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Preface

Analyses of geological structures from field exposure of
rocks have been one of the important and intriguing
disciplines in (applied) Earth Sciences. Since the 1990s,
especially after the boom of three dimensional seismic
technologies, reflection seismic data in two and three
dimensions have become the modern field for geolo-
gists. A large number of exploration geoscientists
analyze reflection seismic data to interpret sedimentary
sequences and deformation structures to provide
prospective leads for exploration in their respective
industries. Today, seismic data are used extensively in
industries such as hydrocarbon and mineral explora-
tion, carbon dioxide sequestration, sea floor hazard
surveys for cables and pipelines and so on. This book
primarily deals with reflection seismic data in the
hydrocarbon industry. The last atlas on interpretation
of seismic images for structural information was in
2006 (Shaw et al., 2006). That atlas presents seismic
images in black and white print and covers compres-
sion related structures. In keeping up with the growing
usage of reflection seismic in the industry, interpreta-
tions of such seismic images have been included in PhD
coursework, postgraduate and graduate level courses in
several universities. There is a scarcity of text books,
especially with an Indian background, in this field
presumably due to the lack of an interface between
universities and industries. We hope this book fills that
requirement.

We have collated here seismic examples from North
and South America, Africa, Europe, Asia and
Australia. We received contributions from fifteen
authors from various countries, including the United
States of America, the United Kingdom, Germany,
Sweden, Slovakia, India, Italy, China, Georgia and
Finland.

Whom is this Atlas for?

This book is primarily designed for graduate students in
Earth Sciences, researchers and new entrants in industry
who are interested in seismic interpretation. The key
geophysical and geological concepts are explained in
the first two chapters. Structural geological examples
with illustrations and explanations that will guide stu-
dents and industry professionals are then provided.

What this Atlas is for?

This atlas is intended to be a compilation of examples of
different types of geological structure that can act as a
quick guide to find analogous structures. Seismic expres-
sion of different geological structures: faults and folds
have been covered extensively.

What this Atlas is not for?

This book is designed to provide examples for a few defor-
mation structures and does not deal with the uncertainties
or several alternate seismic interpretations. Readers can
refer to the online Virtual Seismic Atlas project (Www.
seismicatlas.org) to see different interpretations of the same
data. To be able to make multiple interpretations or to logi-
cally comprehend those made by others, a sound knowl-
edge of seismic processes and interpretation is necessary.
We hope that readers will pick up that from this book. A
plausible seismic interpretation is normally reached in the
industry by having more than one team interpreting the
same data and then converging to a single logical explana-
tion after integrating other geoscientific data such as from

XVii
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Preface

wells, outcrops, reservoirs and so on to reduce uncertainty.
We have also included an uninterpreted seismic section for
every interpreted section, so that readers may feel free to
interpret the data as per their conceptualization.*

Seismic interpretation is evolving and is also subjective.
Since there is no final word, different interpretations and
suggestions from readers will be thankfully accepted.

Refer this book as:

Misra, A.A. and Mukherjee, S. (Eds), 2018. Atlas of
Structural Geological Interpretation from Seismic
Images. Wiley Blackwell, Oxford, pp. xxx.

ISBN: 9781119158325

Reference

Shaw, J.H., Christopher, C.C. and Suppe, J. 2006. Seismic
Interpretation of Contractional Fault Related Folds: An
AAPG Seismic Atlas. AAPG Studies in Geology #53,
American Association of Petroleum Geologists, Tulsa, OK.

*Readers are welcome to interpret the seismic images presented in this
book in alternative ways and inform the contributing authors and the
first co editor, Dr Achyuta Ayan Misra, by e mail.

Refer individual chapters as:

Place, J., Diraison, M., G@raud, Y. and Koyi, H.A. 2018.
Horst Inversion Within a D@collement Zone
During Extension Upper Rhine Graben, France.

In: Misra, A.A., Mukherjee, S. (Eds), 2018. Atlas of
Structural Geological Interpretation from Seismic
Images. Wiley Blackwell, Oxford, Chapter 7, 44 46.
ISBN: 9781119158325

Achyuta Ayan Misra, Soumyajit Mukherjee
Achyuta.Misra@ril.com, achyutaayan@gmail.com
soumyajitm@gmail.com
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1

Introduction to Seismic Data
Achyuta Ayan Misra* and Ashok Yadav

Reliance Industries Ltd, Mumbai, India
* Achyuta.Misra@ril.com; achyutaayan@gmail.com

1.1 Seismic Reflection Method

Whenever a reflection seismic section is mentioned,
something similar to Figure 1.1 comes to mind. The pro-
cess leading to the generation of such a section is briefly
discussed in this chapter. There is a large volume of lit-
erature detailing all the processes and their variations
(e.g., Sheriff and Geldart, 1995; Yilmaz, 2001, Liner, 2004,
Ashcroft, 2011; Herron and Latimer, 2011; Onajite,
2014). Only a brief account is given here to build the plat-
form for the following chapters.

Seismic waves propagate through the Earth at veloci-
ties that depend on the acoustic impedance and density
of the medium through which they travel. The acoustic
impedance, Z, is expressed by (Liner, 2004):

Z=Vp (1.1)

where V is the seismic wave velocity and is the rock
density. If the rock varies in density in several directions,
one can work with the effective density deduced in
Mukherjee (2017, 2018, in press).

When a seismic wave propagating through the Earth
encounters a boundary between two materials of different
acoustic impedances, a part of the energy reflects off the
interface while the remainder refracts through it. Seismic
reflection prospecting involves generating seismic waves
at the surface, which propagate into the subsurface, and
capture the reflected wavefronts from the different inter-
faces while propagating. At each layer most of the energy
is transmitted or refracted and a part reflects back
(Sheriff and Geldart, 1995; Yilmaz, 2001; Liner, 2004,
Ashcroft, 2011; Herron and Latimer, 2011; Onajite, 2014).

To generate the disturbance, a shot or a vibration is
made on the sea surface or on Earths surface in onland.
As the wave propagates into subsurface, each layer reflects
the wave at multiple incidence angles and these reflected
waves are measured at the surface by receivers, which are

hydrophones on water and geophones on land (Figure 1.2).
The distance between the source and the receiver is
termed the offset. The data from receivers near the source
are called near offset and those far away as far offset. The
near receivers receive the reflected signal quicker than
those further away from the source, so the response of the
same boundary will appear progressively later (Figure 1.3).

There are two types of seismic waves: (i) P waves (lon-
gitudinal /compressional /body waves), where the parti-
cle motion is parallel to the direction of wave propagation,
and (ii) S waves (shear /transverse waves), where parti-
cles move perpendicular to the wave propagation direc-
tion. P waves convert into S waves and vice versa when
they transmit or reflect across a boundary, where there is
a phase change i.e. solid to liquid/gas or liquid/gas to
solid. Pore spaces have liquid/gas and thus this conver-
sion is very common. Both P and S waves follow Snells
law of reflection and refraction (Yilmaz, 2001). The angle
of incidence equals the angle of reflection; the incident
ray, the reflected ray, and the normal to the plane of inci-
dence are co planar (Figure 1.4). The refracted seismic
waves also follow Snells law, which states:

Sin6; SinB, Sing, Sing,
Ver  Ver Vs Ver

where 1 is the angle of incidence, Vpg the velocity of
reflected P wave, ,the angle of transmitted P wave, Vpt
the velocity of transmitted P wave, ; the angle of the
reflected S wave, Vsg the velocity of the reflected S

(converted from P ) wave, ,the angle of the transmitted
S wave and Vst the velocity of the transmitted S wave.

1.2)

1.2 Seismic Data Acquisition

Earths interior can be imaged by reflection seismic data
much like remote sensing satellites image the Earth
surface. Rock layers, for example sands and shales, differ

Atlas of Structural Geological Interpretation from Seismic Images, First Edition. Edited by Achyuta Ayan Misra and Soumyajit Mukherjee.
© 2018 John Wiley & Sons Ltd. Published 2018 by John Wiley & Sons Ltd.



Figure 1.1 A seismic section showing
reflections from sedimentary boundaries.
Seismic data courtesy Reliance Industries Ltd.
Reproduced with permission from the
Directorate General of Hydrocarbons (DGH),
India.

Initial Receivers
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Figure 1.2 (a) Schematic diagram showing layout of transmitted and reflected energy from the shot point and to the individual receivers.
At every boundary, a part of the energy is transmitted and another part is reflected. The latter reach the receivers at the surface. Note
there are two reflectors, numbered (1) and (2). R: receiver number; (b) shows the corresponding simplified seismic wriggle traces.

Figure 1.3 Schematic seismic response of reflector (1) on the

Near +——— Offset —— Far receivers as shown in Figure 1.1.
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Figure 1.4 Schematic diagram showing mode
conversion of incident P wave in P and S waves at a
boundary of two lithologies with different velocities
Vi and V,. The refracted (transmitted) waves follow
Snells law. Sg: Reflected mode converted S wave; Pg:
reflected P wave; Sy: Transmitted mode converted

S wave; P: transmitted P wave.

Vi

in density. The acoustic impedance (Equation 1.1) to
seismic wave velocity passing through the layers thus dif-
fers and it is reflections of the wave that are imaged.
These layers appear as reflections in a seismic record and
are interpreted to reconstruct the geological architec-
ture. This reconstruction is challenging and takes time.
To understand the data properly, the data acquiring pro-
cess has to to be understood.

Seismic data acquisition parameters are guided as per
requirements. For example, if a large NE trending anti-
cline of 100km? area at 3000m below sea level is to be
imaged, the spacing between individual lines in a 2D
seismic survey should be 10 20km. On the other hand,
when a50 100m long reservoir fault demands mapping,
a high resolution 3D volume will be acquired (see
Section 1.3.4 for a discussion on resolution). The trend
of the structure will determine the orientation (azimuth)
of the receiver lines, for example the NE trending struc-
ture will need NW oriented receiver lines. Again, for
crustal architecture studies (Misra et al., 2015, 2016) a
larger record length (Box 1.1), a high energy source,
a larger offset etc. yield a good image.

