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Abstract

The South Asia region hosts multiple prolific play types in
its Tertiary basins. It is common to see cycles of carbonates and
siliciclastic reservoir targets distributed from very shallow levels
to deep early basin fills. The presence of thick, high-impedance
carbonate layers with highly variable geometry at mid-section
poses significant challenges for imaging productive deeper target
levels. Over the years, numerous studies have explored methods
to enhance pre-carbonate imaging, from acquisition strategies
to the application of specialized technologies during seismic
data processing. Here, mode conversions at the high-impedance
contrast interfaces of these carbonate layers were explored and
used in improving imaging of the target sections. In a shallow-
water survey in the Asia Pacific region, surface data (marine and
ocean-bottom node) and borehole data (3-component vertical
incidence vertical seismic profiling [VSP] and 3D distributed
acoustic sensing [DAS] VSP) were acquired to advance subsur-
face imaging. In standard DAS VSP data processing workflows,
energy not associated with primary P-waves is often attenuated
or removed as noise. In contrast, the importance of this noise,
comprising mode-converted and multiple energy, was highligh-
ted, as it played a critical role in improved pre-carbonate imaging.
Imaging using this mode-converted and multiple energy was
shown to have great potential to provide additional insight into
the reservoir structures beneath the shallow carbonates. A 3D
VSP survey using a wireline fiber-optic cable was conducted in a
deviated well. Despite the single-component limitation of DAS
recording, the acquired 3D DAS VSP data captured P-waves and
notable converted waves, resulting from mode conversions within
a shallow, high-velocity carbonate layer. This paper highlighted
key findings from the analysis of the 3D DAS VSP data and
examined the possibility of using converted waves and multiple
energy for DAS VSP deeper carbonate imaging in a geologically
complex setting.

Introduction

Seismic imaging in complex carbonate settings, particularly in
shallow-water environments, remains highly challenging. These
difficulties originate from a complex overburden dominated by
a shallow, high-velocity carbonate layer with strong acoustic
impedance contrasts. As a result, conventional surface seismic
data often produce poor-quality images with limited continuity
of subsurface reflectors. To address these limitations and improve
the imaging fidelity, four complementary data sets were acquired:
marine streamer data for initial velocity model building and
broad coverage, an ocean-bottom node (OBN) configuration to
enhance the low-frequency content and accommodate full-azi-
muth illumination, a 3-component vertical incidence vertical
seismic profiling (3-C VIVSP) for anisotropy analysis and
high-resolution borehole imaging, and 3D distributed acoustic
sensing (DAS) VSP data for dense spatio-temporal sampling
and improved vertical resolution. This integrated acquisition
strategy was designed to address imaging challenges and to enable
advanced processing workflows such as elastic inversion, reverse
time migration (RTM), and high-fidelity reservoir characteriza-
tion (see Figure 1).

Figure 2 [left] shows a perspective view of the surface shot
locations (in red) and the geometry of the downhole fiber-optic
cable used in the 3D DAS VSP (in blue and orange). A
reservoir horizon is also highlighted in yellow within the same
plot. The data acquisition covered a source patch measuring
8 km x 8 km, with a shot spacing of 50 m x 50 m, resulting
in a total of 24,400 shot points. Figure 2 [right] presents
six raw DAS VSP shot gathers sampled at various offsets
along a single-shot line (the source locations are indicated by
green dots in Figure 2 [left]). These field records demonstrate
DAS VSP data with a reasonably good signal-to-noise ratio,
despite being acquired using wireline fiber, which is known
for suboptimal coupling. Additionally, it was observed that the
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upgoing P-wave (P-Up) signal for shots located opposite to
the well deviation is weak, and in some cases absent, due
to the inherent fiber directivity in DAS acquisition, whereas
the upgoing P-to-S converted wave (PS-Up) signal can be
strongest for these shots.

