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Introduction

When geology shows substantial structural complexity,
depth migration of time seismic data is required to avoid
misleading interpretation errors. This processing however,
requires the determination of an accurate depth velocity
model (Versteeg 1994). Prestack reflection traveltime
tomography is a well-known approach for building reliable
velocity models (Bishop et al. 1985; Jurado et al. 1996).
The implementation made at IFP Energies nouvelles of
prestack reflection tomography has proven its effectiveness
on several real datasets in complex geological settings
(Broto and Ehinger 1998; Ehinger et al. 2001; Béche et al.
2005; Béche 2009). It was also used to detect strong
velocity variations induced by gas presence (Broto et al.
2003; Plaza et al. 2010; Broto et al. 2011). But when seis-
mic reflections become difficult to be identified and picked,
this method suffers from severe limitations.

As opposed to depth tomography or migration velocity
analysis methods (Stork 1992; Bloor 1998; Gray et al. 2000),
traveltime inversion or tomography may be straightfor-
wardly extended to inversion of any type of seismic events.
These inversion processes can be performed sequentially or
simultaneously (Broto et al. 2003; Broto and Lailly 2001).
This high flexibility of traveltime tomography makes this
technique very attractive when dealing with complex media.
Furthermore any available seismic information can be
inverted within a single run computing a unified velocity
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model of the subsurface. First arrivals or turning rays are
commonly inverted by traveltime tomography to estimate
the near surface velocities (Zelt and Barton 1998; Zhu et al.
2000). Methods or workflows combining both reflection and
first arrival information are nowadays more and more widely
investigated for accessing velocities in such complex con-
text as foothills (Gray et al. 2002; Dell’ Aversana et al. 2003;
Zhu et al. 2008; Jaiswal and Zelt 2008).

In this study, we propose to simultaneously invert primary
reflections and first arrivals in a joint tomographic process.
The objective is to benefit from the data density of the first
arrivals in the shallower areas and from the depth investiga-
tion of reflections in the deepest zones. We firstly describe the
joint tomography method and secondly its application on a
deep seismic profile acquired through the Northern Emirates
foothills. Finally, the contribution of this study to a better
recognition of the geological structures is discussed.

Methodology
The Traveltime Tomographic Inverse Problem

The traveltime tomographic inversion aims at determining
the velocity model that minimizes the misfits between
observed traveltimes obtained from interpretation of seis-
mic events and calculated traveltimes computed by seismic
ray-tracing. This problem being ill-posed, a priori infor-
mation about the subsurface model is introduced through a
regularization term (Tarantola 1987). As shown by Delprat-
Jannaud and Lailly (1993), a priori information on the
second derivatives of the model is necessary and sufficient
to obtain a mathematically well-posed problem. Hence the
general inverse problem of traveltime tomography can be
written as the minimization of the following least-square
objective function:

C(m) — ||Tcal(m) _ TobsHZ + 8R||D2(m _ mprior) HZ7
(7.1)
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where ||T°“(m) — T°"||? is called the traveltime term, 7%

being the vector of observed traveltimes, T¢%(m) containing
the calculted traveltimes through the model m, and
|D*(m — m/’”"’”')H2 is the second order regularization term
with respect to a priori model m?" " gp allowing to weight
the regularization term with respect to the traveltime term.

Equation 7.1 is commonly used to solve the reflection
traveltime tomography problem, i.e. to determine the sub-
surface model that explains traveltimes resulting from the
interpretation of seismic reflections. Equation 7.1 is actu-
ally valid for any type of traveltime information and can
also be extended to the joint inversion of different types of
traveltime information within a single simultaneous run.

Considering joint reflection and first arrival tomographic
inversion, Eq. 7.1 can be reformulated as the minimization
of the following cost function:

Clm) = exr | T Om) = TR |*+ara | T (m) = T
+ 8R||D2(m _ mprwr) ”2’

(7.2)

where RT stands for reflection traveltimes, FA for first
arrival traveltimes, egy and gp4 allowing to weight respec-
tively the reflection term and the first arrival term.

