sources (or virtual receivers), and a geometry of sources (or 
receives) that provides a complete illumination from both sides of 
the virtual receivers (or sources). 
4  D I S C U S S I O N  

We showed that ghost reflections are retrieved from SI by AC by 
using two primaries from two different depth levels from active 
sources and receivers at the surface. Notably, ghost reflections ex- 
hibit sensitivity e xclusiv ely to changes occurring within the target 
layer and remain kinematicall y unaf fected b y the overburden and 
underburden layers. This study provides fur ther suppor t for the ex- 
isting studies regarding the use of ghost reflections in monitoring 
CO 2 reservoirs through numerical modelling and laboratory ex- 
periments (Draganov et al. 2012 ), as well as in monitoring and 
characterizing the shallow subsurface using numerical modelling 
and a field data set (Shirmohammadi et al. 2024 ). 

Although the results indicate that the application of ghost re- 
flections for monitoring subsurface changes could be very practi- 
cal, specifically for monitoring pore-pressure changes within the 
Groningen reservoir, several issues require a more in-depth discus- 
sion, especially for the future application of this technique across 
various subsurface models or with the utilization of field data sets. 

First, our findings indicate that the ghost reflections exhibit sen- 
siti vity exclusi vel y to velocity changes inside the reservoir due to 
pore-pressure changes. We showed that even small changes occur- 
ring within the reservoir can be detected, as ghost reflections are 
similar to isolated reflections, propagating only within the reservoir. 
To quantify the time differences between the baseline surv e y and 
the monitoring surv e ys, we used the correlation operator between 
the ghost reflections retrieved from SI by AC. We used subsam- 
pling before the correlation operator to detect small differences. 
Fur ther more, as depicted in Fig. 5 , it is evident that the maximum 

amplitudes of retrieved ghost reflections vary between the baseline 
surv e y and the monitoring surv e ys. The amplitudes can be rela- 
ti vel y correct in SI; ho wever , when specific conditions are not met, 
amplitude errors can be significant (Wapennar & Fokkema 2006 ). 
Therefore, a more in-depth investigation is required to assess these 
amplitude variations. 

Secondly, in our numerical-modelling approach, we considered a 
unifor m reser voir thickness to highlight the sensitivity of the ghost 
reflections to the velocity changes. Ho wever , in reality, the ghost 
reflections will also be sensitive to other types of changes within the 
reservoir, such as thickness change, density change or a combination 
of these factors. It is important to note that these changes are not 
limited to being constant; they can also involve gradient changes, as 
demonstrated by Shirmohammadi et al. ( 2024 ). In these scenarios, 
we should use ghost reflection for each virtual receiver (or source) 
to investigate the changes, as illustrated in Fig. 6 . 

Third, we used ghost reflections propagating e xclusiv ely inside 
the reserv oir, w hich was our target layer. These specific ghost reflec- 
tions can be retrieved more ef ficientl y b y muting undesired reflec- 
tion arri v als earlier and later than the target arri v als, which requires 
those events to be clearly interpretable, especially in field data. How- 
ever, we propose this technique for monitoring applications in which 
the target layers are already clearly identified from the baseline sur- 
v e y. It is worth mentioning that under certain cases, such as when 
dealing with a thin target layer, it becomes challenging to accurately 
separate the reflection from the top and bottom of the target layer 
before SI. In such cases, the retrieved ghost reflection would rep- 
resent propagation inside multiple layers, including the thin target 
layer. Thus, the vertical resolution of our methodology for retrieving 
the ghost reflections relies on the resolution of the reflection data 
set as input. Using S -wave surveys increases the vertical resolution 
compared to P -wav e surv e ys due to the shorter wavelength of the S 
waves for the same frequencies. Additionally, thin layers above or 
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Figure 9. The result of SI by AC (a, c and e) after turning sources into virtual receivers and (b, d and f) after turning receivers into virtual sources for different 
spacing between the virtual sources and receivers and different spacing between traces used for summation in SI, see Table 1 for exact numbers. 

Table 1 Information about the source and receiver configuration used for 
retrieving the ghost reflection section in Fig. 9 . 

Panel 
Spacing between virtual 
sources or receivers (m) 

Spacing between traces used 
for stacking in SI (m) 

a 40 1.25 
b 1.25 40 
c 80 1.25 
d 1.25 80 
e 40 40 
f 40 40 
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elow the target layer, such as an anhydrite layer above the reservoir
n our subsurface model, make it challenging to separate reflections
rom the top of the reservoir for far offsets. Nonetheless, this issue
s mitigated to some extent through the stacking using the data set
rom different offsets in SI (eqs 1 and 2 ). 

