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Abstract
The data-driven Marchenko method is able to redatum wavefields to arbitrary locations

in the subsurface, and can, therefore, be used to isolate zones of specific interest. This

creates a new reflection response of the target zone without interference from over-

or underburden reflectors. Consequently, the method is well suited to obtain a clear

response of a subsurface reservoir, which can be advantageous in time-lapse studies.

The isolated responses of a baseline and monitor survey can be more effectively com-

pared; hence, the retrieval of time-lapse characteristics is improved. This research aims

to apply Marchenko-based isolation to a time-lapse marine data set of the Troll field in

Norway in order to acquire an unobstructed image of the primary reflections and retrieve

small time-lapse traveltime difference in the reservoir. It is found that the method not

only isolates the primary reflections but can also estimate internal multiples outside the

recording time. Both the primaries and the multiples can then be utilized to find time-

lapse traveltime differences. More accurate ways of time-lapse monitoring will allow

for a better understanding of dynamic processes in the subsurface, such as observing

saturation and pressure changes in a reservoir or monitoring underground storage of

hydrogen and CO2.

K E Y W O R D S
seismics, monitoring, time lapse

INTRODUCTION

Time-lapse seismic has become increasingly important to

monitor fluid flows and geomechanical changes in subsurface

reservoirs, such as observing pressure and saturation changes

(Dadashpour et al., 2007; Johnston et al., 1998; Landrø, 2001),

monitoring CO2 storage sites (Chadwick et al., 2010; Ivandic

et al., 2018; Pevzner et al., 2011) and assessing compaction

and subsidence (Barkved & Kristiansen, 2005; Hatchell &

Bourne, 2005). Typically, these studies compare an initial

baseline study followed by one or more monitor studies. From

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. Geophysical Prospecting published by John Wiley & Sons Ltd on behalf of European Association of Geoscientists & Engineers.

these studies, small differences in amplitude (Landrø, 2001),

in traveltime (Landrø & Stammeijer, 2004; MacBeth et al.,

2019, and this work) or in a combination of both (Tura et al.,

2005; Trani et al., 2011) can be observed. These changes can

be retrieved by independently creating an image for both the

baseline and monitor study and subtracting these images from

one another to find the time-lapse differences. This subtrac-

tion highlights the dynamic differences, for example, the fluid

flow in the reservoir, while removing the static part from the

data, such as the time-invariant geology (Lumley, 2001). A

common technique to retrieve time-lapse time differences is
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by cross-correlating the signal of the baseline and monitor

surveys. This can either be done on picked events shared by

both surveys or to the complete data sets all at once (Mac-

Beth et al., 2020). Snieder et al. (2002) show that due to

multiple scattering, correlations of the coda of a signal can

display larger time-lapse effects compared to correlating first

arrivals. This technique, called coda wave interferometry, can

be applied on a laboratory scale to core samples (Singh et al.,

2019) as well as on field scales to monitor temporal changes

in a volcano (Grêt et al., 2005). Wapenaar and van IJsseldijk

(2020) introduce a novel methodology to clearly identify the

reservoir response from a seismic survey using Marchenko-

based isolation as well as to improve the detectability of the

traveltime changes by correlating reservoir-related internal

multiples, akin to the principle of coda wave interferometry.

At the base of this new methodology are the Marchenko equa-

tions, which allow for a data-driven redatuming of the seismic

wavefield to an arbitrary focal point in the subsurface (Slob

et al., 2014; Wapenaar et al., 2014). Since all orders of inter-

nal multiples are accounted for, the redatumed wavefields are

free from any interactions of the overburden, hence provid-

ing an unobstructed view of the primary reflections of the

reservoir when a focal level just above the reservoir is cho-

sen. The Marchenko equations can then be applied a second

time to the newly found reflection response to also remove

underburden interactions (Wapenaar & Staring, 2018). If the

second focal depth is chosen just below the reservoir, the final

result has effectively isolated all primaries and multiples of

the reservoir. This isolated response can then be used to more

accurately retrieve time-lapse traveltime shifts due to changes

in the reservoir by cross-correlating baseline and monitor

responses (van IJsseldijk & Wapenaar, 2021; van IJsseldijk

et al., 2023). Here, the aim is to apply the Marchenko method

to marine time-lapse data sets of the Troll field and retrieve

accurate time-lapse traveltime shifts. In order to do this, we

first review the theory of isolating the reservoir response and

how to extract time-lapse traveltime differences from the pri-

mary and multiple reflections. Next, the Troll field data are

introduced; before the methodology can be applied a num-

ber of preprocessing steps and limitations of the data need

to be considered. After properly preparing both the base-

line and monitor surveys, Marchenko-based isolation is used

to enhance the reservoir response for time-lapse analysis.