Three primary environments can be envisaged for
seismic data acquisition: (i) land, (ii) marine, and (iii)
transition zones.

1.2.1 Land Acquisition

Seismic land acquisition involves acquiring seismic data
in any part of the Earth exposed aerially: deserts, forests,
swamps, mountains, inhabited areas, tundra, permafrost
etc. Acquiring data may involve logistic problems and
labour. 2D data are commonly acquired in logistically
difficultareas. 3D seismic volumes are normally acquired
before firming up a certain play or some particular
prospect(s) prior to drilling in hydrocarbon exploration.

The energy sources commonly used on land for acqui-
sition of seismic data are (Dobrin and Savit, 1988;
Onajite, 2014; Schlumberger, 2016):

Explosives: the most commonly used explosives are
dynamite and primacord. The source can be placed

P
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T Sy

below the weathered rock layer. This reduces the noise
of the topmost layer. However, it often requires drilling
of expensive 3 100 m deep shot holes and is difficult to
handle. It can also have a significant cultural and envi-
ronmental impact.
Vibrators: one of the most commonly used sources
presently. They have low cultural and environmental
influences, high signal to noise ratio and it does not
involve drilling holes. However, the topmost soil layer
can cause noise and, thus, recording and processing
can complicate.

Gas or air guns: these can be used in rough terrains.

Shot holes are not required and the guns are not

expensive. However, energy penetration is limited and

noise is high.

Weight drop: these are also relatively inexpensive and

holes need not be drilled. Unfortunately, different

sources in an array cannot be synchronized and noise
is high.

The receivers, i.e. geophones are the mechanical/ana-
logue devices that convert mechanical ground move-
ment into electrical energy. Single geophones are often
connected together to form geophone arrays, which
maximize signal to noise ratio. Recording stations
gather the response from the receivers and perform basic
processing to render the data readable. The recording
process further controls parameters such as record
length, sample rate etc.

1.2.2 Marine Acquisition

This involves acquiring seismic data in shallow (~10
40m) to ultra deep (>1500m) water by specialized ves-
sels with arrays of hydrophones (receivers) towed by one
or more cables, called streamers. A seismic source com-
prising an air gun or an array of air guns is also towed
together with the geophones.

Two types of energy sources are used in marine seis-
mic surveys (Games and Wakefield, 2014; Onajite, 2014,
Schlumberger, 2016):

3
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Box 1.1 Important terms in seismic acquisition and processing.

1) Acoustic impedance (Al): a product of density and velocity. The greater the Al, the stronger the reflection. Acoustic
impedance, Z=V .

2) Amplitude: reflection strength.

3) Fold: not the fold in structural geology! For the one in structural geology, see Chapter 4. The geophysical fold is the
numbers of traces in a CMP gather, so if data has 10 traces, the foldage of the data is 10 and when it has 60 traces,
the foldage is 60. The more the foldage of the data, the clearer will the imaging, due to a higher signal to noise ratio.

4) Migration: restoring a dipping reflector to its correct subsurface position.

5) Minimum phase wavelet: front loaded energy, that is at time zero minimum energy and elsewhere maximum.

6) Offset: Distance between the source and the receiver.

7) Receiver: geophone (on land) or hydrophone (offshore); devices to measure ground movement or sound from the shot.

8) Record length: predetermined time after which the receiver measures the reflected seismic waves. A larger record
length indicates greater depth of imaging.

9) Reflection coefficient: type and size of acoustic impedance change.

10) Reflections: acoustic waves reflected from an interface of contrasting lithologies. If the boundaries are gradational,
the reflections may be chaotic or comprise a number of reflections, depending on the frequency of the data.

11) SEGY: or SEG Y, is a popular format for storing seismic data. Controlled by the Society of Exploration Geophysicists.
Associated file extensions: .segy and .sgy.

12) Seismic reflector: boundary across which the competence changes. Also called acoustic impedance boundary.

13) Shot: initial disturbance/sounding/explosion; generated by explosives or seismic vibrators on land and by pressur-

ized air guns offshore.

seismic data (see Zero phase wavelet ).

18) Trace: stream of reflections recorded by geophone.

and the reflected wave to reach the receiver.

14) Shot point: geographic location of the shot, measured precisely by positioning systems.
15) Source pulse or wavelet: Resulting sound wave from the shot. This wavelet is commonly used for zero phasing the

16) Streamer feathering: only in marine acquisition; the deviation of the streamer array away from the linear towing
direction. This may happen due to water currents or change in towing direction.

17) Streamer length: length of the cable on which the hydrophones are attached. The length of the streamers depends
on the depth of the objective. Typically, the streamer lengths equal the target depth.

19) Two way time: time from shot to recording. It is the time required for the wave to reach the reflector from the source

20) Zero phase wavelet: the wavelet has maximum energy at time zero.

Wiater guns: these use a piston that pushes water very
fast to generate a bubble, which collapses to produce a
large vibration/seismic energy. Water guns require
specialized processing due to pressure variations that
occur before the main pressure pulse.

Air guns: these are the most commonly used sources
presently. Air is kept at very high pressure within
chambers. The compressed air is released causing a
large vibration and forming an air bubble. The bubble
continues to oscillate and generates a series of smaller
decaying vibrations. A number of air guns are used in
an array to minimize the size of the bubble and to
make the shape of the bubble nonspherical. The oscil-
lating air bubble minimizes the decaying vibration.

Receivers are (array of) hydrophones attached inside a
jacketed streamer filled with a liquid lighter than water.
A combination of weights balances the streamer at a pre-
determined depth below the water surface. The length of
a streamer, depth below the water surface and spacing
between two consecutive streamers are critical as it

constrains the depth of the target/objective that can be
imaged. The streamer length is usually the same as the
depth of the objective.

Many times ocean bottom cable surveys are used as a
cost effective method to obtain repeated (of the order of
few months) or 4D seismic data over producing fields.
4D surveys observe the depletion patterns of reservoirs
and identify target areas. Permanently deployed cables
used to get numerous 4D seismic data are known as life
of field seismic (Barley and Summers, 2007).

1.2.3 Transition Zones

There are varied types of landforms like shores/beaches,
deltas and estuaries, reefs, river mouths, swamps, marsh-
lands etc. In such zones the water depth prevents seismic
land acquisition techniques. Conventional seismic acqui-
sition vessels cannot work. A mix of both land and
marine techniques are used; for the latter, smaller boats
than those used in open oceans are employed.
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Figure 1.5 Formation of multiples in seismic acquisition for one shot point and receiver set. Originated receiver set. Dotted lines:

primaries; solid lines: multiples.

1.3 Processing Seismic Data

The acquired seismic data have to be processed because
they contain noise related to acquisition problems.
Moreover, the geophysical data have to be modified to
represent the geology of the subsurface. Seismic data
processing is neither a one step nor an entirely com-
puter based automatic process. Rather, it requires a good
understanding of the data, especially their limitations,
and exploration or production objectives. A good
resource for studying processing is Yilmaz (2001). Only
key methods/features in seismic data processing, namely
(i) noise, (ii) gathers, (iii) migration and stacking and
(iv) resolution, are mentioned here so that the geologist
understand the data before interpretation.

1.3.1 Noise

The signal part of the data is termed as primaries. The
most important processing workflow deals with the
removal of seismic noise, because noise is expected in all
the seismic data. Any amplitude or reflection event not
generated from a geological boundary is termed noise in
the seismic data. Noise is inevitable in seismic data, as
numerous sources of noise exist even in the most opti-
mal acquisition conditions. The most basic noise may
result from faulty equipment; human error may turn out
to be the most erratic one. The wind blowing, flowing
water during marine acquisition, cable vibration, light-
ning or even a dog bark can induce noise! Seismic noise
may also arise when the lithological parameters, such as
density and velocity, are presumed incorrectly (Tarantola,
1986). Sometimes, a high amplitude reflection com-
monly the seabed may appear repeatedly in the seismic
record below it; these are referred to as multi-
ples reflected energies from other interfaces, as in

TIC SPACING IS 200 CDP (1KM)
1030 230

TWT (s)

1999 Gulf of Mexico Line 7

Figure 1.6 Multiples in a seismic record. P: primaries; M: multiples.
Note that the multiples appear at approximately twice the depth
of the primaries. Seismic section courtesy US Geological Survey,
Department of the Interior/USGS

Figure 1.5. Multiples are very common in seismic data
and need to be identified for a perfect interpretation.
Usually multiples are removed in the processing work-
flow; though some may persist. Multiples mimic their
primaries and appear at twice (or in multiples of two) the
depth of the primary (Figure 1.6).

Noise in the seismic data can be classified based on
several parameters. We present two common types of
noise found in seismic data; they are based on genesis
and nature (Figures 1.7 and 1.8). Classifying noise helps

5
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Noise
(Classified by origin)

Ambient noise Source generated noise

Figure 1.7 Noise in seismic data classified by
origin. Adapted from Prof C.H. Mehtas lecture
material.
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to understand the form of noise and whether it can be
removed easily or whether additional processes will be
required. For example, sporadic and random noise is dif-
ficult to identify and remove. Yilmaz (2001) describes
noise removal comprehensively.

As will be discussed in Section 1.4, certain seismic
attributes (coherency, dip, azimuth etc.) can be used to
quickly interpret/detect complex structures, for example
faults and fractures. It is important to understand the
effect of noise in the seismic data, which may manifest
itself as geological structures.

In spite of the best efforts in seismic data acquisition
and processing, these data contain both signal and noise.
Unless the seismic interpreter recognizes the characteris-
tics of seismic noise, there is a real danger that noise in the
seismic data may be misinterpreted as a structural feature.
Knowledge about the source and nature of nongeological
features that appear on attribute maps is, therefore, cru-
cial (Hesthammer and Fossen, 1997).

Thus, it is possible that noise can masquerade as inter-
esting structural features; only an experienced structural
interpreter can differentiate between these artefacts and a

blast

nature. Adapted from Prof C.H. Mehtas
lecture material.

