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A B S T R A C T

Searching for hydrocarbon reserves in deep subsurface is the main concern of wide community of

geophysicists and geoscientists in petroleum industry. Exploration seismology has substantially

contributed to finding and developing giant fields worldwide. The technology has evolved from

two to three-dimensional method, and later added a fourth dimension for reservoir monitoring.

Continuous depletion of many old fields and the increasing world consumption of crude oil

pushed to consistently search for techniques that help recover more reserves from old fields

and find alternative fields in more complex and deeper formations either on land and in
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offshore. In such environments, conventional seismic with the compressional (P) wave alone

proved to be insufficient. Multicomponent seismology came as a solution to most limitations

encountered in P-wave imaging. That is, recording different components of the seismic wave field

allowed geophysicists to map complex reservoirs and extract information that could not be

extracted previously. The technology demonstrated its value in many fields and gained popular-

ity in basins worldwide. In this review study, we give an overview about multicomponent seismol-

ogy, its history, data acquisition, processing and interpretation as well as the state-of the-art of its

applications. Recent examples from world basins are highlighted. The study concludes that

despite the success achieved in many geographical areas such as deep offshore in the Gulf ofMex-

ico, Western Canada Sedimentary Basin (WCSB), North Sea, Offshore Brazil, China and Aus-

tralia, much work remains for the technology to gain similar acceptance in other areas such as

Middle East, East Asia, West Africa and North Africa. However, with the tremendous advances

reported in data recording, processing and interpretation, the situation may change.

� 2015 Production and hosting by Elsevier B.V. on behalf of Cairo University.
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Introduction

We have come a long way since the 1920s when vibrations were
first induced in the subsurface and transformed into inter-
pretable information about oil reserves. Since then, great efforts
were undertaken to understand the science behind seismology
and integrate its use into oil industry which resulted in discover-

ing giant oil fields in many basins in the world. The technology
has evolved from two to three-dimensional and later to four-
dimensional seismic where three-dimensional seismic data are
recorded over time for comparison and monitoring bulk rock

properties related to fluid changes (production/injection). With
the increasing demand for new reserves to ensure the world
energy supply, geoscientists started addressing objectives in deep

onshore and offshore such as geological formations near salt
domes, subsalt formations, tight sands, and source rocks
(Fig. 1). In such environments, using one single component (P-

wave) demonstrated numerous limitations. Thus, multicompo-
nent seismology came to overcome these limitations and provide
more complete image and characterization of subsurface.

Recording multimode data dates back to the early 1970s
when Conoco began to test and demonstrate its horizontal
vibrator. The development of the technology has slowed dur-
ing the early 1980s. In the late 1980s, the technology gained

attention from academia (e.g. CREWES Project at the Univer-
sity of Calgary, Canada; RCP Colorado School of Mines, Uni-
ted States (US); and Delphi at Delft University, Netherlands)

and from a number of service and oil companies [1]. As a
result, several case studies have been published from onshore
US (e.g. [2,3]) and Canadian basins (e.g. [4,5]) where the tech-

nique was evolved and first applied, as well as from other geo-
graphical areas outside North America e.g. the North Sea (e.g.
[6]). With the advent of land and marine seismic data acquisi-

tion and processing particularly the development of the digital
multicomponent sensors, more successful applications have
been reported in many new fields worldwide such as those in
the Gulf of Mexico [7–9], Canada (e.g. [10,11]); the North

Sea (e.g. [12–14]); China (e.g. [15–17]); the Caspian Sea [18];
the North Africa [19,20]; and the Middle East [21–23].
Multicomponent seismology: new information leads to new

reserves

Seismic exploration for hydrocarbons starts by emitting a

compressional P-wave using vertical vibrational truck or dyna-
mite. The reflected wave’s signal, once appropriately acquired
and well processed, can carry information about structure,

lithology, saturating fluids (water, oil, gas) of subsurface for-
mations. As attention has been drawn to deeper, old and com-
plex subsurface objectives, P-wave has encountered numerous



Fig. 1 Examples of geological formations targeted for hydrocarbon exploration [50].
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difficulties in imaging subsalts, formations beneath volcanic
rocks, formations with low acoustic impedance contrast. Thus,
generating and recording more complete vibrations in the

earth to complement efforts done in P-wave was introduced
and demonstrated to be a promising solution.