Finally, the traveltime differences related to the reservoir are

calculated from suitable primaries and multiples.

THEORY

This section briefly reviews the theory of Marchenko-based

isolation of the reservoir response from the full reflection

response. After applying this isolation to both a baseline and

monitor study, the traveltime differences inside the reservoir

can be more accurately calculated, as described in the sec-

ond part of this section. A full derivation of the Marchenko

method is beyond the scope of this paper; instead, only rel-

evant equations are discussed here. Wapenaar et al. (2021)

provide a more thorough derivation and background on the

Marchenko method.

Marchenko-based isolation

The Marchenko method relies on two Green’s function rep-

resentations that relate the extrapolated Green’s functions

(𝑈−,±) to the extrapolated focusing functions (𝑣±) via the

reflection response 𝑅(𝐱𝑅, 𝐱𝑆, 𝑡). In this notation, the first and

second coordinates describe the receiver and source position,

respectively, and 𝑡 denotes time. The superscripts −,± repre-

sent an up-going receiver field from an up (−) or down-going

(+) source field. The focusing functions are defined in a trun-

cated medium, which is the same as the actual medium above

an arbitrary focal level and homogeneous below this level.

In the actual medium, the focusing functions let the wave-

field converge to the focal point, creating a virtual source

that produces the Green’s functions between the focal depth

and the surface. Both the focusing and Green’s functions are

extrapolated from the focal depth to the surface so that the

coordinates of all the functions are located at acquisition sur-

face 𝕊0. The focusing of the wavefield in the actual medium

is then described by the following equations (van der Neut &

Wapenaar, 2016):

𝑈−,+(𝐱𝑅, 𝐱′𝑆, 𝑡) + 𝑣−(𝐱𝑅, 𝐱′𝑆, 𝑡)

= ∫𝕊0

𝑅(𝐱𝑅, 𝐱𝑆, 𝑡) ∗ 𝑣+(𝐱𝑆, 𝐱′𝑆, 𝑡)𝑑𝐱𝑆, (1)

and

𝑈−,−(𝐱𝑅, 𝐱′𝑆,−𝑡) + 𝑣+(𝐱𝑅, 𝐱′𝑆, 𝑡)

= ∫𝕊0

𝑅(𝐱𝑅, 𝐱𝑆,−𝑡) ∗ 𝑣−(𝐱𝑆, 𝐱′𝑆, 𝑡)𝑑𝐱𝑆. (2)

Here, ∗ denotes a convolution and the right-hand side inte-

grates over the source positions 𝐱𝑆 at the acquisition surface

𝕊0. These two equations have four unknowns; hence, to

solve the equations, an additional causality constraint is intro-

duced, which takes advantage of the fact that the focusing

and Green’s functions are separable in time (Wapenaar et al.,

2014). In order to achieve this separation, an estimate of the

two-way traveltime (TWT) from 𝕊0 to the focal depth and

back is required. This estimate can, for example, be obtained

from a smooth velocity model. By limiting Equations (1) and

(2) between 𝑡 = 0 s and this TWT, the Green’s functions on the

left-hand side vanish (van der Neut & Wapenaar, 2016); the
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1028 VAN IJSSELDIJK ET AL.

F I G U R E 1 Graphic showing the concept of the Marchenko-based isolation. The medium is divided into three units: overburden 𝑎, target zone

𝑏 and underburden 𝑐. First, the overburden is removed from the response as described in Equation (3). Next, the underburden is removed, leaving

only the target zone with the reservoir response.

resulting equations are known as the extrapolated Marchenko

equations, which now only contain two unknowns and can,

therefore, be solved iteratively (Thorbecke et al., 2017) or by

inversion (van der Neut, Thorbecke, et al., 2015). Next, the

subsurface is divided into three units: overburden 𝑎, target

zone 𝑏 and underburden 𝑐 as shown in Figure 1. The over-

and underburden contain undesirable responses, whereas the

target zone contains the reservoir of interest for the time-

lapse study. The primary and multiple reflections of the over-

and underburden can be removed using a twofold Marchenko-

based strategy, leaving a reflection response only containing

events from the target zone. First, Equations (1) and (2) are

used to find the extrapolated Green’s functions with a focal

level between overburden 𝑎 and target zone 𝑏. Using these

Green’s functions, a reflection response free of overburden

interactions can be acquired by solving (Wapenaar et al.,

2021):

𝑈
−,+
𝑎|𝑏𝑐(𝐱𝑅, 𝐱′𝑆, 𝑡) = −∫𝕊0

𝑈
−,−
𝑎|𝑏𝑐(𝐱𝑅, 𝐱′𝑅, 𝑡) ∗ 𝑅𝑏𝑐(𝐱′𝑅, 𝐱

′
𝑆
, 𝑡)𝑑𝐱′

𝑅
.