DAS used for VSP has emerged as a transformative tool for
subsurface characterization, using existing fiber-optic cables as
dense seismic arrays to deliver high-resolution imaging without
geophones (Mateeva et al., 2012). This approach reduces costs,
broadens monitoring accessibility, and has proven effective in
exploration and carbon storage projects. Studies highlight its
scalability across diverse geologic settings, including time-lapse
monitoring to track subtle subsurface changes (Daley et al.,
2013). Recent advances in full-waveform inversion (FWI) and
imaging workflows further enhance resolution and velocity model
building (Liu et al., 2025Zhan et al., 2024). Multiwell surveys
with preinstalled fiber-optic cables extend subsurface illumination
beyond the borehole (Zhan and Nahm, 2020), and the integration
of surface and borehole data enables true-3D imaging beneath
complex overburdens (Ghazali et al., 2018). Recent advances
in processing techniques include the use of deep learning for
denoising and wavefield separation (Cheng et al., 2025). All these
developments position 3D DAS VSP as a versatile and increas-
ingly mature technology with significant geophysical applications.

Alai et al. (2024) challenge conventional imaging approaches
in complex carbonate environments by integrating mode-conver-
ted shear waves and electromagnetic data to reduce interpreta-
tional ambiguity and enhance subsurface characterization. Alai
et al. (2025) demonstrate the value of imaging shear waves in
carbonate environments identified from DAS VSP data.

Figure 3 illustrates the comparison of VIVSP shots recorded
using geophones and DAS. Note the interesting similarities
observed in both displays. For the DAS VSP data, selective

source—receiver extractions have been made to match the
source—receiver Walkabove VSP configuration for optimal
comparison of both VSP data. The analysis of the recorded DAS
VSP data revealed essential acoustic-to-elastic wave mode
conversions at the carbonate layer.

To better understand the mode-converted energy in DAS
VSP data, elastic finite-difference modeling was performed.
Figure 4a shows a complex overburden (the velocity model was
estimated from the streamer data), dominated by a shallow, high-
velocity carbonate layer with significant acoustic impedance.
Figure 4b shows a snapshot of mode conversions obtained using
constant-density elastic forward numerical modeling. A linear
Vp—Vs relationship was derived from the compressional- and
shear-sonic logs via least-squares regression, ensuring the best
agreement between estimated and observed Vg, and then applied
to the streamer 3D 7p model (Figure 4a) to obtain the Vg model.

Figure 4c and 4d shows the comparison of elastic modeled
and field data, emphasizing their similarities and confirming
that downgoing P-waves undergo multiple mode conversions at
the top of carbonate (TOC) and base of carbonate (BOC),
generating prominent P-to-S converted waves.

These converted waves significantly interfere with P-waves,
posing challenges for conventional VSP imaging that relies on
P-wave data only. On the other hand, because mode-converted
waves are dominant over P-waves, they provide additional
insight into pre-carbonate imaging.

VSP wavefield separation and shear velocity estimation

As shown in Figures 1-4, the DAS VSP data show a
reasonably good signal-to-noise ratio, despite being acquired
using wireline fiber.

Imaging VSP converted waves requires isolating the
upgoing converted wavefield from the full wavefield, making
wavefleld separation a critical step in
the processing workflow. In this

e~ oy e paper, the separation was performed
Ty ! ‘g e A in two stages: the full wavefield was
separated into upgoing and downgo-
ing components using a dip-

/ separation-based approach.
Marine / OBN 3-C VIVSP 3D DAS VSP In addition, the upgoing
Figure 1. Different acquisition types (from left to right): marine streamer data, OBN data, 3-C VIVSP data, and 3D DAS VSP data. wavefield was decomposed into

upgoing PP- and PS-wave compo-

nents based on their moveout

Depth

Figure 2. A 3D view of the acquisition geometry and display of six field DAS VSP shot gathers at various offsets. The green dots indicate

the source locations.
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characteristics (Figure 5a [left] and
[center]). Ray-tracing-based moveout
correction was applied to flatten the
upgoing P-wave events in the shot

(s)awi]

domain, after which P-wave energy
was separated from the PS signal via
curvelet-domain filtering. Figure 5a
[right]
integrated display of the upgoing S-

presents a  color-coded

q waves (red) overlaid on the upgoing
P-waves (blue), highlighting that the

upgoing S-waves are more promlnent
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than the upgoing P-waves, particu-

0.2

3-C VIVSP { source — receiver configuration for ] larly in the deeper deviated section of
3-CVIVSP and 3D DAS VSP is different the fiber.