Repeatable

Air Guided

waves

Direct
arrivals

real feature. Certain tools can be useful to understand the
origin and effect of noise on seismic data; one such tool is
seismic forward modelling. A conceptual geological
model can be converted to an acoustic model and can be
forward modelled to get synthetic seismic data, interpre-
tation of this synthetic seismic data in conjunction with
the real seismic data can discriminate the nongeological
features present in the real seismic data.

The other tool that can be used is a measurement of
the quality of seismic data. Signal to noise ratio (SNR) is
one quantity that can provide a measurement of the
quality of the seismic data; it does not directly help in
structural interpretation but can be quite useful in laying
down the expectation from structural interpretation.
The interpreter will have an idea of the level of noise pre-
sent in the data and will, thus, be warned against overin-
terpretation of the structural features.

A simple definition of the SNR was introduced by Yang
and Chengchu (1997). SNR is a ratio of the power of sig-
nal to the power of noise, represented by the equation;

SNR=(Sa+n-Sn)/Sn (13)



where SNR is the signal to noise ratio, Sa+n the seis-
mic data with noise, Sn the noise in the seismic data, a
the seismic signal and n the seismic noise.

1.3.2 Gathers

Gathers are the raw data form and are very important for
the processing geophysicists. An interpreter must also
have some knowledge about gathers to make a sound
interpretation. Gathers are used to visualize the seismic
data for errors, noise and geological signatures. These
are displays of seismic trace with a common acquisition
parameter. The most common types are:

Common shot gather: the common acquisition param-
eter is the shot point in this type of a seismic gather.
However, different receiver locations are considered. It
is the result of a single shot and contains information
about signal and noise produced from one specific
shot (Figure 1.9a, 1.9b).

Common receiver gather: as the name suggests, the
common acquisition parameter is the receiver. These
gathers contain information for all shot points for a
particular receiver. It contains signal and noise associ-
ated with a particular receiver (Figure 1.9c, 1.9d).
Common mid point (CMP) gather: in this sort of
gather, the incidence point of the seismic wave is same
for all the traces. So, data from several shot gathers are
combined to create a CMP gather. These gathers are
the starting point for most of the steps in a processing
workflow. A fold in seismic data processing is the
number of traces in a CMP gather (Figure 1.9e, 1.9f).
Common offset gather: the common parameter here
is that the offset is always kept equal for all the traces
in the gather. It is effectively a single fold section for a
specific offset. It is useful in some processing work-
flows, for example migration (Figure 1.9g, 1.9h).
Common depth point (CDP) gather: the constant
parameter is the depth of the reflector. In case of a hori-
zontal bed, CMP=CDP. However, for a dipping bed
they are unequal. Here the traces are reflections arriv-
ing from a particular depth. However the offsets for
each shot point receiver pair differ (Figure 1.9i, 1.9j).

1.3.3 Migration and Stacking

After removing certain types of noise from gathers other
steps in data processing follow, two of which are migra-
tion and stacking. Migration and stacking are important
steps because they lead to the geophysical data repre-
senting the geology of the subsurface. In the case of
horizontal layers in the subsurface, the boundaries are
imaged at their correct positions in a zero offset section.
However, dipping layers are not imaged at their correct

1.3 Processing Seismic Data

position in a zero offset seismic profile, because the
reflected rays sway laterally (Figure 1.10) when they
travel from the reflector to the receiver and their response
is perceived at an apparent reflection point. This appar-
ent reflection point is not located on the reflector itself
but shifts laterally and above it. The shift increases with
depth, dip of the reflector and velocity. Migration aims to
position the reflection correctly.

Thus, in the case of complex geometries such as anti-
forms, synforms, salt bodies (e.g., Mukherjee et al., 2010;
Mukherjee, 2011) and etc. present in the subsurface, the
image becomes unusable due to the above mentioned phe-
nomena. In such situations, migration must inevitably
be carried out to position the boundaries perfectly in the
subsurface (Figure 1.11). Migration has additional benefits:

its mimics the wave propagation more accurately, thus
producing realistic images of the subsurface;

prestack migration generates more precise velocities;
prestack migration is essential for amplitude versus off-
set (AVO) analysis (Aki and Richards, 1980; Ostrander,
1984; Shuey, 1985);

migration also enhance spatial resolution.

Migration can be carried out either in the time domain
or the depth domain. In the time domain, a root mean
square velocity for the entire section is used. The depth
domain, on the other hand, uses interval velocities for
each layer. Time migrated data have a smooth velocity
model that does not allow much lateral variation in
velocity, whereas the depth migrated data employ a
complex velocity model with strong lateral variation.
Therefore, time migrated data are less sensitive to erro-
neous velocity than the depth migrated data. However,
when the subsurface has strong lateral variation in veloc-
ity, time migrated data cannot position correctly the
reflectors in the subsurface.

The traces in a gather (Section 1.3.2), most commonly
the CMP gather, are added together or stacked after
migration. This generates an approximate zero offset
trace for the gather. This process sums up the response
for all the traces in the gather, resulting in nullifying
some noise and amplifying signals.

1.3.4 Resolution of Seismic Data

Features identifiable on the seismic data are controlled
by its resolution, which provides the ability to distin-
guish two separate features/events. Thus, resolution of
the seismic data limits observation or interpretation of
small scale structures. Resolution in seismic data is con-
sidered in both the vertical and horizontal perspectives.
In the vertical scale, wavelength ( ) is the measure of the
resolution. If two subhorizontal events or reflections are
to be distinguished, they must differ by at least /4

7
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Figure 1.9 Top row: schematic seismic ray path diagram; bottom row: gather for the set up above. (a, b) Common shot gather; (c, d)
common receiver gather; (e, f) common offset gather. Green triangles, dark to light: Receivers, near to far. Red stars: shot; Green triangles:

receivers. (g, h) Common midpoint gather; (i, j) common depth point gather. Originated point point gather. Red stars: shot; Green
triangles: receivers.
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Figure 1.10 Seismic ray path schematic

diagram for a dipping reflector. The sway of X1 Xz X3
the seismic wave is shown in green. F F
" ;" — = apparent raypath
K ‘ e = apparent reflections
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Figure 1.11 (a) Unmigrated simple seismic image; (b) migrated image of the same. Notice the appearance of the syncline in (b), which
was impossible to detect in (a). The typical signature of the syncline in (a) is called a bow tie effect. There is some migration induced noise
in (b), which is known as smiles. Smiles may occur due to velocity mismatch between the real world lithology and the model. Output from

Seismic Unix * Stockwell and Cohen, 2008.

(Sheriff, 1985). In seismic data, velocity increases
and frequency drops with depth and, thus, resolution
falls. Consider a shallow event with the following
parameters:

Velocity (v): 2000ms *

Frequency (f): 50Hz

Therefore, wavelength ( )=v /f=2000/50=40m
Thus, the resolution is~ /4=10m.

Now, consider a deep event with the following parameters:

Velocity (v): 3000ms *

Frequency (f): 20 Hz

Therefore, Wavelength ( )=v /f=3000/20=150m
Thus, the resolution is~ /4=37.5m.

So, what can be identified onaseismic image? Figure 1.12
shows an approximately 10 m high outcrop with
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Figure 1.12 Deccan trap outcrop in Kharghar Hills, Mumbai/
Bombay, compared to a wavelet of the most dominant frequency,
out of the large number of frequencies it can represent, is shown
here. This lithology is basalt, which has a velocity ranging between
5000 and 6000ms 1. So even at very shallow levels the best
possible resolution will be 25 30 m. Note the intense small scale
deformation accompanied with large scale fault planes (F).
Courtesy of Achyuta Ayan Misra.

observable deformation on an outcrop scale. However,
comparing that with a seismic wavelet, it can be noted that
the deformation at the outcrop scale is far below the seis-
mic resolution. Thus, it is nearly impossible to see such
features using seismic data. Figure 1.13 shows another
outcrop, approximately 200 m high. Here, the beds may be
resolved but the deformation will not. Looking at global
landmarks of mentionable height, only the tallest of them
can be successfully resolved in seismic data (Figure 1.14).
The 53 m high leaning tower at Pisa would barely be
resolved; the same is true for the Taj Mahal (Agra, India)
or the Statue of Liberty (New York, USA). The other tow-
ers in Figure 1.14 will be successfully resolved.

Resolution considered in the horizontal sense, known
as lateral resolution, is also important during seismic
interpretation. The seismic wave propagates through
the subsurface in the form of a spherical wavefront as
shown in Figure 1.15. As the wavefront propagates away
from the source, it spreads out to a larger area.
Reflections from a reflector or surface are not from a
point but from a region depending upon the dimensions
of this wavefront. Thus, signals received from this region
(AA) at the same interval of time are indistinguishable.

Figure 1.13 An approximately 200 m high outcrop in the Spiti
Valley, Himachal Pradesh, India, of Mesozoic limestones (light
beige to brownish) and shales (dark grey). A possible seismic trace
of the most dominant frequency, out of the large number of
frequencies it can represent, is placed alongside. This trace does
not indicate the typical seismic response for the lithologies. Note
the fold in the lower right corner of the photograph. This fold will
barely be resolved in a seismic data. The bed perpendicular
fractures in the limestone, also, will not be resolvable. However,
the horizontal layers of rock may be resolved. Houses (white) near
the foothill as markers. Courtesy of Achyuta Ayan Misra.

This region is fairly large, a roughly circular area of the
reflecting surface, and is called the first Fresnel zone.
The radius of this zone is often taken as the horizontal
resolution for unmigrated seismic data. 3D migration
tends to collapse this Fresnel zone and, thereby, increase
the horizontal resolution of the seismic data.

The horizontal resolution is given by the width of this
Fresnel zone:

r=2 [l
2\ f

where r is the radius of the Fresnel zone/Horizontal reso-
lution, v the velocity, tg is the two way travel time and f
the frequency.

Newer techniques such as shear (S ) wave reflection
seismic profiles can provide very high resolution. See
Chapters 3.14, 3.15, 5.3 and 5.4, where S wave reflection
profiles are shown to give resolutions as small as 0.5 1m.
Such techniques require further studies to be used widely.