(3)

The subscript 𝑎|𝑏𝑐 denotes that the extrapolated Green’s func-

tions are retrieved from the full reflection response (𝑅𝑎𝑏𝑐)

with a focal depth between units 𝑎 and 𝑏. The reflection

response 𝑅𝑏𝑐 is retrieved by a multi-dimensional deconvolu-

tion (MDD; Broggini et al., 2014) and contains all primary

and multiple reflections from 𝑏 and 𝑐, but none from overbur-

den 𝑎 (Figure 1b). This new reflection response can then be

used to find focusing functions below the target zone, which in

turn are used to find the reflection response that only contains

target zone events (Wapenaar & Staring, 2018):

𝑣−
𝑏|𝑐(𝐱𝑅, 𝐱′𝑆, 𝑡) = ∫𝕊0

𝑣+
𝑏|𝑐(𝐱𝑅, 𝐱′𝑅, 𝑡) ∗ 𝑅𝑏(𝐱′𝑅, 𝐱

′
𝑆
, 𝑡)𝑑𝐱′

𝑅
. (4)

The subscript 𝑏|𝑐 denotes that the extrapolated focusing

functions are retrieved from the reflection response without

overburden (𝑅𝑏𝑐) using a focal depth at the interface of units

𝑏 and 𝑐. Equation (4) directly follows from the definition of a

focusing function in the truncated medium (Wapenaar et al.,

2021). Once again, the isolated reflection response 𝑅𝑏 can be

retrieved from this equation by MDD and consists solely of the

reflections (primary and multiple) from the target zone. van

IJsseldijk et al. (2023) demonstrate how the internal multiples

in the target area 𝑏 can be artificially enhanced by increasing

the amplitude of the coda of the downgoing focusing function

𝑣+ in order to benefit from the identification of the multi-

ples and the extraction of time-lapse traveltime differences.

Figure 1 summarizes the twofold approach to isolate the reser-

voir response from a full reflection response. This process is

applied to the baseline as well as the monitor study to acquire

the isolated reservoir responses in both studies. These iso-

lated responses are then used to find the time-lapse traveltime

differences inside the reservoir.

Extracting travel-time differences

Once an isolated reflection response of the primary and

multiples around the reservoir is acquired, the traveltime dif-

ferences in the reservoir between the baseline and monitor

survey can be determined. However, the time-lapse delays

due to changes in the overburden have not yet been accounted

for. To remove these delays, a primary reflection (𝑃 1) above

the reservoir is identified, which can then be used as a con-

trol event that includes the overburden time differences but

excludes the differences in the reservoir. Identifying such an

event is trivial in the isolated response, which is solely com-

prised of the target zone reflections. Next, a second reflection,

either a second primary (𝑃 2) or an internal multiple (𝑀1,

𝑀2, etc.), is identified, this time from below the reservoir

so that it contains both overburden and the reservoir trav-

eltime differences. Subsequently, these two reflections are
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F I G U R E 2 Example of cross-correlations of primary 1 with

primary 2 (a) and multiple 1 (b). In the resulting time lags, the common

path is cancelled, that is, the overburden effects are effectively

removed. Note, how the multiple travels through the reservoir layer (in

light blue) an additional time compared to primary 2.

cross-correlated to remove overburden changes (van IJsseldijk

et al., 2023):

𝐶⋆(𝐱0, 𝜏) = ∫
∞

0
Θ𝑃 1(𝑡 + 𝜏)𝑅𝑏(𝐱0, 𝑡 + 𝜏)Θ⋆(𝑡)𝑅𝑏(𝐱0, 𝑡)𝑑𝑡.