Velocity Model Representation

The complexity of the model m which can be retrieved by
tomography depends on the chosen mathematical represen-
tation of spatial velocity variations. Two main representa-
tions are generally used: the smooth representation, for
which the subsurface is represented by a single smoothly
varying function and the blocky representation, for which the
subsurface is divided into blocks separated by interfaces. We
implement a hybrid representation that we call
“a smooth per block representation” to benefit from the
advantages of both representations (Lailly and Sinoquet
1996). Each block is delimited by interfaces and character-
ized by its proper smooth velocity distribution which may be
constant, laterally varying (type v(x,y)), with or without a
vertical gradient (type v(x,y) + kz, or laterally and verti-
cally varying (type v(x,y,z)). We make use of bi-cubic
B-spline functions for representing the interfaces and
velocity block laws to ensure the continuity of second order
derivatives as requested by Eq. 7.1 or 7.2. Compared to a
pure smooth representation of the velocity model, this hybrid
representation allows to build models with strong velocity
contrasts—such as those encountered when crossing faults,
salt or basalt bodies—and with smooth velocity variations
inside each individual block—such as those induced by
facies changes, tectonic stresses, or fluid injection.

A. Jardin et al.
Ray-Tracing Modelling

At each step of the iterative inversion process, forward
modelling by means of prestack ray-tracing is performed to
compute the prestack traveltimes associated with the current
velocity model. In the case of reflection traveltimes
(T%L(m) term in Eq. 7.2), the bending method has been
chosen for sake of efficiency (Jurado et al. 1996). In this
method, a ray joining a source to a receiver is updated until
the total traveltime is stationary (Fermat’s principle).
Circular arcs are used when the velocity is varying with a
constant vertical gradient and straight lines otherwise.
Ghost interfaces defined as virtual interfaces could be
introduced in the blocky model to improve the accuracy of
the calculated traveltimes by splitting long rays into smaller
segments. Accurate traveltimes are computed with this ray-
tracing technique, even through complex structures like
triangle zones (Jardin et al. 2005).

In the case of the first arrival traveltimes (T¢% (m) term
in Eq. 7.2), the forward problem is solved by a paraxial ray-
tracing for the calculation of the first arrival data, modelled
as turning rays or diving rays propagating through a smooth
medium (Clarke 1997).

Access to Observed Travel Times

The observed traveltimes T°% in Eq. 7.1 or 7.2 are obtained
by picking seismic events in prestack time gathers. Inter-
preting seismic reflections in prestack data is a tedious task:
it means handling, visualizing, understanding and picking a
huge amount of data. Furthermore, prestack seismic data are
generally characterized by a poor signal-to-noise ratio and
seismic events may be distorted and difficult to be clearly
identified in the time domain. Finally, because of the
inherent move-out of seismic events in the prestack time
domain, it may be difficult to ensure the consistency of the
interpretation from one common offset section to the next
one. The traveltime database may thus be incomplete or
contain important interpretation errors, hence compromis-
ing the results of the tomographic inversion (Broto 1999).
Original methodologies to ensure that this database is
complete and accurate as much as possible have been
developed (Grau and Lailly 1993; Broto and Ehinger 1998;
Broto et al. 2008). However, human involvement remains
important. On the other hand, first arrivals are clearly
identifiable in seismic data and industrial software can be
used to pick the required first breaks on unmigrated gathers.
As for reflection traveltimes, the picking quality of first
arrivals can however, be affected by ambient noise. This
quality control of reflection and first arrival traveltime
picking will be a factor for defining the relative values of
weights egr and gr4 in Eq. 7.2.
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Inversion Process

Since the physical law T¢%(m) used to estimate calculated
data for a given model m is non linear, the cost function
described in Eqs. 7.1 and 7.2 is non quadratic. In the imple-
mentation of IFPEN’s traveltime tomography software, this
non linear problem is solved iteratively with the Gauss—
Newton method. Any velocity model determination method
is exposed to the non-unicity of the solution. This difficulty
derives from the fact that the recorded data are restricted to a
limited range of source-receiver offsets and azimuths. As
discussed above, the hybrid representation of the subsurface
and the introduction of a priori information allow to reduce
respectively the number of unknowns of the problem and the
solution space. Tuning regularization weights can however
be very delicate. To overcome this difficulty, a method has
been proposed (Renard et Lailly 1999; Plaza et al. 2010). It
consists in starting the inversion with strong regularization
weights, then in regularly decreasing these weights to derive
models that are less and less smooth. This process is stopped
when traveltime misfits do no longer decrease. In addition to
the regularization of the inverse problem, our implementa-
tion of traveltime tomography can account for hard con-
straints on the searched model (Delbos et al. 2006). These
inequality or equality constraints may correspond to geo-
logical or geophysical knowledge, such as the range of
expected velocity values, expected interface depths, expec-
ted dips or roughness etc.