(1.4)
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Figure 1.14 Comparison of some tall global structures. Those more than about 100 m high can be resolved with ease in seismic data.
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Figure 1.15 Definition of the Fresnel zone AB. S: source; X, Z:
horizontal and vertical direction; Zy: vertical depth to the reflector
and Lamba ( ) is the wavelength of the seismic wave.

1.4 Seismic Attributes

Visualization and identification of many structures are
sometimes easily achieved using seismic attributes.
Seismic attributes are measured, computed or implied
derivatives from seismic data. There may be various
inputs for computing a seismic attribute, such as:

Single trace: attributes derived from a single migrated
and stacked trace are called trace attributes (Taner and
Sheriff, 1977; Taner et al., 1979).

Set of pre stack traces: attributes derived from these
are known as multitrace attributes (Taner and Sheriff,
1977; Taner et al., 1979).

Surface: a surface for input is usually an interpreted
horizon gridded and interpolated to a surface. Attributes
derived from surfaces are called surface attributes.
Volume: a small part of a 3D seismic volume or an
entire volume is sometimes used as an input to derive
seismic attributes. Attributes thus derived are called
volume based attributes.

There are numerous seismic attributes and they are
used for a number of requirements. There are some, for
example, that help in highlighting specific features, be it
geomorphological or related to structural deformation, in
the subsurface. The selection of the attributes depends
on the feature of interest that is to be analysed. The most
common seismic attributes used to interpret deforma-
tion are mentioned here. There are several attributes
for interpreting faults in seismic data (Chen and Sidney,
1997). Seismic attributes are employed primarily for
interpreting deformation along a surface and in volume.

1.4.1 Coherency

This seismic attribute (Figure 1.16) measures the simi-
larity between neighbouring seismic traces. It can be
calculated along a horizon or within a volume. It is most
commonly used to identify faults, channels or other

11



12

1 Introduction to Seismic Data

@)

~

h) ———— e
S Block 4 Block 3 :mf::———-

[uN
o

=
=

Depth in seconds [TWT]

Niger Delta growth faults

Figure 1.16 Example of coherence from the Niger Delta. (a) Coherency slice at 1.5s TWT and the interpreted fault map; (b) reflection
seismic section showing the faults. Reproduced with permission from Back et al. (2006).

discontinuities (Marfurt et al., 1998). Coherency is quite
useful, as it quickly evaluates large data sets when analys-
ing deformation and quantifying faults or fractures.

1.4.2 Dipand Azimuth

Dip is an attribute that computes, for each trace, the
best fit line with 2D data or plane with 3D data between
neighbouring traces. Dip is computed on an interpreted
horizon and the magnitude of dip is that of the said

plane in degrees. This indicates paleogeography.
However, when the changes in dip are sharp, faults
may be indicated.

Azimuth is another attribute that is employed together
with dip. Azimuth calculates the direction of maximum
dip of the plane from the dip attribute. Azimuth is meas-
ured in degrees, clockwise from north. Thus, dip and azi-
muth attributes together compute dip and dip direction
of an interpreted horizon. An example is shown in
Figure 1.17.
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Figure 1.17 Volumetric dip azimuth along a picked horizon. Note

the NE striking and N dipping faults in the lower part of the
image. Reproduced from Paes and Marfurt (2016). AAPG * 2016
whose permission is required for further use.

1.4 Seismic Attributes

1.4.3 Curvature

In general, curvature is a measure of the tightness of a
curve at particular points. Thus, alarger curvature means
the area is more deformed than an area with a lower cur-
vature (Figures 1.18 and 1.19). For a 2D curve, curvature
is the reciprocal of the radius of curvature (Chopra and
Marfurt, 2007). The most important curvature attributes
are the maximum (Kmax) and minimum curvatures (Kmin).
Together, they are called principal curvatures. They are
combined to derive other curvature attributes such as:

Mean curvature Kmean=0.5  (Kmax+Kmin) (1.5) indicates
the overall deformation of the area of interest.
Gaussian curvature (Ky=Kmax Kmin) (1.6) a good
indicator of whether a surface is warped.

Curvedness r = (K2max+ K2min) 2 (1.7)  a good measure
of folding intensity.

Shape index, s=(2/ ) tan ! [(kmax + Kmin)/(Kmax  Kmin)]
(1.8) classifies the shape of the deformed geomor-
phology of the area: dome, ridge, saddle, valley and
so on.

Figure 1.18 Sketch to show the idea of curvature Positive curvature

along a 2D line. Anticlines have a positive curvature
and synclines have a negative one. The anticline on
the left has a higher curvature than the one on the
right. That is because the one on the left is more
tightly folded than the right.

Figure 1.19 Calculated maximum curvatures for a

domal surface. Note the linear faults that can be easily
interpreted on this image. Reproduced from Bergbauer 300
etal. (2003). AAPG " 2003 whose permission is required

for further use.
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2.1 Introduction

Structural analysis is the study of the processes that
create basins/depressions on the Earths surface in which
sediments accumulate (Tearpock and Bischke, 2002 and
Rowland et al., 2013). It also includes analysing the pro-
cesses that may have deformed the sedimentary fill occu-
pying the basins. The scale of analysis typically ranges
from the regional scale, for example plate tectonics, to
the microscopic scale, for example deformation micro-
structures, and even smaller if data permit (Passchier
and Trouw, 2005; Mukherjee, 2011, 2013, 2014a, 2015,
2017). The basis of seismic structural analysis is struc-
tural interpretation of seismic data. Thus, seismic struc-
tural analysis is limited, covering the regional scale down
to tens of metres, which is the maximum possible resolu-
tion of seismic data (Chapter 1.3.4). Seismic data com-
prises three parameters (Liner, 2004) (i) seismic energy
travel time, (ii) amplitude of the seismic wave and (iii)
information about the seismic waveform. For seismic
structural analysis only the first of these parameters is
used whereas for stratigraphic analysis all the parameters
must be used. The various advantages and limitations of
using seismic data for structural analysis are presented in
Section 2.2.

The main aim of the interpreter or the structural geolo-
gist s (i) to make structural geological observations of the
present day form and represent them; and (ii) to inter-
pret the processes that led to the present day form. The
present day form may not be the final form, for example
several regions on the Earth reactivate/ undergo defor-
mation cycles (review in Misra and Mukherjee, 2015,
Dasgupta and Mukherjee, 2017). Even present passive
margins, which are tectonically inactive, also undergo
some deformation.

To fulfil these goals, seismic interpreters construct and
analyse the 3D geometric arrangement of geological struc-
tures, such as folds, faults, horizons, in some cases frac-
tures, ductile and brittle shear zones, and intrusives, for
example salt diapirs/domes and so on. Faults and folds are
the most basic secondary/deformation induced structures
that are identified on seismic sections. The faults may be
classified as normal, reverse, strike slip etc. The folds may
be compressional, ductile shear induced, salt-related or
passive drapes over a structural high (Ramsay and Huber,
1987; van der Pluijm and Marshak, 2004; Twiss and
Moores, 2007; Nem ok et al., 2009; Mukherjee et al., 2010,
2015; Davis et al., 2012; Mukherjee and Mulchrone, 2012;
Park, 2013; Rowland et al., 2013; Fossen, 2016). Salt/vol-
canic intrusions can also be identified in seismic sections
(van Gent et al., 2011; Jackson et al., 2014). Structures,
thus interpreted, indicate the structural setting/style, for
example either extensional, compressional, or strike slip.
As an integral part of structural analysis, the 3D geometry
may be tested for admissibility and validity. This step is
termed balancing the seismic sections (Dahlstrom, 1969).
Balancing sections validates the interpretation and helps
the interpreter to deduce a sound geological history.

Structural analysis can be of the following types (Davis
etal., 2012; Rowland et al., 2013):

Descriptive analysis: here faults and horizons are
mapped, and their attitude, geometry, shear senses
and all other physical attributes of deformation
described. Relative time relationships between sedi-
mentation and deformation, and the link between one
deformation structure and another, are studied in
detail and described. The best methods involve map-
ping faults and horizons over the study area and study-
ing their 3D architecture (Davis et al., 2012, Part I11).
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Kinematic analysis: here movements due to deforma-
tion, for example translation, rotation, distortion etc.
are analysed. Description of the structures, for exam-
ple attitude of horizons and faults, from descriptive
analysis is used. Kinematic analysis (as in Mukherjee
and Biswas 2014, 2015) gives an idea of the overall
strain in the study area or a part of the study area.
More importantly, it can be used to test kinematic
compatibility of aset of deformation structures. When
structures are mutually kinematically incompatible,
they most logically belong to different deformation
events (Rowland et al., 2013, Chapter 10).

Dynamic analysis: the forces/stresses associated to
deformations are analysed. Stress directions have been
analysed based on data collected in the field, e.g., stri-
ated fault planes, stylollites, extensional joints, sheared
dykes, brittle and ductile shear planes (Angelier 1979,
1984, 1989; Lisle, 1989; Srivastava et al. 1995; alohar
and Vrabec, 2007; Rowland et al., 2013, Chapter 10;
Misra et al., 2014; Misra and Mukherjee, 2017,
Babar et al.,, 2017; Kaplay et al., 2017; Dasgupta and
Mukherjee, 2017). Only recently it has also been per-
formed on seismic data (van Gent et al., 2009, 2010).

2.2 Advantages and Limitations
of Seismic Data Analyses

Structural analysis has been traditionally done in the
field by observing actual rocks and their deformation.
The other approach has been to study analogue models
(Mukherjee et al., 2012). Reflection seismic technology,
on the other hand, is now advancing to a stage where
seismic sections will act as the virtual geological field.
Other data sets, such as well and potential field data, are
also used to unravel the geologic structure and history,
most commonly to support reflection seismic data.
Seismic data have a few advantages over other data sets:

Ease of use: A significant logistic effort is required dur-
ing seismic dataacquisition and processing (Chapter 1).
After the data are ready and loaded on workstations,
however, it is comfortable for the interpreter to sit and
view data from across the world. Geological fieldwork
would be time consuming. 3D visualization is easily
possible with 3D imagery in software or a virtual real-
ity set up, in contrast to a field analysis.