(5)

Here, 𝐶 represents the cross-correlation, 𝐱0 the zero-offset

coordinate and Θ is a time window that selects the desired

reflection from the isolated reflection response as follows:

Θ⋆(𝑡) =

{
1, if 𝑡⋆ − 𝜖 < 𝑡 ≤ 𝑡⋆ + 𝜖

0, otherwise.
(6)

The subscript ⋆ denotes either primary 1 or 2 (𝑃 1 or 𝑃 2)

or an internal multiple, 𝑡⋆ then specifies the TWT of this

event, and 𝜖 serves as a small shift to include the full wavelet

of the reflection data. Figure 2a and 2b shows how Equa-

tion (5) is used to retrieve the time lags of primary 1 with

primary 2 as well as with multiple 1, respectively. The final

results after cross-correlation no longer contain time-lapse

overburden effects. The next step, where the baseline and

monitor time difference will be computed, will, therefore,

only contain time differences from the reservoir and none

from the overburden.

Finally, the actual time-lapse differences are retrieved. In

order to achieve this, the time-lag correlations for both the

baseline and monitor study are computed using Equation (5).

Thereafter, these time lags are cross-correlated once more to

retrieve the traveltime difference (Δ𝑡⋆) in the reservoir:

Δ𝑡⋆(𝐱0) = argmax
𝜏

(
∫

∞

0
𝐶⋆(𝐱0, 𝑡 + 𝜏)�̄�⋆(𝐱0, 𝑡)𝑑𝑡

)
. (7)

Here, 𝐶⋆ is the retrieved correlation from Equation (5) and

the bar denotes retrieval in the monitor survey as opposed to

the baseline survey. The argument of the maximum is used to

find the zero-offset time shifts from the final correlation. van

IJsseldijk et al. (2023) apply this method to a synthetic set

to find time differences in three subsurface dome structures.

Application of the Marchenko method to field data is more

complex due to strict amplitude requirements on the reflec-

tion response (Brackenhoff et al., 2019; Staring et al., 2018).

The next section discusses how to overcome this and other

limitations on field data.

APPLICATION TO THE TROLL FIELD

The methodology is applied to a marine time-lapse data set

shot over the Troll field off the Norwegian coast. In 1997, a

three-dimensional (3D) baseline survey was conducted over

the Troll West Gas Province, followed by a monitor survey

in 2002. This study considers a two-dimensional (2D) subset

of these 3D surveys. The time-lapse target is a hydrocarbon–

water contact. Specifically, the hydrocarbon is a gas layer

underlain by an oil leg with a varying thickness between 0

and 28 m (Hellem et al., 1986). The contact partially coincides

with a geologic structure, which makes extracting time-lapse

effects from the data challenging (Bannister et al., 2005).

Additionally, the repeatability of the surveys is subpar, further

complicating time-lapse analysis with conventional methods

(Qu & Verschuur, 2020).

A number of basic pre-processing steps were applied

to both data sets. First, it should be noted that the data

were not completely raw, namely, some unknown time gain

and wavelet processing as well as far offset muting was

performed. The known pre-processing first applied a regular-

ization to get a 2D geometry with 481 co-located source and

receiver positions sampled at 12.5 m. Near-offsets of about 85

m were interpolated by parabolic Radon transform (Kabir &

Verschuur, 1995). Next, surface-related multiple elimination

was applied to get a clearer image of the reservoir reflections

(Verschuur et al., 1992). Note that this does not handle

internal multiples, which will be dealt with separately using

the Marchenko-based isolation. Deghosting was then applied

as well as optimum wavelet processing to ensure a zero-phase

character.

Aside from the unknown scaling factors, application of the

Marchenko method also lacked a velocity model and suffered

from the limited recording time of 2 s. To properly remove

internal multiples with the Marchenko method, it is important
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1030 VAN IJSSELDIJK ET AL.

F I G U R E 3 Flowchart detailing the different processing steps for

retrieving traveltime differences of the Troll time-lapse data.

that the scaling of the reflection response is accurate (van der

Neut, Wapenaar, et al., 2015). Moreover, a (smooth) velocity

model is required to compute an estimate of the two-way trav-

eltime (TWT) between the focal depth and the surface. The

limited recording time means that some of the internal mul-

tiples from the target zone are not recorded. In the following

sections, these three problems will be taken care of one by

one. Finally, the results of isolating the reservoir response and

extracting time differences will be discussed. An overview of

the different processing steps is given in Figure 3.

Velocity model estimation

In order to separate focusing functions from Green’s func-

tions, an estimation of the TWT from the surface to the focal

depth is required. In general, this is achieved with the use of

an eikonal solver in a smooth velocity model. Qu and Ver-

schuur (2020) use a simultaneous joint migration inversion

approach to find the approximate baseline velocity model.

However, this model was not readily available for this study.

Instead, the model was derived from Figure 14a in Qu and

Verschuur (2020). By matching the RGB (red, green, blue)

values in the figure with the colour bar, a rough estimate

of the original model was acquired, as shown in Figure 4.