Application to a Deep Seismic Profile

The Oman range and Northern Emirates Foothills have been
studied by geologists for a long time but mainly in the
Sultanate of Oman. The United Arab Emirates (U.A.E.)
Foothills area has been less explored and constitutes a rather
frontier area for petroleum exploration. Several questions
still remain on the petroleum system (source rock, reser-
voirs and seals). Answers are required to minimize the
exploration risks related to the recognition of potential
small fields controlled by complex structural and strati-
graphic traps. Previous seismic studies were based on
conventional exploration seismic surveys. Due to the lim-
ited regional extent they can not clearly image the deepest
sedimentary layers and the basement. In order to acquire
continuous information along regional transects, from the
surface to the base of the crust, deep seismic surveys across
the Oman—U.A.E. Mountains penetrating down to 50 km
below the surface of the earth were undertaken. This type of
survey can assist in the understanding of the tectonic evo-
lution throughout the geological ages and its impact on the
present day structural features (Pinet and Bois 1990). The
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general objectives of this study performed by several
companies under the supervision of Bristish Gelogical
Survey are the thickness of the Semail ophiolite, outcrop-
ping in the eastern part of the peninsula, the study of the
crustal architecture and of the thermal and burial history of
potential source rocks and reservoirs (see BGS website
address indicated in the references). The specific objective
of the depth seismic imaging study performed by IFPEN is
to determine the present day architecture of the frontal tri-
angle zone to delineate deep subthrust prospects which are
likely to extend farther east in the fold and thrust belt area.

Data Set

Four long listening seismic profiles have been recorded by
Western Geco in the Northern Emirates for the Ministry of
Energy of the United Arab Emirates: two profiles D1 and
D4 from West to East, crossing by two shorter profiles D2
and D3 (from North to South) (Fig. 7.1) (Ministry of
Energy 2007).

This deep seismic survey has been especially designed to
provide new images of the deep geological structures in the
compressive area and it has been implemented to cover the
main domains through the Northern Emirates. The seismic
recording parameters are characterized by a 40 km long
split spread and 8 vibrators with a 20 s sweep (648 Hz)
resulting in a large number of elementary traces of 20 s time
length and sampled every 4 ms. Particularly, the profile D2
crosses the northernmost part of the Semail Ophiolite and
the Dibba zone, just south of the Musandam Platform
exposures. The study described in this paper is restricted to
the processing and interpretation of the seismic profile D1.
The different structural domains can be clearly identified all
along the central part of the profile D1. Using well data, a
schematic structural cross-section has been built (Fig. 7.2).
From West to East, this deep seismic profile crosses two
main geological domains. The late Cretaceous-Cenozoic
foreland basin covers the western onshore province (low
lands). The presence of relatively gentle dipping layers would
ensure to obtain significant information about the thick car-
bonate platform of the former passive Arabian margin (from
Permian to Middle Cretaceous) which could be a potential
target for petroleum exploration. The late Cretaceous-
Cenozoic fold and thrust belt extends over the eastern portion
of the Emirates. In addition to the presence of compressive
structures, the eastern part of the peninsula corresponds to the
current elevated topography of the Oman Range where
peridotite and serpentine of the Semail Ophiolite are exposed.

Two main compressional episodes account for the
present architecture of the Northern Emirates. Firstly,
a deformation initiated in the Late Cretaceous, resulting in
the obduction of the Semail Ophiolite and in the progressive
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Fig. 7.1 Location map of the four deep profiles acquired across the Northern Emirates. The data used in this depth seismic imaging study are
limited to the seismic profile D1 and to the wells located on this map
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profile D1 (modified from ministry of energy 2007)

accretion of the Hawasina and Sumeini tectonic wedge on flexural basin. Then, a compressive phase resumed during
top of the Arabian foreland, leading to a progressive the Neogene, leading to the development of out of-sequence
bending of its lithosphere and development of a wide thrusts and triangle zones, and refolding of the sole trust of
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the former Late Cretaceous accretion wedge (Tarapoanca
et al. 2010 and references herein).