The recorded amplitude in DAS

@ . depends on the incidence angle 6

-E source - receiver selective g between the incoming wavefield and

Walkabove VSP source - receiver . the fiber axis. The P-wave response

configuration extractions scales as cos’d (blue curve, Figure 5b

[right]): it is maximum for waves

Optimal. parallel to the fiber (6 = 0°) and

SRS '’ decreases toward zero at 90°. The

T Depm N shear-wave response scales as sin26

Figure 3. Comparison of VIVSP shots recorded using geophones and DAS: vertical component of geophone VSP data [left] and DAS (red curve, Figure 5b [right]),

VSP data [right]. For the DAS VSP, selective source-receiver extractions have heen made to match the source-receiver Walkahove VSP vanishing at 0° and 90" and peaking at

configuration for optimal comparison of hoth VSP data. 45°. The S response exceeds the P

response for 6 > 26.6° (where cos? =

sin26). This trend appears in the

channel gather from the deviated
section (Figure 5b [left]). There is a

clear transition where the P-wave

Base of Carbonate

energy diminishes, whereas PS energy
strengthens and becomes dominant
energy in the record.

For improved understanding of
the acquired DAS VSP data,
Figure 6 shows the recordings for a
source offset of 1500 m. Note the
shallow water multiples: the P-wave

interbed multiples bouncing between

1000 2000 To000 2 water bottom (WB) and TOC and
TVD (m) TVD (m)
Figure 4. Wave mode conversions with P-waves propagating through a carbonate layer: (a) P-wave velocity model, with the red dot
indicating the surface shot location and the white line representing the fiber-optic cable; (b) snapshot of the elastic wavefield,
highlighting multiple mode conversions at the carhonate layer; (c) synthetic modeled VSP; and (d) DAS VSP.

the P-wave and S-wave interbed
multiples bouncing between the
TOC and BOC. It is noted that the
mode-converted S-waves are
0= Depth [m] 2600 ‘ dominant (indicated with the red

arrows) in the pre-carbonate section.

=]

Two-way time [S] =

It is interesting to observe the
interbed multiples generated at the
BOC: the wave propagation and
reflections colored indicate P-wave
(blue) and S-wave (red) interbed
multiples generated at the BOC.

This important finding emphasizes

that using P-waves alone makes it

w Shots E, very challenging to obtain high-

S (sin20) quality and accurate actual pre-
carbonate images.

The DAS VSP data were obtained
to improve the mapping of geologic
structures and deliver more accurate

Time(s)

insights into the VSP well, especially

Fiber Response ——»

P (cos?6) for characterizing reservoirs beneath

. 0  Incidence Angle (Degrees) 90 the shallow carbonate layer. As

Figure 5. Upgoing waves in DAS VSP data: (a) from left to right: PP waves, PS waves, and integrated display of PS waves (red) overlaid on emphasized above, in early stages of

PP waves (blue). (b) DAS VSP channel gather showcasing PP versus PS signal dominance on a sail line parallel to the well path [left] and processing DAS VSP data, all signals
plot of theoretical fiber response to P (cos?6) and S (sin20) waves [right]. not associated with P-waves are
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typically eliminated from the data. In this paper, we recommend
retaining these; however, for illustrative purposes, we present the
following example. Figure 7a shows three shots parallel to the well
path, full wavefield (grayscale), input to FWT after PS attenuation

= & ST N2

L =X Ll 4 NFseg &I

Figure 6. 3D DAS VSP data for a source offset of 1500 m. Note the shallow water multiples: the P-wave interbed multiples bouncing
between WB and TOC and the P-wave interbed multiples bouncing between the TOC and BOC. Interestingly, in the pre-carbonate section,
mode-converted S-waves are dominant (red arrows). The colored wave propagation and reflections indicate P-wave (blue) and S-wave
(red) interbed multiples generated at BOC. This important finding emphasizes that using P-waves alone makes it very challenging to

obtain high-quality and accurate deeper pre-carbonate images.

0 Depth(m) 260Q
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4

=

12[Hz]

10[Hz]

St.arting model

Figure 7. (a) Three shots parallel to the well path, full wavefield (grayscale), input to FWI after PS attenuation (blue). (b) Cross-
correlation misfit maps of the direct arrival between field and synthetic acoustic modeling for FWI updates (from left to right): starting
model, 10, 12, and 15 Hz. Stronger blue and red values represent high mismatch, whereas white represents a good match.
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2-way time

(blue). To achieve these gathers, forward elastic numerical
modeling was performed to accurately model all mode-converted
energy followed by the removal of all of these from the shot
gathers. Figure 7b illustrates the cross-correlation maps of the
arrival between field and
synthetic data modeled using acoustic

lo engine for FWI updates (from left to

direct

right): starting model, 10, 12, and
15 Hz. Stronger blue and red values
represent high mismatch, whereas
white represents a good match.