Depth of observation: also, during outcrop study, it is
difficult to get data from depths beyond few hundred
metres and practically impossible beyond one kilome-
tre. Modern reflection seismic data can image sections
deeper than 25km in certain areas (Nem ok etal., 2013,
2016; Misra et al., 2015). Fieldwork on the surface or in
mines, drilled wells and so on do not reach such depths.

Compared to reflection seismic data, other geophysical
techniques do not provide such resolution.

Three dimensional nature: seismic data are normally
three dimensional. Even 2D seismic data are a grid of a
few lines, which are correlated and contoured to pro-
vide 3D time maps. Sometimes the lines are very close
spaced and can be processed and migrated as a 3D
volume. Such data are often termed as a poor mans
3D (Wiederhold, 2005)!

Resolution: the vertical and spatial resolution of seismic
data adequately identify and map hydrocarbon reser-
voirs, traps and seals. The resolution is also enough to
identify shallow hazards, carbon storage reservoirs etc.
Geological proxy. reflection seismic sections have
proven to be a close proxy to geology. For example, it is
easy to test whether sedimentary sequences, certain
sedimentary features, faults, unconformities etc. are
actually present when visualized on a seismic section.
This facilitates a good support and 3D perspective for
field and well data. Time slices derived from 3D data
mimic outcrops on a geological section and also show
major structural features, while interpreted horizon
slices show paleo depositional environment as well as
small scale structural features. Wheeler diagrams are
often made from vertical sections to identify erosion
zones and periods of nondeposition, enabling conver-
sion of seismic time to geological time.

Derivatives: there can be numerous derivatives from
reflections seismic data, for example seismic attributes
(Chapter 1.4), which can be used to identify structures,
sedimentary facies and so on.

However, there are some limitations of seismic data

besides common pitfalls in interpretation. The most
important are:

Resolution: resolution is normally insufficient when
small scale structures are to be identified, for example
foliations, fractures, and lineations such as slickensides.
Even small scale sedimentary structures like crossbeds,
ripples, groove marks, small channels (<15 20m thick-
ness) are not possible to identify in seismic data.
Frequency: during propagation of seismic waves into
the Earth there is preferential absorption of high fre-
guencies and, thus, the deeper events are predomi-
nantly imaged with lower frequencies and higher
velocities. As a result, deeper events have far less reso-
lution than the shallower events. Thus, mapping thin
beds at a deeper level is a big challenge.

Imaging: seismic imaging is excellent in most areas and
numerous features can be interpreted with confidence.
3D Prestack depth migration can image steeply dip-
ping faults and beds, including subsalt stratigraphies,
that is the lithological layer beneath a salt canopy, using
the latest seismic migration algorithms such as reverse



time migration provided velocity depth modelling is

reasonable and calibrated with well velocity data in
near vicinity. But the processes are expensive. Imaging
at greater depths (>8km) or below salt, basalt, coal,

igneous/metamorphic basement is a challenge, as they
absorb and reflect most of the energy from their top

surface. Certain noise in the seismic band and strong
multiples are often difficult to separate and remove.
These affect imaging and resolving/detecting thin beds.
Difficult acquisition: acquisition may be a challenge in
many areas, such as mountainous regions, swamps,

volcanic rocks dominated areas and so on, and may

result in significant noise in the seismic data. Such
data are difficult to interpret.

Time migrated data: this is one of the most important
things to consider while interpreting seismic data. The

basic seismic data are time migrated and the vertical

axis is time, in milliseconds, while the horizontal axis

is in meters. This distorts the geometry due to vertical
exaggeration along the depth of the section (Figure 2.1).

Thus, the dips of fault planes appear gentle at deeper

levels in time migrated data.

Lateral velocity variation: overlying lateral velocity

variation can cause pseudo structures in the time sec-
tion in the underlying beds because of pull ups and
pull downs. The depth picture could be in contrast to
the time maps. Low velocity zones present in features
like shale diapir, mud volcano, mass transport complex
etc. result in poor imaging of beds/sequences lying
beneath such features.

Vertical exaggeration: display scales are not commonly

1:1, even though 1:1 sections are desirable during struc-

V:His 13:1
t 1900 ms™!

2 V:H is 0.9:1
= At 3000 mst

Figure 2.1 Variation of velocity with depth for a seismic time
section leading to a varying vertical exaggeration. The depths in
this seismic data range from 0 to 2500 ms. Seismic data courtesy
Reliance Industries Ltd. Reproduced with permission from the
Directorate General of Hydrocarbons (DGH), India.

2.3 Interpreting Faults

tural analyses. However, in some instances, for example
while studying low dipping normal faults or gently dip-
ping, very low relief structures, vertically exaggerated
sections may be advantageous. The interpreter must
know when to use vertically exaggerated sections and
remain cautious while interpreting (Figure 2.2).
Absence of direct evidence: in a reflection seismic sec-
tion geological features can be interpreted. However,
predicting lithofacies, especially in a clastic environ-
ment, is intriguing using the P wave seismology.
Converted wave can help. A plot of Vp/Vs is normally
a good indicator. In the absence of converted wave
recording, which is normally the case, Vp/Vs is derived
from AVO (amplitude variation with offset) attributes.
Reliability of results depends on the quality of seismic
data, and calibration with well and rock physics
templates. Integration of other geoscientific data like
sedimentological facies and petrophysics is carried out
rigorously. Direct hydrocarbon indicators (DHIs),
such as the AVO attribute (Ross, 2000), are merely
analytical models indicating the possible presence of
hydrocarbons. Such DHI attributes are used especially
in case of high gas saturation having excellent data
quality and there are well data to calibrate.

While interpreting seismic data, faults and horizons
must be analysed together as they compliment each other.
For example, without mapping the marker horizons the
throw along a series of faults is indeterminate. Again, if the
faults are not marked on the seismic section, correlating
horizons on either sides of the fault can be problematic.

2.3 Interpreting Faults

The essence of seismic structural analysis is interpreting
faults on reflection seismic images. Detecting continuity
of reflections and their termination lies at the core of
interpreting faults on reflection seismic data. The spatial
geometry of faults determines the structural setting of
the study area and constitutes the base of structural anal-
yses. Throws of faults deciphered on a reflection seismic
image may scale m up to km. The faults with the largest
throws are the regional faults, which indicate large scale
deformation that control basin architecture. The faults
with smaller throws are mostly confined to certain layers
and indicate small to medium scale deformation. These
faults play an important role in reservoir parameters,
such as fluid flow. All the faults in the seismic data may
not be picked during a single analysis. The nature of
analysis will determine the scale of faults to be inter-
preted. The quality of the seismic data determines how
easily faults may be picked up on the reflection seismic
profiles. Faults may be identified on profiles and maps,
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Figure 2.2 Part of a seismic section in two way time from the east Indian passive margin showing the 85 E Ridge. (a) 1:1 section, i.e. this
section is not vertically exaggerated; (b) enlargement of the red rectangle in (a); (c) 5:1 and (d) 10:1 vertically exaggerated sections of the
same line. The 85 E Ridge can be understood quite easily in (c) and the seismically transparent sedimentary cap atop the ridge becomes
clear in (d). The 1:1 section is useful in observing the geometry of the clinoforms. Choosing the right vertical exaggeration (VE) is of prime
importance in seismic interpretation. At regional scales a higher VE and at smaller scales a lower VE is commonly used. However, it is
always better to change and use different VEs while interpreting a seismic profile. Seismic data courtesy Reliance Industries Ltd.
Reproduced with permission from the Directorate General of Hydrocarbons (DGH), India.

along horizon or time slices, of reflection seismic data or
any of its derived attributes (Chapter 1.4) using the fol-
lowing criteria (Figures 2.3 and 2.4):

Offset in stratigraphic markers: this is the easiest and
the best way to identify faults. Displaced/slipped/offset

stratigraphic markers deciphered in seismic image
connote faults in most cases. In this connection, inter-
preters have to be careful for structures such as the
oceanic fracture zones (Chapter 6.5).

Termination of reflections: reflections may terminate
due toachange in facies, for example an older sequence



1km

2.3 Interpreting Faults

@

Figure 2.3 Criteria to identify faults on (a) grey scale and (b) coloured red white black sections. These different fault identification criteria
are detailed in Section 2.3. Numbers correspond to those in Section 2.3. 1: offset in stratigraphic markers; 2: termination of reflections; 3:
abrupt changes in dip; 4: abrupt changes in seismic patterns; 5: fault plane reflections; 6: associated folding or sag; 7: fault shadow.
Possible sedimentary features similar to fault identification criteria are: (i) abrupt change in dip due to a channel; (ii) termination of
reflection due to canyon cuts. Seismic data courtesy Reliance Industries Ltd. Reproduced with permission from the the Directorate
General of Hydrocarbons (DGH), India.

eroded and later filled by an incised valley fill.
Reflections may also terminate due to geophysical rea-
sons, such as stacking problems. When such reasons
have been ruled out, terminations of reflections would
indicate faults. This is true when reflections on the
hanging or foot wall counterpart are unconformable.
The interpreter, therefore, needs to use this criterion
carefully (ii in Figure 2.3 are not faults).

Abrupt changes in dip: parts of faults may not be inter-
pretable on the seismic data because the total throw
may remain undetected at a particular seismic resolu-
tion (Chapter 1.3.4). At such locations the reflections

depict abruptly steepened dips. Almost invariably,
there is an interpretable fault just below, that is in the
deeper section of the reflector. If such a fault cannot
be interpreted, the change in dip may not indicate a
fault. Such a change in dip may also occur due to some
sedimentological reason, such as slopes present in
mass transport complexes (Moernaut et al., 2009) (i in
Figure 2.3).