A first velocity model is built using known velocity
information: the velocity of the very near surface layers
from uphole measurements, regularly spaced along the lines
and with depths from 60 to 120 m and layer velocities from
wells located in the vicinity of the profile D1. Velocities,
depths or thicknesses from well data can be introduced as
constraints for different formations during the tomographic
inversion steps (Fig. 7.1). Only the well A is available near
the western part of line D1, but the final depth is not deep
enough to reach the carbonate platform, the target potential
reservoir. Wells B and C are relatively far from line D1 and
considering the strong lateral variation of velocity could not
be trustfully used for velocity determination. Well D was
the unique well near the central part of line D4, and drilled
only the carbonate formations (limestone and dolomite)
with velocities varying from 4,500 to 6,000 m/sec without
reaching other formation underneath. Well E, located near
the crossing of lines D1 and D3, has been logged with sonic
and density tools. The Hawasina-Sumeini formation shows
two different units, the velocity increasing strongly from
3,000 to 6,000 m/sec with depth. Velocity and depth data
measured all along the well E is essential to constrain the
tomographic inversion process, especially the strong lateral
velocity variations in the Fars formation, the vertical
velocity variations in the Hawasina-Sumeini formation and
the depths of the main horizons around well location.

Reflection Tomography with Sand Dune
on Surface in Western Foreland Area

When the near surface formations are sand dunes, the
quality of the seismic time stack section is sufficiently good
to give a reliable view of the subsurface structures
(Fig. 7.3). In the western foreland area, the overburden is
constituted by synorogenic series from the Padbeh Forma-
tion to the Upper Fars formation (from Paleogene to Mio-
cene ages respectively). From the surface (—300 ms) down
to the 4 s time line, clear seismic reflections underline a
series of unconformities like erosional truncations and
pinch-outs. A progressive eastward thickening of both the
Lower and Upper Aruma in the autochthon is visible on the
western part of line D1. Below these series, lies the car-
bonate platform identified by the strong amplitude reflec-
tions of the top Wasia (Hajar supergroup of Upper
Cretaceous), slightly faulted by normal faults and dipping to
the east, outlining the foreland regional flexure. The multi-
offset reflection tomography has been applied using the
following input parameters. Six different reflectors were
selected taking into account both clearly identified uncon-
formities and strong amplitude reflections: Upper Fars,
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Lower Fars, Top Salt, Top Pabdeh, Top Aruma and Top
Wasia. The reflection travel times are picked on partial stack
sections; with a sequence of 100 m offset distance, from the
nearest offset and up to offset 4,000 m when possible.

The structural complexity is too important to perform
directly the global tomography inversion of all interfaces
and all velocities. To stabilize the inversion algorithm,
constraints on the velocity values and interface depths were
imposed at the A well location. Thus, a layer stripping
approach was firstly applied to estimate both lateral and
vertical velocity variations and geometry of horizons. Then
the results for each reflector—velocity variations and hori-
zon geometry—were validated. As a good quality control
criterion, histograms, cross-plots and RMS values of time
residues obtained after each layer stripping inversion step
are analyzed. After validation, the parameters computed by
traveltime inversion were fixed and then the inversion of the
next layer was performed. After achieving a suitable model
with the layer stripping approach, a final inversion was
performed, using the final model obtained by this approach
as initial model. No major changes were observed, which
indicates that the layer stripping approach did not introduce
strong bias in the individual time event inversion. The
global root mean square value (RMS) obtained is 4.9 ms,
which indicates a very reliable inversion result. The Fig. 7.4
presents the location of the time residues for the deepest
inverted reflected, top Wasia, and the associated computed
velocity model (layer velocities and interfaces). Further-
more, as quality control, map of time residues and histo-
grams, function of offset and CDP values are checked to
validate the results obtained by the layer stripping approach
for Top Wasia. Most of strong residues visible on control
plots have been explained by interpretation errors, e.g. the
eastern part of the Top Aruma. For Top Pabdeh, the rela-
tively strong residues are due to the fact that the reflector is
poorly illuminated with only 1000 m of maximum offset
range (Fig. 7.5). The final model may be considered as a
good model (Fig. 7.6). Both interfaces and velocities are
acceptable from geological and geophysical point of view.
Finally, the main fault identified on time stack section, has
been introduced in the model but was not inverted because
this event was not reached by a sufficient number of rays.
The final evaluation of this result is obtained by control of
reflected event flatness in trace gathers after the application
of pre-stack depth migration and will be presented in the
last chapter of this article.