Unlike P-wave that can be affected by changes in rock’s
rigidity, density and compressibility, S-wave is sensitive only

to rock rigidity and density as illustrated in Eqs. (1) and (2):

Vp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kþ 2l

q

s
ð1Þ

Vs ¼
ffiffiffi
l
q

r
ð2Þ

where l, k are Lamé parameters of rigidity (shear modulus),
and incompressibility (inverse of bulk modulus) respectively.
q is the density of the rock. In addition, while the P-wave com-
presses volumes, S-wave only modifies their shapes (Fig. 2).

The latter key difference was learned since the early days of
S-wave [24] and provides nowadays great assistance to geosci-
entist to differentiate fluid-saturated formation expressions

from expressions pertaining to lithological changes, and to
image gas cloud zones where gas traces mask subsurface for-
mations. This has resulted in finding new reserves, hundreds

of millions of barrels of oil and tens of billions of cubic feet
Fig. 2 Deformations resulting fro
of natural gas that have not been seen using P-wave alone
[25]. Another important aspect of the S-wave is its ability to

image rock fracture densities and orientation. The knowledge
of fracture direction and fracture density can be critical to
exploration and characterization success. Since shear waves

are sensitive to a rock’s shear modulus, they respond to
changes in rock stiffness and strength. When stiffness and
strength changes have preferential orientations, shear waves
undergo birefringence (shear wave splitting). This can occur

also in the presence of fractures in the rock [26,27]. In fact,
unlike isotropic medium where S-wave polarizations (SV and
SH) are determined by source–receiver geometry, in fractured

medium as S-wave passes through fractures, it splits into two
S-waves. The first is fast S-wave, polarized parallel to the direc-
tion of fractures. The second is slow S-wave, perpendicular to

the fractures plane. It is standard practice to measure travel
time variation of both waves (SV and SH) recorded at different
acquisition azimuths as shown in Fig. 3. For SV section, angle

at which the wave shows later arrival time is interpreted to be
the direction perpendicular to fractures. On the other hand,
angle at which the wave arrives at earlier time is attributed
to be the direction of fractures. In the SH section, amplitude

drops to zero and phases reversal can be observed at both
directions determined on SV section [28]. Note that also
micro-cracks aligned with local stress direction can be detected

by these polarization analysis methods.
m P and S wave propagation.



Fig. 3 Illustration of S-wave splitting from Bale et al. [27]. Black

arrows in the center represent converted wave generated from P-

to-S conversion point. Fast and slow S-waves are shown in blue

and red colors, respectively.
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Multicomponent data acquisition, processing and interpretation

There is a variety of multicomponent seismology geometries in

industry. This involves, for example 3C/2D, 3C/3D, 3C/4D,
4C/2D, 4C/3D, 4C/4D and 9C3D (3-component shear source
recorded by 3-component sensor). Using full wave-field vibra-
tional sources (3C), various shear-wave (S-wave) images can be

made from 9C3D seismic data (Table 1). Only one S-wave
image can be produced from 3C/3D survey, that being a
Converted-wave (C-wave) image. However, as near surface

proved to be generally unfriendly to S-wave and causes
increasing costs in S-wave acquisition, processing and interpre-
tation, P-wave with its generated components (3C) is winning

out over 9-C [29].
Conventional coil geophones have been used as the stan-

dard sensors since the beginning of seismic exploration. With
the need to record more motions, special multicomponent sen-

sors have been developed for land and for marine seismic.
Current marine multicomponent sensors, known as 4C,

were first used commercially in 1996. The recording system

uses traditional air-gun sources to generate pressure wave
(P). The 3C receivers are placed on the sea floor to record
the 3-D vector field (Fig. 4). The fourth component is a hydro-

phone recording the pressure field. With advances in marine
Table 1 Different components measured in 3D/9C. In case of 3D/

Source Re

9C XYZ XY

6C YZ XY

4C Z XY

3C Z XY

Where SV and SH refer to vertical and horizontal S-wave. X, Y and Z a

that for marine seismic a hydrophone H is used with the three compone
seismic equipment, seismic data can be recorded at thousands
of meters in deep sea. For example, recent autonomous wire-
less ocean-bottom recorders (OBX) by Geospace Technologies

can operate at 3400 m deep in the sea, while the new ocean bot-
tom seismometers (MicrOBS) by Sercel can work down to a
deep of 6000 m.