Abrupt changes in seismic pattern/facies: this is due to
sedimentary or geophysical reasons. For example, seis-
mic facies within an incised valley fill (IVF) differs
remarkably from that outside it and a sharp boundary
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Figure 2.4 Criteria to identify faults on (a) grey scale and (b) coloured red white black sections. These different fault identification criteria

separates the IVF from the host facies. Nevertheless,
incised valley fills can easily be identified from their
own typical sedimentary seismic facies (Catuneanu,
2006; Nordfjord et al., 2006; Chaumillon et al., 2008;
Green, 2009). When such possibilities are negated,
abrupt changes in seismic facies would indicate faults.
Fault plane reflections: faults can be identified when
they appear as reflections themselves. Fault plane
reflections appear due to (i) fluid movement/accumu-
lation along fault planes (Haney et al., 2005), (ii) pore
fluid pressure differences between the hanging wall
and the footwall or the fault zone itself from the sur-
rounding rocks (Haney et al., 2004, 2007), (iii) sedi-
mentary injections along fault planes (Bureau et al.,
2013), and (iv) mineralizations along the fault plane

are detailed in Section 2.3. The numbers in these figures correspond to those in Section 2.3. 1: offset in stratigraphic markers; 3: abrupt
changes in dip; 6: associated folding or sag; 7: fault shadow. This seismic section shows good examples of fault shadows for fault
identification. Seismic data courtesy Reliance Industries Ltd. Reproduced with permission from the the Directorate General of
Hydrocarbons (DGH), India.

(Drummond et al., 2000). The first three points are
common in sedimentary sections while the fourth one
usually works within the basement.

Associated folding or sag: folding and/or sagging of
sediments is commonly associated with faulting
(Passchier 2001; Mukherjee 2010a, 2010b, 2014b, 2017,
Mukherjee and Koyi, 2009, 2010a, 2010b). Rollover
antiforms commonly occur in hanging walls of listric
growth faults (McClay, 1990; Magbagbeola and Willis,
2007; Ferrer et al., 2008). Normal fault related drag sags
the hanging wall blocks juxtaposing the fault planes.
Such sags are quite common along growth faults (e.g.
Dasgupta and Mukherjee, 2017) (Chapter 3.2). Folds,
both antiforms and synforms, are mostly associated
with thrusts and can be visualized in reflection seismic



sections (Dong et al., 2013; Schlische et al., 2014; Zhang
et al., 2014, Li et al., 2015). Folds on reflection seismic
sections may, therefore, indicate faults. However, com-
pactional folds, as opposed to drape folds, are not
formed due to faults and, thus, many times are not
related to faulting in the vicinity.

Fault shadow: the amplitude may dim along a fault plane.
This happens for two main reasons: (i) sharp lateral
velocity variation across the two sides of the fault causing
ray bending and (ii) diffractions created by the fault
plane that may not have collapsed during migration.
Discontinuities: Seismic discontinuities in lines (in
2D seismic) or in surfaces (in 3D seismic) indicate
joints/fractures/fissures/ cracks or fault planes.
Discontinuities are identified on vertical sections and
orientation of the fault/fracture is seen in the horizon
based seismic attribute maps. This indication is often
combined with other evidence to conclude the pres-
ence of a fault.

Convergence of evidence: this is not a criterion in itself!
When a number of criteria together indicate presence
of faulting, while a single one fails, a fault may be pre-
sent. Since interpretation, per se, is subjective, such a
practice is common in seismic interpretation (Bally,
1983; Goudswaard and Jenyon, 1991; Tearpock and
Bischke, 2002; Shaw et al., 2006).

However, even after observing all the evidences above,
minor faults, where the displacement is below seismic
resolution, fractures and their orientation are often dif-
ficult to interpret in P wave seismic data. Alfred rotation
observed in converted shear waves can predict fracture
orientation. Large fracture and fracture zones often show
lowering of impedance and inverted data, especially
Prestack, may be able to delineate fracture zones. All the
faults marked in this atlas (refer to Parts | to 1V) invari-
ably use one or more of these types of evidences to iden-
tify faults.

The interpreted faults and folds must ultimately be
analysed for a meaningful interpretation. Seismic data by
themselves cannot unravel the subsurface geology and
need to be complemented by other geoscientific data in
almost invariably. Section 2.4 describes the most com-
mon studies on structural geology and tectonics usually
performed on reflection seismic data. There are numer-
ous other studies where a structural geological interpre-
tation may apply.

2.4 Some Common Analyses

2.4.1 Geometry of Deformation Structures

This is a study aimed at the overall understanding of the
deformation of the terrain. It is always carried out in a
3D seismic volume or on very close spaced 2D lines

2.4 Some Common Analyses

processed as a 3D volume. The mapped fault networks
and geometries are usually studied on maps to analyse
the deformation style. Geometry can be studied on a
scale from m up to km for different purposes. The objec-
tives may vary widely: tsunami generation potential of
faults (Moore et al., 2007), basin formation studies (Okay
et al., 2000), deformation in hydrocarbon reservoirs (Jev
etal., 1993; Bahorich and Farmer, 1995; Chen and Sidney,
1997; Lonergan and Cartwright, 1999; Cacas et al., 2001,
Meldahl et al., 2001) etc.

2.4.2 Crustal Architecture Analyses

The uniqueness of this study is that it can be performed
on even a single 2D reflection seismic line subject to lim-
itations. However, the required record length of the data
often exceeds 12 seconds, cable lengths are large (>10km)
and the length of the seismic line surpasses 500 km.
Examples of such seismic lines are the BABEL lines
(Chapter 6.1 6.3), the BIRPS seismic lines around
England (Klemperer and Hobbs, 1991), the SCREECH
seismic lines in Canada (Funck et al., 2003; Shillington et
al., 2006; Ranero and M P@rez Gussiny@, 2010) and the
DECORP ECORS seismic data in Germany (Wenzel et
al., 1991; Brun and Gutscher, 1992). Additionally, such
lines are also acquired for crustal architecture analysis
for hydrocarbon exploration, for example the GXT India
Span (Nem ok et al., 2013; Misra, 2015; Misra et al.,
2015). Most of the present knowledge on rifts and pas-
sive margins has come from studies from such seismic
sections (Manatschal, 2004; P@ron Pinvidic et al., 2007;
Jammes et al,, 2010; Bronner et al., 2011; Sutra and
Manatchal, 2012; Franke, 2013). The crustal architecture
of compressional regimes is also studied on such lines
(Jia et al., 2006; Massoli et al., 2006; Franke et al., 2008;
Marcaillou and Collot, 2008; Hesse et al., 2010; Dong et
al., 2013; Rotevatn and Jackson, 2014). Submarine
mounds, related oceanic crust and related tectonic struc-
tures are often studied using such data (Singh et al.,
2006a, 2006b; Autin et al., 2010; Choudhuri et al., 2014;
Misra et al., 2015). A large volume of other geophysical
and geological data, such as seismic refraction, potential
field, bore hole, outcrop data and so on, is required to
support the analyses. These studies are often combined
with gravity modelling to further understand the densi-
ties of the crustal domains and also magnetic modelling
to find the ages of sea floor spreading, wherever
present.

2.4.3 Progressive Deformation Analysis

Deformation progresses through time and fault planes
reactivate through continuing stress. Such studies are
carried out on very high resolution (-5 10m), usually
with 3D seismic data. Throw depth (T Z or Th Z) plots
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are prepared to analyse the change of throw of the fault
with time (Baudon and Cartwright, 2008 a, 2008b, 2008c;
Pochat et al., 2009). Throw length (T L) plots are pre-
pared to study progress and linkage of faults (Tvedtetal.,
2013). To correlate the stratigraphy well data are required.
Such studies are extremely important in hydrocarbon
exploration, since trapping and sealing of faults reduce as
faults reactivate. The timing of formation of traps vis
vis the timing of hydrocarbon generation is also matched
tounderstand charging/ filling of the reservoir. Formation
of structures and structural or combination traps can be
studied here as well.

2.4.4 Strain Analysis

Strain and stress analyses are usually done using outcrop
data. However, recently 3D seismic data have been used
to analyse stress and strain (van Gent et al., 2009, 2010).
Very high resolution seismic data (~5 10m) are required
and the depth of imaging may be limited only down to
the area of interest, that is mostly in the sedimentary
section. The lithology interval for the analysis must be
a brittle zone in the earlier mentioned study (van Gent
et al., 2009, 2010). This method of stress and strain anal-
yses can only deduce the orientation of the principal
stress axes and their relative magnitude for the last defor-
mation episode.

2.5 Workflow

A question has often been asked whether a workflow
exists for structural geological interpretation on reflec-
tion seismic data. Unfortunately, a workflow with check
boxes to tick off while performing structural geological
interpretation does not exist. The examples of some of
the types of analyses that can be attempted on seismic
data, which were presented in the previous sections,
also reiterate that a single workflow cannot be devised
for seismic structural analysis. It depends on the ulti-
mate goal and the scale of observation. However, note
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Faults

Faults are blocks of rocks moving past each other. In this section, examples are given of:

Normal faults (Chapters 3, 4, 6, 8, 15, 16, 18, 19, 20, 24)

Reverse faults/Thrusts (Chapter 5)

Strike slip faults (Chapters 17, 18, 23)

Fault linkages/transfers/relay ramps (Chapter 21)

Reactivation and inversion (Chapters 7, 9, 10, 12, 13, 22)

Sediment interactions with normal fault (Chapters 3, 4, 14, 21, 22, 24)
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Normal Faults in the Crawford-Skipper Basin, East Shetland Platform,

United Kingdom
William Reid and Stefano Patruno*

Petroleum Geo Services (PGS), Weybridge, UK
* Stefano.Patruno@pgs.com

The area between the East Shetland Platform and the
western edge of the Viking Graben, called the Crawford-
Skipper Basin (Patruno & Reid, 2017) (Figure 3.1), has
undergone significant pre Tertiary tectonics, with differ-
ent phases of active extension and at least one event of
compressional inversion, resulting in complex patterns of
fault reactivations and formation of new faults. Extension
started in the Devonian Period (see Patruno & Reid,
2016, 2017; Patruno, 2017; Patruno et al., in press). A
major syn rift wedge can be observed in the Devonian
unit (e.g., in the half graben formed by Fault 1), which is
known to have resulted from an extensional collapse of
the Caledonian orogen (Coward et al., 1989; Seranne, 1992;
Ziegler, 1992; Marshall and Hewett, 2003; Wilson et al.,
2010). The second extensional event is Carboniferous to
Rotliegend in age (Stemmerik et al., 2000; Kombrink
et al., 2010) and is highlighted by Fault 5 and by a minor
reactivation of Fault 1, forming a minor Carboniferous/
Rotliegend syn rift wedge. Subsequently, the regional
Late Permian to Triassic rifting event (Glennie, 1995;
Balson et al., 2002; Goldsmith et al., 2003; Wilson et al.,
2010; Whipp et al., 2014; Patruno & Reid, 2017; Patruno,
2017; Patruno et al., in press) resulted in the structuration
of most of the fault blocks observed in this section.
Newly formed or reactivated Permo Triassic extensional
faults include faults 1 7, together with the relatively
minor faults situated to the west of Fault 1. In this par-
ticular location, the seismic stratigraphic relationships
reveal that most of the Permo Triassic syn depositional
fault movement occurred in the Triassic.