Joint Reflection and First Arrival Tomography
in the Central Frontal Active Area

In the central part of the line D1, the topography is usually
rugged and is associated with near surface velocity
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inversions which degrade the quality of the seismic image.
These characteristics lead to low signal-to-noise ratio,
inadequate penetration of energy through overburden, poor
geophone coupling with the surface and wave scattering.
The quality of the time stack sections is deteriorated and
seismic interpretation leads to bigger uncertainties in
structural interpretation (Fig. 7.3). In the central part, the
velocities are insufficiently determined by conventional
velocity analysis to accurately convert the time sections into
seismic depth images. The reflection tomography that was
successfully applied in the foreland, partially failed in the
foothills area, due to lack of continuous reflectors. Then a
joint application of first arrival and reflection tomography
has been performed to improve seismic imaging of major
structural features by computation of a combined velocity
model until the top Wasia (Upper Cretaceous). In our case
study, regarding the availability of long offset data, we
could reach deep layers (down to 2 km) using first arrival
data, what could be very helpful in areas for which the
picking of seismic reflections becomes very hard. The
objective of the first arrival tomography is to build the
velocity model in the upper part until 4 km. For first arrival
tomography, the synthetic data are modelled as turning rays
propagating in a smooth medium v(x,y,z) and are calculated
by the two point paraxial ray-tracing technique. An initial
model is built using a priori velocity information and is
valid if two conditions are satisfied. Firstly, the initial model
tested with a given survey should have a sufficient number
of captured rays or calculated travel times (Fig. 7.6). Sec-
ondly, the root mean square value of time residues (differ-
ences between observed and calculated travel times) should
be less than 100 ms according to acquisition parameters.
The picking of first breaks corresponding to first arrivals
was done automatically up to 15 km offset (Fig. 7.7). But,
over approximately 10 km offset, the accurate picking of
the first breaks often become difficult due to the noise. At
this step, we applied a first decimation of 1 shot out of 4
after application of a constant velocity correction of
3,000 m/s to facilitate the automatic picking. Using the time
data base we performed an additional decimation both on
the shots (1 shot/2) which led to a shot every 200 m and 137
shots) and on the traces (1 trace/5) which led to 1 trace
every 125 m and 33,120 traces). A first inversion was car-
ried out on the decimated dataset, and yielded to a first
arrival velocity model after 12 iterations. The RMS value is
90 ms, which is relatively high but the misfits are compat-
ible with the picking uncertainties related to low signal-to
noise ratio on raw data, especially for far offset traces. In
order to improve the result, we manually improved the
picking of the first arrival and performed a finer inversion in
this part. The quality control shows some improvements: a
better RMS value of 60 ms (which is still compatible with
the new picked data noise) and globally a better match
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between observed and calculated traveltimes. The deeper
part of the velocity model is estimated by the joint inversion
of the first arrival data and reflection data. Since the iden-
tification of deep events continued to be difficult, the
reflectors interpreted by the geologist in the post-stack
migrated time section were imported as a guide to pick the
travel times on the other offset sections. The top Wasia,
located in the central part of the line D1 was picked and
inverted jointly with the first arrival data. The physical
constraints on the velocity and depth values of this interface
measured at A well are introduced to find a velocity model
with very satisfying quality indicator, i.e. an RMS value
equal to 20 ms, compared to the picking difficulties and the
poor quality of the reflection data (Fig. 7.8). The velocity
model obtained by this joint first arrival and reflection
tomography has been merged with the reflection tomogra-
phy velocity model of the western part to cover the whole
line (Fig. 7.10). This model efficiently combines the
improvements obtained by the two methods.