In land seismic acquisition, a variety of innovative 3C sen-
sors have been developed for multicomponent seismology
applications by different manufacturers (Geospace Technolo-

gies, Sercel, Input/Output and others). Micro Electro Mechan-
ical System, or MEMS offered by Sercel and Input/Output
Inc. provides many advantages over common coil-based geo-
phones. These include but not limited to the following: single

point recording, direct digital output, improved vector fidelity,
and measurement of sensor tilt [30]. Note that advances have
also been achieved in S-wave source development; however,

their applications are still predominantly in research mode
[25].

Toward the end of the 1980s, experience showed that P-

wave can be an inexpensive source of converted S-wave. This
came from observations in borehole seismic measurements
[2]. Compressional waves undergo partial conversion to S-

wave at the subsurface interfaces and can be detected as a nor-
mal S-wave. Thus, it is very common practice in today industry
to use P-wave sources to generate both P-wave and converted
P to vertical S-wave (P–SV).

Recently, experiments by Hardage and Wanger [31] have
demonstrated that other S-wave modes can be produced using
vertical vibrators namely, SV–P and SH–SH. The authors also

showed that S-wave generated from P-wave sources has wider
range of frequencies, thus higher resolution than direct S-
waves produced by horizontal vibrators.

The fundamentals of converted wave processing have been
developed in the 1980s to early 1990s. Processing PS-waves
data are known to be more complicated than those of process-

ing P-waves. This stems from the flowing fact. For a P-wave
reflecting at a geological interface, according to Snell’s law,
the reflection angle equals the incidence angle. Therefore, the
P-wave takes advantage of the fact that reflection point is at

the mid-point between source and receiver. This is not the case
for PS-wave. An S-wave always reflects with a smaller angle
than the P-wave does, as a result of its low velocity Vs relative

to Vp (Fig. 5). Therefore, the conversion point is closer to the
receiver. This asymmetry makes the PS reflection points vary
in depth as a function of P and S velocities for any given

source–receiver offset, and thus complicates the processing of
the converted wave data.

Other major differences with P-wave data processing
involve the partitioning of energy into orthogonally polarized

components, and also the differences in geometries and condi-
tions of source and receiver. For example, in the case of sea-
3C only the last raw is applicable.

ceiver Captures modes

Z P–P, P–SV, SV–SV, SV–P, SH–SH,

Z P–P, P–SV, SH–SH

ZH P–P and P–SV

Z P–P and P–SV

re the horizontal and vertical recording directions, respectively. Note

nts XYZ.



Fig. 4 Marine multicomponent sea-floor data acquisition. The recording vessel is stationary and records motion detected by sensors

planted in the sea-floor.

Fig. 5 Incident P-wave and its corresponding reflected P and

converted S-waves.

Multicomponent seismology 519
floor acquisition, sources are towed near the surface whereas
receivers are placed at the deep sea floor [32]. The improve-

ments in PS understanding and success in PS data processing
have allowed retrieving another converted wave that has been
ignored for decades. SV–P wave has been considered for long

time as undesired noise. However, experience proved that SV–
P is as informative as P–SV and as valuable as it. In addition,
the former has another advantage over the latter. In fact, SV–P

can be recorded using conventional P-wave receivers and
extracted from P-wave without having to acquire new seismic
data using multicomponent sensors [33].