Since no major velocity changes are expected between the two

time-lapse surveys, this model can be used for the Marchenko-

based isolation of both the reservoir in the baseline and the

monitor survey.

Scaling of the reflection response

Brackenhoff (2016) introduces a cost function that can be

minimized to find the optimal scaling of the reflection data.

Here, this function has to be slightly adapted in order to han-

dle the extrapolated functions, but the principle of the method

remains the same. The principle of using these cost functions

relies on the fact that the energy in the redatumed reflection

response usually decreases due to the removal of internal mul-

tiples. Consequently, if the scaling of the data is too low not all

multiple energy will be removed. Whereas, if the scaling is too

high, the energy will be excessively magnified. Hence, only if

the data are correctly scaled the cost function will be mini-

mized due to the lower energy by the multiple removal. The

redatuming in Equation (3) is relatively expensive to apply

multiple times on the data for each scaling factor. Therefore,

the computationally inexpensive alternative of double dere-

verberation (ddr) by double-focusing is considered instead

(Wapenaar et al., 2021):

𝑅ddr(𝐱′𝑅, 𝐱
′
𝑆
, 𝑡) = ∫𝕊0

𝑣+(𝐱𝑅, 𝐱′𝑅, 𝑡) ∗ 𝑈−,+(𝐱𝑅, 𝐱′𝑆, 𝑡)𝑑𝐱𝑅.

(8)

The downside of Equation (8) is that some remaining interac-

tions of the overburden will still be present in the computed

reflection response 𝑅ddr . As mentioned before, the upside

is that the double-focusing method is relatively cheap, more

stable and can be easily applied to a wide range of scaling

factors (Staring et al., 2018). The cost function considers the

ratio of the energy in the reflection response before and after

Marchenko redatuming and is applied as follows:

𝐽 (𝑏) =
||||||𝑅ddr(𝐱′𝑅, 𝐱

′
𝑆
, 𝑡)||||||2||||||𝑅𝑑𝑑𝑟,0(𝐱′𝑅, 𝐱
′
𝑆
, 𝑡)||||||2 . (9)

Here, ||… ||2 denotes the L2-norm, 𝐽 is the cost func-

tion and 𝑏 is the scaling of the original reflection response.

𝑅𝑑𝑑𝑟,0 is the response for the focusing and Green’s function

of the first Marchenko iteration, which parallels a standard
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F I G U R E 4 Baseline velocity model of the Troll field, derived from Qu and Verschuur (2020).

time-reversal experiment without internal multiple removal

(Wapenaar et al., 2017). 𝑅ddr is the response after the final

Marchenko iteration, as specified by the user.

The estimation of the scaling factor depends on the removal

of internal multiples by the Marchenko method. This process

is complicated by the limited recording time of 2 s. This means

that instead of picking a deep focal level below all reflec-

tors as is ideal (Brackenhoff, 2016), a shallower focal level

has to be used to calculate the cost functions. Consequently,

the cost functions do not contain the lowest minimum, and

only a range of possible factors is acquired. This range is fur-

ther refined to find a single scaling factor by inverting for the

reflection response in Equation (3) for a limited amount of

scaling factors and visually examining the resulting reflection

response. Finally, a single factor of 5 × 10−5 is found using

this method for both time-lapse surveys.

Multiple retrieval beyond recorded time

The short recording time not only constrains the effectiveness

of the scaling factor but also means that some of the target

multiples are not recorded in the data. These multiples pro-

vide complementary information of the target zone and are

ideally recovered from the data. A closer look at the focus-

ing functions in Equation (4) reveals that these functions are

solely defined between 𝑡 = 0 and the two-way traveltime to

the focal depth (i.e., in the truncated medium). Because of this

finite behaviour, the focusing functions do not require all the

recorded internal multiples to retrieve the reflection response

without underburden. Consequently, Equation (4) can be used

to compute the internal multiples outside of the recorded time.

Note that this only applies for underburden removal (i.e.,

Equation 4), but not for overburden removal (i.e., Equation 3)

as the Green’s functions are infinite in time; hence, all events

in the Green’s functions are used to reconstruct the reflection

response without overburden.