First Arrival Tomography in the Eastern Area
Where the Semail Ophiolite Crops Out

On the eastern part of line D1, the presence at ground surface
of the ophiolite unit, a very high velocity layer, generates the
dispersion of the seismic waves and a very poor penetration
of the seismic energy below this layer giving a very difficult
interpretation (Fig. 7.1). The first arrival tomography
already used in the central part of line D1 has been applied to
build a velocity model in the eastern part of this line. The
first arrival times were picked on raw shot point gathers after
trace flattening with a constant velocity value: this value is
5,000 m/s for shot points acquired where the Tertiary for-
mations outcrop and 7000 m/s for shot points acquired
where the ophiolite formation outcrops (Fig. 7.9). The initial
velocity model has constant horizontal variations and a
constant vertical gradient. The topography is introduced in
the inversion software because variations of at least 400 m
are important and must be modelled for synthetic travel
times computation and for better evaluation of the near
surface velocity layers. The velocity model has been com-
puted taken into account firstly the offset range of £8,000 m
and completed in the deeper part (below 2 km) by intro-
ducing the first arrival picked times from 8 to 15 km offset
traces. The ophiolite layer outcropping at ground level could
be correlated with a velocity increase (from 3 to 4.5 km/s).
The isovelocity line of 5.5 km/s could indicate the top of the
high velocity layer below the ophiolite layer. This result is
consistent with the refraction feasibility studies performed
on line D1 and D4 estimating a 6 km/s velocity value for the
base of the ophiolites (Naville et al. 2010 and this volume).
This velocity model estimated for the eastern part of line D1
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Fig. 7.8 Results of joint first arrival and reflection tomographic
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is combined with the velocity models of the western and
central parts to build the complete velocity model presented
on Fig. 7.10.

Tomography Evaluation Using Depth Seismic
Migration

Pre-stack Depth Migration
Pre-stack depth migration processing was carried out using

the velocity model computed by reflection and first arrival
tomography. According to the frequency bandpass of input
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is computed using simultaneously first arrivals and reflected travel-
times. The RMS value is equal to 20 ms

data, pre-stack depth migration was carried out with the
limited 45 Hz low pass filter and with 45° aperture. Two
migrated stacks were computed, respectively with a maxi-
mum offset of 4 and 8 km. The image obtained with longer
offsets of 8 km is better especially in the central deep part,
where some reflectors appear more clearly. Common image
gathers were computed each 12.5 m (equal to the CDP
interval distance). On the western and central parts of the
line D1 (from CDP 1 to CDP 4400) most of the traces
gathered in common reflector point show flattened events
ensuring a good quality control for both velocity model and
depth image (Fig. 7.11). Then, post migration processing
including amplitude equalization and random noise filtering
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Fig. 7.10 Final depth velocity model along the profile D1. This
model was computed by reflection tomography (R7T) in the western

(FA) in the eastern part (ophiolite outcrop). Two velocity contrast lines
in black indicate the limits between the different tectonic domains

tomography

arrival

joint reflection and first

part (foreland),

Depth Structural Interpretation

was carried out to obtain the best depth migrated images at
target interfaces (Fig. 7.12). But, in the eastern part where

the ophiolite crops out (East of CDP 4400),

the quality of Interpretation of this final depth seismic image was then

confidently performed to obtain new information about the

the depth migrated image is not sufficiently good to improve
the interpretation. This is probably due to very low signal

structures recognized along this profile (Fig. 7.12). In the

western foreland

the depth and the structural features of the

i

remaining below the opiolite overburden which has dis-

carbonate platform top (Upper Cretaceous) that was not

torted and attenuated the seismic energy. Better seismic

reached by any well is now estimated with more confidence
along this part of the profile. In the central foothills part of

the profile

images have been obtained with a specific time processing

integrating the results of the refraction study (Naville et al.

2010 and this volume).

and to the timing of structural closures of

]
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Fig. 7.11 Selection of common depth point gathers. These gathers, the time to depth conversion is good because all the traces of the same
indicated in SP position, are selected along the central part of the gather illuminate the same subsurface point
profile D1 (foothills zone). When these seismic events are nearly flat,
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Fig. 7.12 Final depth migrated image. The seismic interpretation is
directly done on the depth migrated profile D1 in the foreland and
foothills zones (fop image). The uninterpreted depth image obtained

potential traps. Available conventional seismic linesthe
major decoupling occurring between the far travelled
Hawasina nappes and the underlying platform carbonate
units is more accurately identified.