From interpretation perspective, it is worth to note that the
integration of PS-wave was not straightforward process. Basi-
cally, PP and PS sections display different seismic reflections,
from the same geological formations, but at different times

(Figs. 6 and 7). This is due to the fact that the former measures
contrast in P impedance (density � P-wave velocity), while the
latter records contrast in S impedance (density � S-wave veloc-
ity). Time in PS sections measures the travel time required for
the wave to descend as a P-wave and reflects as an S-wave. As
S-waves are slower than P-waves, PS-times are larger than PP-
times. Thus, PS sections appear stretched relative to PP sec-

tions (Figs. 6 and 7). Typically, both P-wave and converted
wave data must be converted to depth using synthetic traces
derived from well control. Derived time–depth functions are

then used to correlate P-wave events with PS-events and to
compress PS sections for comparison with their corresponding
PP images. This process of events matching is known as regis-

tration. Although the squeezing does improve the apparent
vertical resolution, but it often remains difficult to register all
events in the sections. The extracted travel time measurements
from picking the P and PS events can be used to calculate

Vp/Vs ratio maps through the following relationship:

k ¼ 2Dtps � Dtp
Dtp

ð3Þ

where Dtp and Dtps are the interval travel time of PP and PS
waves, respectively, measured between two reflections of

interest.
Note that several workflows have been proposed to corre-

late S-wave reflections with their P-wave counterparts and

integrate PS data in common qualitative and quantitative
interpretation of workstations (e.g. [34–37]).

Another challenge while deploying PS data is how to invert
the data from both waves for elastic rock properties. Several

approaches have been introduced in this regard. Stewart [38]
suggested inverting both data jointly using least squares
approach which can be accomplished after establishing a rela-

tionship between PP and PS reflections. Hampson et al. [39]
proposed a model-based approach which is an extension to
their work in model-based inversions. Dual inversion is also

a simultaneous inversion technique proposed by Garotta
et al. [40]. The latter approach converts simultaneously PP
and PS seismic data to Vp/Vs and elastic rock properties using
simulated annealing scheme.



Fig. 6 Target horizons (reservoir’s top and base) interpreted in P-wave data are shown in yellow.

Fig. 7 S-wave before being calibrated to PP time. Notice that targets (marked with black arrows) are located at later time in the PS

section relative to the above PP section.
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Applications of multicomponent seismology (Converted wave)

Recently, multicomponent seismology has gained wide accep-

tance due to increasing number of successful case studies in
many areas around the globe. Table 2 shows some recent
applications of the technique in many regions in the world.

Figs. 8–10 are selected from cases in Table 2. The first example
is from Offshore North Sea [43]. The target is a hydrocarbon-
bearing sandstone reservoir. Due to the low contrast
impedance between the reservoir and the surrounding rocks,
P-wave data failed to image the reservoir reflection. Converted

wave has showed clear anomalies associated with the reservoir.
Interestingly, the reservoir seismic response to the converted
wave is found consistent with well logs information [43]. In

the second example from Offshore Brazil, a flat spot associated
with fluid contact is clearly visible on the P-wave image. The
anomaly is not found on the converted wave section. This
was attributed to the fact that S-wave does not respond to fluid



Table 2 Some applications of the technology with examples from the world are summarized in Table 1.

Application Geographical area

Gas cloud imaging 1. East Cameron gas fields, Gulf of Mexico

[7]

2. Campos Basin, Offshore Brazil [41]

3. Tommeliten Alpha Field, Norwegian

sector of North Sea [42]

Reservoir delineation 1. Sulige gas field, Erdos basin, China [17]

2. Shengli oilfield, China [15]

3. UK sector of North Sea [14]

Hydrocarbons validation 1. Nakhla oilfield, Libya [19]

2. Santos Basin, Offshore Brazil [41]

3. Sulige gas field, China [17]

Imaging of targets of poor PP reflectivity 1. Valhal field, North Sea, Norway [25]

2. Campos Basin, Offshore Brazil [41]

3. Alba field, UK sector of North Sea [41]

Fracture characterization 1. Onshore US [28]

2. South Algeria [20]

3. Sichuan Basin, China [16]

Carbonate reservoirs characterization 1. Idd El Shargi North Dome Field in

offshore Qatar [22]

2. Natih field, Oman [21]

3. Offshore Abu Dhabi, UAE [23]

4. Cantarell oilfield, the Gulf of Mexico,

Mexico [8]