Converted waves and multiple imaging

with RTM
Using  the

velocity estimated from the acoustic

FWI, we first used RTM to generate
a P-Up image. Compared with the

P-wave interval

marine surface-seismic image, the
3D DAS VSP P-Up image shows a
bandwidth and higher
dominant frequencies. This is a
typical benefit of VSP acquisition:

borehole receivers are closer to the

broader

formation, so the upgoing wavefield
travels a shorter, less-attenuative
path in the subsurface.

Figure 8a shows the comparisons
of the DAS VSP P-Up image [left]
and DAS VSP PS-Up image [center].
Imaging the primaries shows that the
illumination area obtained from using
the upgoing wavefields is limited to
around the borehole and is not present
within the shallow section where no
receivers are present. To overcome
this, imaging with multiples (Lu etal.,
2015), also known as separated
wavefield imaging (SWIM), was used
to extend the illumination area and
obtain an image of the near surface
(Figure 8a [right]). SWIM uses each
shot as a “virtual” receiver, expanding
the surface coverage of the seismic
experiment to the shot patch and
enhancing the subsurface illumina-
tion. This results in a survey that has a
spatial sampling richer in offsets and

The
sampling greatly enhances the angular

I -100(ms)

point, which results in the imaging of
reflectivity above the fiber.
Figure 8b shows the multiple

azimuths. improved  spatial
diversity of the data at every image

+100(ms)

15[Hz]

imaging raypath diagrams (from

left to right): P-Down direct
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arrival, P-Down first-order surface-related multiples, P-
Down second-order surface-related multiples, and P-Down
higher order surface-related multiples.

A comparison between the streamer seismic Kirchhoff
prestack depth migrated (KPSDM) image (Figure 9 [left]) and
the 3D DAS VSP multiple image (Figure 9 [center]), and
the cross-correlation between them (Figure 9 [right]) shows
clearly their similarities between both data sets, with DAS VSP
data exposing higher frequency content. Both seismic sections
have been stretched to two-way time with their own respec-
tive velocities for the cross-correlation applications. All sections
have been mapped back to depth for comparison purposes
(Figure 10). It should be noted that the imaging of multiples
of 3D DAS VSP covers only a certain lateral distance around
the well but has significantly contributed to the lateral imaging
in comparison with imaging primaries only.

8km

Prior to migrating the upgoing converted waves, a shear
model (V) was determined using the sonic and shear logs.

The PS imaging input was generated by first aligning the
upgoing PS arrivals. We computed PS traveltimes via ray
tracing using the P-wave velocity for the downgoing leg and the
S-wave velocity for the upgoing leg and applied the resulting
dual-velocity moveout to flatten PS events in the shot domain.
After flattening, curvelet-domain filtering suppressed PP
leakage and incoherent noise.

The upgoing S-waves were migrated using reciprocity with
dual-velocity acoustic RTM as proposed by Alai et al. (2022).

In this approach, the forward source propagation is carried
out downhole using the constructed S-wave velocity, whereas
the upgoing S-wave field is backward propagated from surface
shot locations to the subsurface using either the P-wave velocity
or various types of converted wave velocities. This process is
graphically illustrated in the ray
diagrams shown in Figure 11a.

For comparison purposes, the
surface seismic PP image (grayscale)
and the conventional DAS VSP
image of the upgoing P-waves
(PPPP) are shown in Figure 11b
(left and center, respectively). Note

(w)ypdeg

that the VSP images are overlaid in
gold color on the surface seismic

4
4
1
1

N
1}
1

across the wellbore direction.
Figure 11b [right] demonstrates
improved  imaging of  deeper

reflectors (indicated by the yellow
arrow) using upgoing shear waves
(PPPS). 11c

shows a

Figure

Figure 8. (a) DAS VSP P-Up image [left], DAS VSP PS-Up image [center], and DAS VSP multiple image using all-order surface-related
multiples [right]. (b) Multiple imaging raypath diagrams (from left to right): P-Down direct arrival, P-Down first-order surface-related
multiples, P-Down second-order surface-related multiples, and P-Down all-order surface-related multiples.