In order to illustrate how the focusing functions can be

used to retrieve additional multiples outside the recorded time,

a simple three-layer one-dimensional (1D) model is consid-

ered. The acoustic impedance contrasts in this model are very

strong, ensuring that a strong multiple train is generated as

shown in Figure 5a. Next, two focal levels are considered; one

at 1000 m that does not include any multiples in its response,

and one at 1200 m that does. Subsequently, the Marchenko

method and Equation (4) are used to retrieve a reflection

response free of underburden effects, once with the full reflec-

tion response, and once using solely the primary reflections

(i.e., with limited information). On the one hand, as shown in

Figure 5b in the case where no multiples are present in the

time window at the focal depth, the underburden is correctly

removed independently of the inclusion of all multiples in the

original reflection response. On the other hand, if the time

window does include one or more multiples, the underbur-

den can no longer accurately be removed when using primary

reflections only (e.g., Figure 5c). This is caused by the fact that

using the primaries only in Figure 5c reconstructs the reflec-

tion response with incomplete data (i.e., it misses a multiple

important for reconstruction). It is, therefore, important that

the time window contains all information of both primaries

and multiples when removing the underburden.

This numerical experiment suggests that even though the

internal multiples may not be recorded, they can still be

extracted from the data by using the focusing functions. How-

ever, one has to ensure that all information is included in the

time window, meaning that focal depth and corresponding

time window should be picked as closely to the end of the

recorded data as possible in order to ensure all events for find-

ing the focusing functions are included. Since the focal level

in Equation (4) can be arbitrarily chosen at any level below the

two primary reflectors, this constraint can be easily satisfied

in the current study.

Results of the Marchenko-based isolation

After the data are properly pre-processed as described in the

previous sections, the Marchenko-based isolation can now be
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1032 VAN IJSSELDIJK ET AL.

Time (s) Time (s) Time (s)

F I G U R E 5 Reflection response 𝑅𝑏𝑐 modelled in a medium with a velocity and density profile of 1500 (m/s) and (kg/m3) for depths 0–400 m,

4000 (m/s) and (kg/m3) from 400 to 800 m and 1750 (m/s) and (kg/m3) below 800 m. In (a), the primary reflections are shown in blue and the

internal multiples in orange, with the two-way traveltime (TWT) for depths 1000 and 1200 m marked with a green-dashed and red dot-dashed lines,

respectively. Next, the retrieved (by MDD) reflection response above the focal depth, 𝑅𝑏, is shown for Marchenko with the full response versus for

the primary reflections only in blue and orange, respectively. Note that, in (b) and (c), response 𝑅𝑏 can be properly retrieved (using Equation 4) from

data that contain all events within the time window (b), if any events are missing in this window response 𝑅𝑏 can no longer be correctly retrieved (c).

F I G U R E 6 Zero-offset gathers of the baseline survey before (a), after Marchenko-based isolation (b) and their difference (c). The second row

shows the same gathers for the monitor survey. The red, green, blue and orange highlights mark the first and second primaries as well as the first- and

second-order multiples from these primaries. The arrows point at removed multiples originating from the overburden. As shown in (a) and (d), the

original data only recorded 2 s, but the Marchenko method is able to retrieve multiples beyond this cut-off (i.e., b and e).

applied. The result of this isolation is shown in Figure 6. A

reflector right above the reservoir is selected as primary 1

just after 1.65 s TWT. The first focal depth, for overburden

removal, is chosen above this reflector at a depth of 1575 m.

Next, primary 2 is identified around 1.9 s TWT, with a third

primary following closely behind. Hence, the second focal

depth, for underburden removal, is picked right in between

these two reflectors at a depth of 1975 m. Subsequently, pri-

mary 1 and primary 2 can be isolated from the full reflection

response. Finally, the internal multiples of the target zone

are enhanced by increasing the amplitudes of the coda of

the down-going focusing function before a multi-dimensional

deconvolution (MDD) of Equation (4) as described in van

IJsseldijk et al. (2023).

Figure 6 shows the results for the baseline and monitor

study in the first and second rows, respectively. Note that this

figure shows zero-offsets gathers with red, green, blue and

orange highlighting for the first primary, second primary, first

multiple and second multiple of the target area, respectively.

These windows will be later used to extract time differences.
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MARCHENKO-BASED MONITORING OF FIELD DATA 1033

F I G U R E 7 Time-lapse differences between the stacked baseline and monitor images, zoomed in on the target zone. The difference before

Marchenko-based isolation is shown in (a). After Marchenko-based isolation (b), the reflectivity differences are a lot clearer as marked by the red

ellipse. The frequency spectra for panels (a) and (b) are shown in (c) and (d), respectively.

F I G U R E 8 Time difference between the baseline and monitor

time lag of primary 1 and primary 2. The blue, orange and green colours

represent the time shift in the zero-offset response before Marchenko,

after overburden removal and after full isolation, respectively.