Unconventional resources (shale’s oil/gas, tight sand

reservoirs)

1. British Colombia, Canada [10]

2. Marcellus Shale, Pennsylvania, US [44]

3. Shaunavon Tight Oil Reservoir, Canada

[11]

Heavy oil characterization and monitoring 1. Alberta, Canada [27]

2. Manitou Lake, Canada [45]

3. Ross Lake heavy oilfield in

Saskatchewan, Canada [46]

4. Faja Petrolı́fera del Orinoco, Venezuela

[47]

Reservoir monitoring 1. Delhi Field, Louisiana [48]

2. Ekofisk Field, Norwegian sector of North

Sea [12]

3. Valhal field, Norwegian sector of North

Sea [13]

Pore pressure prediction 1. Gulf of Mexico, US [49]

2. Atlantis field, Gulf of Mexico [9]

3. Valhal field, North Sea, Norway [13]
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presence in the rock. This key difference helped in validating
hydrocarbon associated anomaly [41]. The last example depicts

the effect of fractures on S-wave propagation. Both radial and
transverse component data are displayed. Traces recorded at
different angles are shown. Note that the shortest arrival time

is observed at 80–260� which is interpreted to be the direction
of the fractures. At this direction, transverse component ampli-
tude nulls between polarity reversals as there is no transverse

component produced [27].
Discussion

It is readily seen from the real examples above that multicom-
ponent seismology proved to have the potential to overcome
many limitations and difficulties that P-wave encountered in
complex geological conditions.

As a result of the tremendous advent in acquisition, pro-
cessing and interpretation of material and techniques, the tech-
nology is getting wide acceptance and increases in its

understanding and applications in academia as well as in
industry. As example, multicomponent is increasingly being
deployed in China and offshore Brazil to solve problems faced

with P-wave conventional applications and to reveal more fea-
tures about many promising fields there. In North Sea, several
permanent monitoring systems have been installed in the sea-
floor to monitor reservoirs production and water injection.

Due to the excellent repeatability, the data are being processed
and interpreted within weeks after final shot. On the other
hand, the technology is still being slowly adopted in some



Fig. 8 Data from Alba field. P-wave (up) failed to image the reservoir due to low impedance contrast. Note how reservoir reflections are

appearing clear in PS section [43].

Fig. 9 Example from Offshore Brazil. On the P-wave section (left), notice the flat spot, associated with oil/water contact, and the gas cap

above it. These features are not, and should not be, visible on the C-wave section (right). Their absence helps validate them on the P-wave

section [41].
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other areas such as North and West Africa, Middle East, and
Southeast Asia regions. Although there have been some newly

published pilot studies (e.g. [19,20]), much work remains
before the technology becomes an accepted application in
the characterization of reservoirs in these areas.

Possibly, the fact that P-wave sources proved to have the
potential to produce different modes of S-waves will open
the doors to deploy multicomponent seismology in new areas

where the technology was not considered because of environ-
mental constraints, less availability of horizontal sources or
prohibitively high data acquisition costs.

Currently, attention is being paid to the possibility of

extracting SV–P from P-wave data which would eliminate
the need to acquire multicomponent data from the field. Con-
verted wave data will be extracted directly from P-waves

recorded into vertical geophones.
It is important to note that articles published recently about

the multicomponent seismology applications and examples are

too numerous to cite. Nearly 90% of the published successful
applications come from US basins, Canada, North Sea, China,
and Latin America.

Conclusions

The remarkable success of multicomponent seismology is

indeed the result of tremendous efforts and collaboration



Fig. 10 Fractures orientation detection using shear wave splitting from Mattocks et al. [28]. Fast S-wave’s azimuth (shortest travel time)

indicates fractures direction. In the transverse component section, phase reversal occurs at the same angle where radial component

showing shortest arrival time.
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between different players from academia and industry (con-
tractors and clients). The collaboration took place in a variety
of disciplines from acquisition, land and sea-floor instrumenta-

tion, to processing and interpretation. This has greatly served
the world by extending oil reserves life and supply for decades
to come.
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