This is reflected by Triassic syn rift wedges (e.g., to the
hangingwall of Fault 1, faults 3 4 and 6 7), with only
minor possible Zechstein thickening (e.g., Fault 4). In
particular, the Triassic fill to the hangingwall of faults 1
and 2 represents the vast majority of the total Mesozoic
sediments preserved along this section of the East

Shetland Platform. Low magnitude Jurassic faulting can
be inferred in the grabens and half grabens delimited
by faults 1 and 6 7, where a thin Jurassic fill has been
preserved (Figure 3.2a). Major upper Jurassic syn rift
wedges are observed on the Viking Graben (Ziegler, 1992;
Fraser et al., 2003; Turner et al., in press). Footwall uplift
of the Viking Graben border faults might be responsible
for the lack of upper Jurassic strata in the wells penetrat-
ing this part of the East Shetland Platform and Crawford
Spur area. Cretaceous reflectors gradually onlap the
Viking Graben tectonic scarp and a thin to very thin
upper Cretaceous veneer is observed over the platform.

A relatively significant compressional inversion of the
main Triassic syn rift wedge can be noticed in the cen-
tres of the diagrams in Figure 3.2a, with Base Jurassic,
Base Cretaceous and Base Tertiary seismic horizons
all subject to antiformal folding. This compression is
probably of Early Alpine age, as constrained by: (i) sub-
horizontal lower Paleocene reflectors onlapping the
antiformal structure and (ii) Cretaceous strata becoming
anomalously thin towards the antiformal culmination,
which corresponds to the Triassic hangingwall depocen-
tres of faults 1 and 2. Alpine age compressions might be
as early as Aptian in age (c.f.,, Patruno et al., 2015; Unida
& Patruno, 2016).

Furthermore, on the structural culmination of the
Crawford Spur (horst bounded by Faults 5 and 6), two
angular unconformities are visible. In particular, the
uppermost Devonian is truncated by the Base Permian
Unconformity and the Rotliegend itself is partly trun-
cated by the Base Zechstein. This could be the result
of combined compressional uplift in Variscan times
(Middle Carboniferous to Middle Permian) (Coward
et al., 1989; Seranne, 1992; Corfield et al., 1996; Balson
et al., 2002; Zanella and Coward, 2003; Patruno, 2017;
Patruno & Reid, 2016, 2017; Patruno et al., in press) and
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Figure 3.1 West east oriented uninterpreted seismic cross section along the easternmost East Shetland Platform, Crawford Spur and the

western edge of the Viking Graben (UKCS Quadrant 9).

footwall uplift during the various Carboniferous to
Jurassic extensional events.

In the Triassic main reservoir interval (Heron Group),
the Crawford wells recorded a dip of over 40 (Yaliz, 1991).
This dip is difficult to distinguish when looking at the
Triassic reflectors in the full stack data (Figure 3.2b(C)).
The well dipmeter data are only properly understood
by examining the relative acoustic impedance section
(Figure 3.2b(D)). The relative acoustic impedance section
extracted from broadband GeoStreamerfi data shows a
clear distinction between the Jurassic interval and the
Triassic package, and it reveals westerly dipping Triassic
reflectors associated with at least three minor listric faults,
detached from the top of the Zechstein (Figure 3.2b(D)).

The Crawford Field is situated within this heavily com-
partmentalized interval on top of a pre existing Paleozoic
horst. This oil and gas field contains a combination of
fault and unconformity related traps and dip closures,
with reservoir components within Triassic sandstones
(Skagerrak and Cormorant Formations, Heron Group),
Bajocian Bathonian sandstones (Hugin Formation,
Pentland Formation), Campanian limestones (Shetland
Group) and upper Paleocene Heimdal sandstones (Yaliz,
1991). The Crawford Field contains 20.6 million barrels
of oil and 38.1 billion cubic feet of gas as ultimately
recoverable reserves and proves the importance of
understanding and imaging the subtle fault related
structures of the East Shetland Platform.
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Figure 3.2a West east oriented interpreted seismic cross section (A) and geoseismic section (B) across the eastern most East Shetland
Platform, Crawford Spur and the western edge of the Viking Graben (UKCS Quadrant 9). Adapted from Patruno & Reid 2017. Courtesy of

PGS GeoStreamerfi MC3D Q16 2013 3D survey.
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Normal Faults Bounding Rift Grabens in Krishna Godavari Basin, India
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The Krishna Godavari Basin occurs in the central part
of the Eastern Continental Margin (ECMI) of India
(Figure 4.1) in the state of Andhra Pradesh. It formed as
Antarctica rifted from India in Late Jurassic  Early
Cretaceous (Rao, 2001; Nem ok et al., 2013). This part
of the ECMI shows classical normal fault-bound rift
grabens with prominent sediment growth packages
(Figures 4.2 and 4.3). The seismic sections presented
here show one large rifted graben in the proximal mar-
gin. (The definition of proximal margin can be found in
Manatschal (2004) and Manatschal et al. (2007)). In both
these seismic sections early synrift, peak synrift, late syn-
rift and postrift sediments can be easily identified, while
prerift is doubtful (Figures 4.2 and 4.3).

Prerift sediments are identified based on their seismic
facies. Reflections in the prerift sediments characteristi-
cally parallel the basement top and do not show growth of
sediments. Growth of sediments is their expansion and
for normal faults it occurs towards the fault. The synrift
sediment package, which shows growth in the entire inter-
val, can be separated into primarily three subpackages,
which are early synrift, peak synrift and late synrift.
Angular unconformities probably separate these subpack-
ages. In the sections here (Figure 4.2b and 4.3b), the pack
of sediments overlying the basement with prerift like seis-
mic signature is very early synrift, as confirmed from
biostratigraphic data from one well drilled by the Reliance
Industries Ltd. on the rift shoulder.

Stretching started during early synrift and faults grew
slowly. This sedimentary package separates from the
prerift by an angular unconformity. The early synrift
sedimentary sequence shows minimal growth of sedi-
ments and may onlap on the top of prerift sediment
sequence. They may even subparallel the prerift top.
Thus, it may sometimes be very difficult to separate prer-
ift from early synrift sediment package. Biostratigraphy

from well cutting or cores might be helpful in such
situations.

Peak synrift or peak rift stage is the phase when there is
maximum stretching and fault movement compared to
the prior two rift stages. This stage is identified easily by
noting the most prolific growth of sediments.

Late synrift is the stage where the deformation slows
and the prolific growth is no longer observed. However,
in some cases the difference between the growths in the
peak and late synrift may be too little to be separated.
An unconformity within the synrift may help to separate
out the two phases. This marks the end of tectonic
faulting. However, a few faults may continue growing
due to differences in compaction on either side of the
fault. The top of late synrift sequence is also called a
breakup unconformity.

Postrift sedimentary sequences are identified from
their downlapping on top of the synrift. The postrift
shows a sagging of the basin due to the thermal cooling
of the lithosphere after rifting. Marine incursion in the
rifted grabens may occur much earlier than the postrift
phase. Thus, it is difficult using biostratigraphy alone to
ascertain a postrift sequence. Seismic facies analysis is
more helpful in such a situation.

In the synrift sequence, normal dragging (Mukherjee,
2014) of the sedimentary sequence can be observed
along the fault plane (red rectangles in Figure 4.2b).
These drags are commonly observed along many
rifted grabens, which may occur due to (i) faulting
dragged existing sediments and/or (ii) sediments that
have fallen off the eroded footwall forming an edge of
sediments. During stretching many faults initiate, out of
which only the weakest continue to the final stages of the
stretching phase to bound the rifted grabens. Such faults
may abort at any stage during rifting, for example the
fault marked by dotted lines in Figures 4.2b and 4.3b.
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80°00 E 82°00 E Figure 4.1 Krishna Godavari Basin along the
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line: Shelf slope break. Red lines; indicate
respective seismic sections.
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Figure 4.2a Uninterpreted section in the
stretching zone of Krishna Godavari Basin.
Seismic data courtesy Reliance Industries Ltd.
Reproduced with permission from the
Directorate General of Hydrocarbons (DGH),
India.

Footwalls very often erode and are redeposited as  top becomes rugged and a fault scarp forms due to the
sediments in the graben because they are subaerially  erosion of the fault plane (fault F2 in Figure 4.3d). The
exposed or very near the water surface (Ravn s and  seismic facies of the basement also shows chaotic
Steel, 1998). Large parts of the footwall may erode  reflections indicating fracturing and erosion (for fault
(Figure 4.3d). The seismic reflection of the basement  F2 in Figure 4.3d).