The first column in the figure shows the original reflection

response with a recording time until 2 s. There are no data

available at 2.15 and 2.4 s, where the internal multiples are

expected. In the second column, the response after over- and

underburden removal is shown. Note that the internal multi-

ples can now be observed at times beyond 2 s TWT, these

multiples are especially strong at a lateral distance of 3500–

6000 m. Furthermore, the over- and underburden reflections

are removed not only below and above the focal levels but

also inside the target zone as marked by the blue arrows in the

figure. Finally, the third column shows the difference between

the first two panels, once again the removal of overburden

multiples in the target area between Primary 1 and 2 is noted.

However, there also seems to be quite some coherent informa-

tion removed from the first and second primaries. This could

be an indication that the optimal scaling factor has not been

found or another explanation could be that the MDD applied

a correction on the phase of the signal (e.g., van Dalen et al.,

2015).

The results in Figure 6 for the baseline and monitor sur-

vey are quite similar, although some minor differences can be

detected when carefully analysing the panels on each row. In

order to more precisely compare the two studies, a raw stack of

all shots in the reflection data was computed for both the reg-

ular and the isolated response. The results of these stacks and

their spectra are displayed in Figure 7. The time-lapse effects

are especially strong in the first primary at 1.65 s twt. Addi-

tionally, the stack created from the isolated response in (b)

is much cleaner compared to the stack of the full reflection

response in (a). Consequently, the isolated stack shows more

continuity, which will aid in a better interpretation of the data.

Extracting time-lapse traveltime differences

In order to accurately retrieve the time-lapse traveltime dif-

ferences, the reflection of the time is interpolated in the

frequency domain from 4 to 1 ms. Next, the coloured windows

in Figure 6 are now used to extract the time-lapse differences

as described in Equation (7). Primary 1, highlighted in red,

is correlated either with the second primary or with one of

the multiples giving the time lag between the two events. The

baseline time lag is then correlated with the monitor time lag

to find the time difference. First, the time lag of 𝑃 1 and 𝑃 2 is

considered for the full reflection response 𝑅𝑎𝑏𝑐 , the response

after overburden removal 𝑅𝑏𝑐 and the response after total iso-

lation of the target zone 𝑅𝑏. The results of this experiment

are shown in Figure 8. Note that the three lines match quite

closely aside from the edges, where the deviations are slightly

larger. The close match is easily explained in Figure 6, which

shows that both primaries are already visible in the original

reflection response with little obstructions from the overbur-

den. The worse performance at the edges is most likely due to

edge effects introduced by the MDD.

Figure 9 shows the retrieved traveltime differences for the

primary and multiples in the isolated response 𝑅𝑏, which is

the only response that contains the predicted internal multi-
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1034 VAN IJSSELDIJK ET AL.

F I G U R E 9 Time difference between the baseline and monitor

time lag. The time lags between primary 1 and, respectively, primary 2

(blue), multiple 1 (orange) and multiple 2 (green) are shown. Note that

the time shifts have been divided by 2 and 3, respectively, for multiple 1

and 2 to compare them with the primary shift. These differences were

calculated in the isolated response; the red shading indicates the areas

where the multiples are weaker, as shown in Figure 6b.

ples for this analysis. The red shading indicates the zone where

the multiples are weak in amplitude shown in Figure 6b,e. The

results for multiple 1 (in orange) and multiple 2 (in green)

have been divided by a factor of 2 and 3, respectively, in

order to have a fair comparison with the results from pri-

mary 2 (in blue), as these multiples probe the reservoir two or

three times. Especially, between the red zones a strong match

between the results of primaries and multiples in Figure 8

and the results in Figure 9 is noticed, which implies that the

multiples are successfully estimated outside the recording

time. The Marchenko-based isolation in Equation (4) predicts

multiples based on only primary reflection data. This also

happens in target area 𝑏, the primaries are used to predict the

internal multiples between 𝑃 1 and 𝑃 2.

The extracted time differences are compared to the results

by Qu and Verschuur (2020), who retrieved approximate

velocity changes. Some similarities are observed when look-

ing at the sign of the change in velocity in Figure 15 of Qu and

Verschuur (2020) and the differences in Figures 8 and 9, that

is the negative time shifts coincide with an increase in veloc-

ity observed by Qu and Verschuur (2020). Additionally, based

on approximations of the thickness of the reservoir (around

30 m) and the velocity changes (between −20 and 40 m/s),

the time-lapse traveltime differences are roughly estimated to

lie somewhere between +1 ms and −1.5 ms, which is sim-

ilar to the result found in this study. However, it is difficult

to make one-on-one comparisons between the two studies as

they consider different quantities that are not directly related

to each other.