Figure 9. Streamer seismic KPSDM raw image [left], 3D DAS VSP multiple image [center], and cross-correlation between both [right].
Both seismic sections have been stretched to two-way time with their own respective velocities for the cross-correlation applications.

schematic ray diagram illustrating
some  possible  mode-converted
PSPP, PPPS, and PSPS waves in
carbonate settings. These are a
subselection of all the possible
configurations PPPP, PPSP, PSPP,
PSSP, PPSS, PSPS, and PSSS.
Finally, Figure 12 shows the
comparison of the KPSDM surface
data and DAS VSP RTM images
using mode-converted waves. Note
the depth coincidence of all the
images (indicated with yellow and
cyan arrows), even though dual

velocities have been used in the

Depth (m)

3000 S

Figure 10. Streamer seismic KPSDM raw image [left], 3D DAS VSP multiple image [center], and cross-correlation between both [right].
Both seismic sections have been stretched to two-way time with their own respective velocities for the cross-correlation applications,

and all sections have been mapped back to depth for comparison purposes.

Special Section: Advances in seismic acquisition

RTM. The orange arrows indicate
the improved deeper imaging.

The strong alignment between
the DAS VSP
images and the surface seismic image
that this
carbonate geologic setting is well-

converted wave
demonstrates complex
suited for using converted waves in

DAS VSP imaging. Furthermore,

February2026 The Leading Edge 95

Downloaded from http://pubs.geoscienceworld.org/seg/tle/article-pdf/45/2/91/7765658/tle-2025-1023.pdf by Igor Marino on 19 February 2026



Depth(m)

Depth(m)

3000

Figure 11. (a) Composite plot with ray diagrams, (b) surface seismic image (grayscale) and DAS VSP PPPP and PPPS images (gold)
overlaid on surface seismic across wellbore direction, and (c) schematic diagram illustrating possible mode-converted PSPP, PPPS, and
PSPS waves in carbonate settings with the TOC and BOC. Only a subselection of all the possible configurations PPPP, PPSP, PSPP, PSSP,

PPSS, PSPS, and PSSS is shown.

Depth(m)

PSPP-RTM

3000

) el 9 g

.

orsvsr Y

PPPS-RTM

1500m/s mode-converted energy to extract
valuable information. Our analyses
have provided critical insights into
acoustic-to-elastic mode-converted
and beneath the

waves within

carbonate layers.

The

demonstrate

resulting images clearly
improvement in
comparison to surface seismic and
conventional DAS VSP upgoing P-
wave images in the vicinity of the well.

Our success in imaging mode-
converted energy in 3D DAS VSP
data establishes a novel foundation
wavefield

for advanced elastic

analyses in complex carbonate
geologic settings.

Future processing of the OBN
data and integration with the 3D
DAS VSP may provide more accurate
shear interval velocities. With joint
updates of P- and S-wave interval
velocities, full elastic RTM needs to
be performed to achieve optimal
results taking all elastic boundary

conditions into account. I
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Figure 12. Comparisons of migrated images (from left to right): KPSDM, PPPP RTM, PSPP RTM, PPPS RTM, and PSPS RTM. Note the
depth coincidence of all images (yellow and cyan arrows), even though dual velocities have been used in the RTM. Orange arrows indicate

improved deeper imaging.

the DAS VSP converted wave images provide subsurface
imaging comparable to the conventional P-wave images while
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Conclusions

This paper introduces an innovative seismic imaging
approach for complex carbonate environments by leveraging
converted waves and multiple energy from DAS VSP data.
Unlike conventional methods that rely heavily on P-wave data
and often struggle beneath high-velocity carbonate layers, this
study successfully used converted S-waves and multiples to
improve subsurface resolution. The 3D DAS VSP data were
acquired using a wireline-deployed fiber-optic cable in a shallow
water setting, demonstrating the feasibility and effectiveness of
this technique.

Rather than following industry standard routinely removing
nonprimary-P-wave energy as noise in DAS VSP data, this
paper demonstrated that these mode-converted waves and
multiple energy can be used in deeper pre-carbonate imag-
ing, opening deeper exploration opportunities. We imaged
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