A cross-section has been built integrating all the data
(geology, seismic, well, velocity) from now on available in
the depth domain (Fig. 7.13) (Tarapoanca et al. 2010 and
this volume). In the eastern region where the ophiolite crops
out, the limits between the Semail ophiolite, the high
velocity layer and the Hawasina nappes that were obtained
by first arrival tomography and refraction studies were now
introduced in this model (Naville et al. 2010 and this vol-
ume). A cross-section balancing technique (unfolding) was
applied to this structural model, in order to check the overall
consistency of the interpretations (length and thickness of
the various sedimentary units, lateral and vertical offsets
along the main faults). That also results in more realistic
restored geometries of the profile. Using this present day
model, a kinematic modelling was carried out to retrieve the
initial and final geometry of the main formations along the
cross-section and also to perform a petroleum system
evaluation (Tarapoanca et al. 2010, and this volume).

Foothifls

3000 3200 3400 3600 3800

after stacking of migrated traces from the nearest offset up to offset
8 km is displayed on the bottom of this figure

Conclusion

We have presented the application of the traveltime
tomography method developed by IFPEN for velocity
model estimation and depth imaging. Because this travel-
time inversion algorithm is very flexible, a joint tomography
process of several seismic events (e.g. primary reflections
and first arrivals) can be performed in a single run. Fur-
thermore regarding the geological complexity, any type of
depth or velocity constraints from well data and regional
geology, could be easily taken into account. Application of
this traveltime inversion on a deep seismic profile acquired
across the Northern Emirates Foothills has shown the ben-
efits of combining reflection and first arrival tomography to
overcome the difficulties of each particular method. The
final velocity model was used to migrate in depth the long
offset seismic gather and obtain a new depth migrated
image across the peninsula.

In the western foreland, strong lateral velocity variations
are mainly generated by stratigraphical variations inside
slightly dipping layers. In this case, reflection tomography
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Fig. 7.13 Cross-section along a part of the profile D1. The white
rectangle shows the domain over which tomographic inversion
followed by depth migration were applied. This cross-section

gives reliable velocity models because continuous reflec-
tions could be easily picked and the reflections were slightly
distorted by the velocity contrasts. Then, the depth migrated
seismic image has been improved leading to more confident
evaluation of the structural feature of the deep carbonate
platform, the potential reservoir.

In the central part of the profile, the overburden becomes
more complex with steeply dipping or even vertical layers.
In this foothills zone, using traveltime inversion of very far
offset traces up to 15 km has allowed to combine shallow
seismic events deeply illuminated by diving waves and
reflected energy generated by deeper reflectors. We have
shown that the joint application of reflection and first arrival
tomography has provided a more complete velocity model.
After pre-stack depth migration, an improved depth seismic
image has been computed and a more reliable structural
interpretation of the complex triangle zone of the line D1
has been performed directly in the depth domain.

In the eastern part of the line D1, the outcrops are made
up of the Semail ophiolite; a very high velocity layer. The
velocity model describing the large vertical and horizontal
velocity variations of this overburden has been well deter-
mined using first arrival tomography. Nevertheless, the
quality of the depth migrated seismic image was not really
improved and remains very noisy and difficult to be confi-
dently interpreted. This is due to the very complex propa-
gation and the limited energy penetration through the screen
generated by the ophiolite formation.

Finally, we would like to emphasize that the quality of
these depth migrated images and the reliability of the velocity
models computed by tomography were due to the availability
of very long offset seismic traces deeply illuminating

"Massive Salt"” & "Cyclic Salt” (Lowermost Miocene N Lower Aruma (Upper K)

ARABIAN PLATFORM ALLOCHTHOXNOUS UNITS
I Scmail ophiolite
I  Mcetamorphic unit

I Hawasina” nappes

Arabian sedimentary cover
(InfCb_MidPerm. + Hajar Sgrp.)

Basement

integrates geological and depth seismic studies (see for more details
on geological study: Tarapaonca et al. 2010 and Naville et al. 2010 and
this volume)

interfaces by first arrivals and reflected waves. This is a good
example of the contribution of this type of seismic survey for
petroleum system evaluation in underexplored complex area.
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