4 Normal Faults Bounding Rift Grabens in Krishna Godavari Basin, India | 37

Figure 4.2b Interpretation of the seismic
section in Figure 4.2a showing the various
elements of a rifted graben. Note the
difference in growth of the sediments for the
different stages of the rift. Yellow line: break
up or top synrift unconformity. Red
rectangles: normal dragging of sediments
along the fault plane. Seismic data courtesy
Reliance Industries Ltd. Reproduced with
permission from the Directorate General of
Hydrocarbons (DGH), India.
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= ; Basement top

™\ Downlaps == Growth of sediments

Figure 4.3a Uninterpreted section in the stretching zone of Krishna Godavari Basin. Note the noise content is more in this section
compared to the one in Figure 4.2. Seismic data courtesy Reliance Industries Ltd. Reproduced with permission from the Directorate
General of Hydrocarbons (DGH), India.
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™3, Downlaps ~—= Growth of sediments

Figure 4.3b Interpretation of the seismic section in Figure 4.3a. Note the difference in growth of the sediments for the different stages of
the rift. The higher reaches of the fault F2 eroded and a fault scarp remains. Yellow line: break up or top synrift unconformity. Red
rectangle: enlarged section in Figures 4.3c and 4.3d (extent marked as red rectangle). Seismic data courtesy Reliance Industries Ltd.
Reproduced with permission from the Directorate General of Hydrocarbons (DGH), India.
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Figure 4.3c Uninterpreted section: enlarged part shown within red rectangle in Figure 4.3b. Seismic data courtesy Reliance Industries Ltd.
Reproducedwith permission from the Directorate General of Hydrocarbons (DGH), India.
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Top truncations

— Growth of sediments

Figure 4.3d Interpretation of the seismic section in Figure 4.3c. Brown dotted line: possible original fault F2, presently a compaction
related fault is present at the same location. Brown transparent polygon: possible original basement configuration. The synrift sediments
on the NW graben belong to early to peak synrift. Note the other compaction related faults (in blue dotted line). Yellow line: breakup or
top synrift unconformity. Seismic data courtesy Reliance Industries Ltd. Reproduced with permission from the Directorate General of

Hydrocarbons (DGH), India.
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Structural interpretation of S N trending seismic profile
used fault related folding theories (Suppe and Medwedeff
1990; Shaw et al., 2006). Identification of stratigraphic
units at a depth for seismic profiles was based on outcrop
correlations and Bitsminda 1 borehole data. Interpreted
seismic reflection profiles show that the Bitsminda anti-
cline is a shallow fault propagation fold with the front
limbs broken by thrust faults. The fold shows a strongly

@

normal dragged (Mukherjee 2014) hanging wall block,
and a less dragged footwall block. Syntectonic (or synoro-
genic) Middle and Upper Miocene strata are represented
by shallow marine, predominantly, terrigenic fine clas-
tics, limestones and marls with rare conglomeratic inter-
beds and sandstones and thick continental sediments
(alternation of conglomerates, clays and sandstones;
1000 2000 m thick) (Alania et al., 2015) (Figure 5.1).

0.000 South

Bitsminda-1

1.000

TWT (sec)

2.000 4

North

3.000 1=—

Figure 5.1 Uninterpreted (a) and interpreted (b) 2D time migrated seismic profile through the Bitsminda anticline: southern part of the
Kura foreland fold and thrust belt (Georgia). Abbreviations: F, and F; is south vergent thrust; F5 is backthrust; P; Oligocene: N;*  Lower
Miocene; N2 Middle Miocene; N,°s  Upper Miocene (Sarmatian); N, m p  Upper Miocene (Meotis  Pontian).
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Figure 5.1 (Contd)
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Vertical seismic profiling (VSP) is a field measurement
procedure in which the seismic source is activated at a
fix surface position and the seismic signal is recorded
by sensors located in a well at successive depth levels
(Coppens and Mari, 1991). The first objective of VSP is
the vertical velocity survey. Additionally, it is possible
to discern downgoing and upgoing events and to obtain
calibrated seismic reflections tied with depth. If the
source is located near the well, the survey is called a Zero
Offset VSP; if the source is significantly far from the well,
it is called an Offset VSP (Coppens and Mari, 1991).

When VSP measurements are carried out in the vicin-
ity of fault zones, singular arrivals have to be interpreted
in detail as the expression of the fault zone presence. The
example of Offset-VSP data detailed here was recorded
in the Aig 10 borehole intersecting the Aigion Fault
Corinth Gulf, Greece (Figure 6.1). The Corinth Rift is
one of the most seismically active areas in Europe. This
activity is related to N S extension strain, which com-
menced during the Early Miocene. A series of WNW
ESE striking faults has developed to the southern
shoulder of the rift (Figure 6.1). One of them, the Aigion
Fault, has shown some recent seismic activity and is
studied here (Figure 6.2).

A four component tool (three orthogonal geophones
and a hydrophone) was used to record the data. For
simplicity, only the vertical component is shown in
Figure 6.3. The depth interval is represented in

Figure 6.4, along with the source (P vibrator) position
by the scarp formed by the active fault (see also
Figure 6.2).

Apart from the direct arrival (1), two arrivals stand
out, because of either an amplitude higher than that
of the direct arrival (2) or an early arrival time (3).
Calculation of reoriented components allowed a detailed
analysis of the polarization of the seismic arrivals along
with their travel time. Arrival (2) is interpreted as P
waves travelling in the hangingwall, propagating subpar-
allel to the fault zone, then diffracting off a corner formed
by the fault zone offsetting the radiolarite and limestone
unit. Arrival (3) is interpreted as a refraction occurring
along the fault zone. Arrival times of events (2) and (3)
have been used to refine the geometry of the fault, espe-
cially to estimate its fault throw (about 200 m).

The low amplitude of the direct arrival (1) indicates
that the medium between the source and receivers
strongly attenuates the seismic waves, which is in agree-
ment with the presence of poorly consolidated conglom-
erates (Figure 6.4). The low amplitude of the arrival (3) is
likely related to the damage of the medium within and in
the vicinity of the fault zone that is encountered by
the refracted waves. The detailed approach based
on four component data is available elsewhere (Place
et al., 2007b) and also includes results of full waveform
2D finite-difference elastic modelling that support the
interpretations.
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44 | 6 Diffraction and Refraction Occurring in a Fault Zone in Corinth Gulf, Greece as Seen by Vertical Seismic Profiling
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Figure 6.1 Simplified geological structural map of the Gulf of Corinth. The red framed area indicates the location shown in Figure 6.2.
Place 2007a. Reproduced with permission of Elsevier.
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Figure 6.2 Position of the Aig 10 well and VSP sources (only the
profile recorded using source 3 is studied here). Note the scarp of the
Aigion Fault to the south. Place 2007b. Reproduced with permission

of Elsevier.



Figure 6.3 Vertical seismic profile recorded with
source 3 (Figure 6.2). Place 2007b. Reproduced with
permission of Elsevier.
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Figure 6.4 Sketch showing the interpreted ray paths of arrivals identified in

Figure 6.1. Place 2007b. Reproduced with permission of Elsevier.
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Horst Inversion Within a D@collement Zone During Extension

Upper Rhine Graben, France
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The Merkwiller Pechelbronn oil field of the Upper
Rhine Graben has been a target for hydrocarbon explo-
ration for over a century. The occurrence of the hydro-
carbons is thought to be related to the noticeably high
geothermal gradient of the area. Its magnitude peaks at
about 100 C.km * a few kilometres east of the oil field,
in the vicinity of the Soultz sous ForEts horst, which
has been the target of geothermal exploration in recent
decades (Figure 7.1). Seismic investigations in the
40km wide Upper Rhine Graben reveal significant
details. We have chosen a 5km time migrated section
of the PHN84J profile that focuses on the eastern flank
of the Soultz sous ForCts horst to illustrate the com-
plexity of basement sedimentary cover deformation
patterns involving d@collements (Figure 7.2). This is
a slightly revised version of the original interpretation

..............

of Place et al. (2010), where the deformation in the
ddcollement level was more emphasized than in the
present interpretation.

The section shows a couple of major normal faults
bounding a graben within the upper part of the sedimen-
tary cover, rooted in d@collements of Triassic anhydrite or
clay series (top of Buntsandstein to Middle Muschelkalk,
and Keuper). These faults are interpreted to have been
active during the Oligocene when the Upper Rhine Graben
opened (Rouss@, 2006). The seismic profile also reveals the
presence of a deeply located fault bounded block labelled
(1) within the d@collement zone. This block, which we call

inverted horst, has formed in two main stages:

Firstly, extension in the basement (along at least one
basement fault), decoupled from the cover by d@collement
level(s), resulted in the formation of a large-scale monocline

.....

........................

Diffraction - Horst inversion
Major normal West as seen by VSP ' : East
fault bordering T
the Upper '
Rhine graben
Sediments
+ +

Crystalline basement

Figure 7.1 Regional geologic section showing the study areas for Chapters 7 and 8.
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and a graben in the cover units (Figure 7.3a). The upper
reflectors within the graben exhibit some thickening and
bending towards the western fault (synthetic to basement
faults), denoting a syn tectonic deposition, and not any
drag that sometimes associate with faults (Mukherjee, 2014
and Koyi et al., 1993). The extensional regime also formed a
detached deeply located horst near the hangingwall hinge
of the monocline (as obtained by Withjack and Callaway
(2000) using analogue modelling) (Figures 7.2 and 7.3a).

Secondly, continued extension resulted in the eastern
shoulder of the graben (about CMP 1120 and lower) to
decouple from the basement and glide eastward on the
ductile material. This ductile material, most likely made
of Triassic clay and salt, also facilitated the popping down
of the horst (1) alongside its inversion and clockwise rota-
tion (Figure 7.3b). Concomitant bending of the reflectors
above this inverted horst (1) attenuates upwards away
from it (Figure 7.2). A slight clockwise rotation of the gra-
ben is also caused by the gliding of its eastern shoulder.

Interpretation of other seismic profiles indicates that
the graben strikes around N170 E, which makes it prone
to undergo Chattian compression (the maximum hori-
zontal stress being NE SW), and possible transpression
when exposed to the Miocene to present Alpine push
(oriented NW SE) (Schumacher, 2002; Bourgeois et al.,
2005). These two tectonic events might have bent the
upper layers in the graben (about 200 400 ms and CMP
1260) as well as causing out of plane flow of ductile
material within the d@collement zones.
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