To mitigate the presence of undesirable reflections that could
verlap with the target ghost reflections in the result of SI, such
s pseudo-physical reflections (i.e. reflections with physical kine-
atics), we used an absorbing boundary at the surface in our nu-
erical modelling. The pseudo-physical reflections are the result
f the correlation between primary reflections and their surface-
elated multiples. By using an absorbing boundary, we ef fecti vel y
revented the occurrence of surface-related multiples and surface
 aves, thereb y enhancing the quality of the SI results in numeri-

al modelling. It is thus important to suppress surface waves as in,
or example Balestrini et al. ( 2020 ) and surface-related multiples
s in, for example Ghose & Goudswaard ( 2004 ) prior to applying
I when working with field data sets. These two pre-processing
teps would ensure the accuracy and reliability of the SI out-
omes by eliminating any potential confusion arising from retrieved
seudo-physical reflections but also interference from surface
aves. 
Finally, the interpretability resolution of the ghost reflections re-

ies not only on the resolution of the input data but also on the
ource and receiver configuration. We explored two approaches:
urning sources into virtual receivers and turning receivers into vir-
ual sources. Determining which approach is more reliable depends
n the spacing between the traces utilized for stacking. The op-
imal spacing is determined by half of the dominant wavelength.

e demonstrated that it is possible to retrieve high-resolution ghost
eflections even with a limited number of virtual sources or re-
eivers when using the optimal spacing. Ho wever , if achieving the
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optimal spacing is not feasible, more traces are required to aid 
the interpretation, ideally at least two per wavelength. The geom- 
etry of the sources and receivers plays a crucial role in obtaining 
ghost-reflection results with high interpretability resolution. Note 
that for a laterally homogeneous medium, only a few sources posi- 
tioned in line with the receivers remain stationary, which means 
rays from such source positions are nearly parallel, and inter- 
fere constructi vel y in the summation (Draganov et al. 2012 and 
Balestrini et al. 2020 ). In the case of other media, determining 
the exact stationary-phase zone region is challenging. Therefore, 
it is recommended to maintain optimal spacing between receivers 
(or sources) and utilize an inline array with a two-sided uniform 

distribution of the sources (or receivers) with an extended length 
for sources (or receivers) on both sides to ensure the retrie v al of 
high-resolution ghost reflections, at least for the virtual receivers 
(or sources) located in the middle of the array as illustrated in 
Fig. 9 (b). 

5  C O N C LU S I O N  

We focused on exploring the practical applicability of ghost re- 
flections in monitoring subsurface acti vities, specificall y in relation 
to pore-pressure changes, within the gas reservoir in Groningen, 
the Netherlands. Applying SI to surface reflection data results in 
the appearance of ghost reflections in the retrieved virtual-source 
or virtual-receiver gathers. The ghost reflections result primarily 
from the correlation of primary reflections from different depth 
levels. 

We determined the time differences between the ghost reflec- 
tion retrieved from a baseline surv e y and several monitoring sur- 
v e ys using a correlation operator. The monitor surv e ys represented 
data after changes in the reservoir pore pressure to 30, 20, 10 and 
5 MPa from the value of 8 MPa for the base surv e y. To detect 
minor changes ef fecti vel y, we highlighted the importance of us- 
ing subsampled ghost reflections and considering virtual receivers 
with sources at the surface illuminating from both sides of the 
line. We demonstrated that the retrieved time differences between 
the ghost reflections exhibit variations corresponding to velocity 
changes within the reserv oir. Notab l y, the retrie ved ghost reflec- 
tions are only sensitive to changes occurring in the target layer, ef- 
fecti vel y eliminating the kinematic influence of the overburden and 
underburden. 

We also investigated the factors that contribute to obtaining ghost- 
reflection images with high interpretability resolution. We found 
that the geometry of the sources and receivers, the number of vir- 
tual sources and receivers, as well as the spacing between traces 
used for stacking for SI all play significant roles in ensuring clear 
ghost-reflection images. Additionall y, b y muting undesired reflec- 
tion arri v als earlier and later than the target arri v als to correlate, 
w e w ere able to enhance the clarity and robustness of the retrieved 
ghost reflections, which is crucial when working with field data sets. 

The implications of our findings are notable, as ghost reflections 
can serve as valuable indicators for monitoring both near-surface 
structures and deeper formations such as fluid reservoirs or storage 
sites for H 2 and CO 2 . 
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