DISCUSSION

As shown in the previous section, Marchenko-based isola-

tion of the reservoir response demonstrates promising results

in improving time-lapse monitoring of field data. The reflec-

tion data are better defined (i.e., overburden interactions are

reduced), hence providing a superior image of the target zone,

and time-lapse traveltime differences can be extracted from

the primaries and estimated multiples. In this section, some

limitations and potential future advancements of the method

will be discussed.

First, the current method only considers one time-lapse

aspect of the data, namely traveltime differences. Tradi-

tional time-lapse studies, oftentimes, also consider changes

in the amplitudes in the form of amplitude versus offset or

angle (AVO and AVA) analyses. Recent studies investigated

how angle-dependent reflectivity can be obtained with the

Marchenko method for lateral invariant media with constant

velocities (Alfaraj et al., 2020). If this method can be fur-

ther extended to include fully heterogeneous media, it will be

able to provide new insights for Marchenko-based time-lapse

monitoring with AVA.

These AVA time-lapse analyses generally consider changes

in both P- and S-waves (Landrø, 2001). On the contrary, the

Marchenko method is mostly used for the acoustic case only

because the causality constraint is no longer ensured when

elastic waves are introduced (da Costa Filho et al., 2014;

Reinicke et al., 2020). This further complicates advanced

AVA analysis on an isolated response, where only P-waves

are considered.

The biggest obstacle to apply the Marchenko method to

field data is the strict scaling requirements on the reflection

data. This either calls for a carefully designed preprocessing

scheme (Dukalski & Reinicke, 2022), which is not always fea-

sible in the case of legacy data. Alternatively, a cost function

can be minimized to find the optimal scaling; the approach

that was considered in the current study. This technique suf-

fered from the limited recording time of the data, causing most

events to fall outside this limit. The cost function, therefore,

was unable to converge to a minimum value.

Furthermore, the limited recording time also meant that

the internal multiples of the target zone were not recorded. It

was shown that these multiples could, in theory, be estimated

accurately with the Marchenko method. The accuracy of this

prediction on field data is harder to determine, where missing

multiples of the target zone were predicted based on the pri-

maries. While these multiples were not recorded in the data

itself, once they were estimated with the Marchenko method,

they still provided valuable insights into the time-lapse

differences of the target zone.

The current study extracted time-lapse differences from the

zero-offset gathers. Instead, multiple offsets can be combined

to acquire traveltime differences. On the one hand, the advan-

tage of using multiple offsets is that the result is smoother

over multiple offsets and thus more robust. On the other hand,

the disadvantage is that the correlation windows have to be

manually picked for each individual shot in the reflection

response. While the inclusion of multiple offsets was explored

for this study, it was found that the results did not significantly

improve; hence, the zero-offset gathers were deemed suffi-
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MARCHENKO-BASED MONITORING OF FIELD DATA 1035

cient for the time-lapse analysis. However, the computation

of velocity changes from the traveltime differences demands

multiple offsets to be used.

CONCLUSION

The purpose of this study was to apply Marchenko-based iso-

lation of the reflection response on marine time-lapse data

of the Troll field in order to extract traveltime differences

between the baseline and monitor surveys. To achieve this

goal, an approximate velocity model was acquired and a

suitable scaling of the reflection response was determined.

Subsequently, the over- and underburden were removed by

twice employing Marchenko redatuming, once above and

once below the target zone. From this newfound response,

two primaries and multiples were identified, and the time lag

between these events was calculated. Finally, the baseline and

monitor time lags were correlated to obtain the time-lapse

traveltime differences in the reservoir.

The methodology successfully eliminated imprints from

signals originating outside of the target zone, resulting in an

unobstructed view of the reservoir reflections. However, the

target zone was relatively free of multiple reflections to begin

with. It would, therefore, be interesting to test the methodol-

ogy on data with stronger interference from internal multiples

(such as a subsalt reservoir) to be able to conclusively deter-

mine the impact of the time-lapse Marchenko scheme. On the

current data, the method was able to restore internal multiples

lying outside of the recorded times. These were used together

with the unobstructed primaries to retrieve the time-lapse

traveltime differences inside the reservoir.

These results open the door for future time-lapse applica-

tions of the Marchenko method, which ultimately can aid in

our understanding of time-lapse changes in a reservoir caused

by storage or production of resources inside the subsurface.
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