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ABSTRACT

The current deformation style of active salt detachments beneath delta and deep-water
fold-thrust belts in the Gulf of Mexico is poorly constrained. The combination of
seismic interpretation and seismic attribute analysis provides greater resolution for
identifying fault patterns that are otherwise unresolved in conventional seismic
amplitude displays. These techniques are applied to the Ship Shoal and North-West
Gulf Coast 3D seismic volumes, and used to investigate the geometry of low signal
amplitudes within six interpreted salt diapirs. The ridge enhancement filter and
similarity attributes display a strong correlation with faults and fractures observed over
a range of magnitudes, and identify structural relationships between salt diapirs and the
surrounding sedimentary overburden. Conventional seismic amplitude displays show
salt diapirs as ductile and homogenous structures. However, this study concludes that
diapirs are likely to contain interbedded resistive sequences facilitating brittle shear.
Deformation styles exhibited by active salt diapirs are broadly comparable to those
observed in outcrops within exhumed detachment systems. Future application of
seismic attribute analysis is needed to improve the understanding of deformation styles
exhibited by similar submarine structures.
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1. INTRODUCTION

Uncertainty exists as to the patterns of deformation that develop within active salt
detachments beneath submarine fold-thrust belts. Large deltas exhibiting extensional
faults are commonly linked to down-slope deep-water fold and thrust belts; described
here as delta and deep-water fold-thrust belts (DDWFTBs). Deformation is
accommodated by one or more detachment zones, generally a pro-delta shale or salt
(Yassir and Zerwer 1997, Rowan et al. 2004, Morley et al. 2011). Present-day active
detachment zones are often located in inaccessible submarine regions (Hansberry et al.
2014). As a result, basal detachments deformed in active fold and thrust belts are poorly

understood.

Salt deformed within DDWFTBs is currently viewed as a viscous substrate, exhibiting
ductile deformation beneath a brittle, mechanically detached sedimentary overburden
(e.g. Coward and Stewart 1995, Davison et al. 1996, McClay et al. 2003, Mourgues and
Cobbold 2006, Krézsek et al. 2007). However, outcrop studies by Richards et al (2014)

have shown that salt deformed within fold and thrust belts exhibits brittle deformation.

Past studies of the Gulf of Mexico have utilised seismic amplitude data to identify and
interpret salt-sediment interactions (e.g. Wu et al. 1990, Jackson et al. 1994, Rowan
1997, Hudec et al. 2013a, Hudec et al. 2013b). Seismic amplitude studies are an
effective tool for basin analysis; however, there are lower limits to seismic amplitude
resolution that preclude the detection of small-scale features (Roberts 2001, Backé et al.

2012). Fortunately, techniques to improve the detection of sub-seismic amplitude
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geological features are available, such as seismic attribute calculation and analysis (e.g.
Hesthammer and Fossen 1997, Chopra and Marfurt 2005, lacopini and Butler 2011,
Backé et al. 2012). In this study, structural fabrics that lie below the detection threshold
of seismic amplitude data will be identified and mapped by seismic attribute analysis.
Analysis will take place within two 3D seismic volumes, with focus on the detachment

surface and surrounding sedimentary overburden.

2. BACKGROUND

2.1  The Gulf of Mexico

The Gulf of Mexico is a small oceanic basin located between the North American
continent and the Yucatan Peninsula (Figure 1a, Salvador 1987, Yassir and Zerwer
1997, Galloway et al. 2000). Opening of the Gulf of Mexico was initiated by continental
rotation and crustal extension of the Yucatan Peninsula (ca. 160-150 Ma, Bird et al.
2005). The northern rim of the Gulf of Mexico is a passive continental margin,
dominated by Triassic to Early Jurassic NE-SW striking listric growth faults (Figure la
and 1b, Salvador 1987, Marton and Buffler 1999). During the Middle-Late Jurassic,
tectonic subsidence rates and stratigraphic base level were high in the northern Gulf,
resulting in the production of substantial accommodation space for sediment
accumulation (Nunn 1984, Sawyer et al. 1991). The resulting Jurassic through Holocene
strata accumulated as part of a seaward-dipping sedimentary wedge, and was deposited
in differentially subsiding basins in the developing Gulf of Mexico (Figure 1b, Martin

1978, Trudgill et al. 1999).
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Figure 1: a) Location map of the northern Gulf of Mexico basin illustrating the locations of the
Ship Shoal and North-West Gulf Coast 3D seismic volumes (modifed from Hudec et al. 2013a). b)
Generalised cross-section of the northern Gulf of Mexico basin displaying stratigraphy and
structural elements. Stratigraphy within the northern Gulf consists of a succession of Jurassic

through Holocene strata (modifed from Galloway 2008).
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Intermittent influx of seawater and subsidence-driven marine transgression led to the
deposition of the Jurassic age Louann Salt over Mexico and the southern United States
of America (Wilhelm and Ewing 1972, Jackson and Seni 1983). The allochthonous
Louann Salt is most prevalent in the north of the Gulf of Mexico, and is a source of
extensive diapirism (Jackson et al. 1994). Although not widespread, smaller salt sheets
lie above the Louann Salt (Rowan and Vendeville 2006). The formation of these salt
sheets was result of continued rapid sediment accumulation during the Neogene,
resulting in down-dip spreading and over-thrusting of salt within unconsolidated
sediment (Wu et al. 1990). The Louann Salt lies stratigraphically below the overlying
deltaic sediments, and acts as a regional detachment zone (Wu et al. 1990). As a result,
continuous progradation of the overlying sediment has led to the formation of Perdido

and Mississippi Fan Fold Belts (Figure 1a, Trudgill et al. 1999).

2.2  Delta and Deep-Water Fold-Thrust Belts in the Gulf of Mexico

Delta and deep-water fold-thrust belts are linked systems of extension and compression
that are typically the result of far-field stresses, near field stresses, or a combination of
both (YYassir and Zerwer 1997, King and Backé 2010, Morley et al. 2011). Gravitational
failure of deltaic sediment along a continental slope results in an extensional regime at
the delta-top that drives a down-dip compressional regime in the delta toe (Figure 2,
Rowan et al. 2004, King et al. 2009). Deformation is constrained above a weak basal
layer or detachment zone, where extensional listric normal faults form at the delta top,
and are accompanied by compression driven thrust faulting in the delta toe (Davis and
Engelder 1985, Rowan 1997, McClay et al. 2003). Down-dip of the delta top is a

transitional zone subject to regional thin-skinned extension (Figure 2). The zone is
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characterised by extensive diapirism below extensional fault structures, such as grabens

and half grabens (Vendeville and Jackson 1992b).
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Figure 2: Schematic model of a delta and deep-water fold-thrust belt demonstrating a 90° rotation
of maximum horizontal stress (o) from margin parallel to margin normal, respectively (King et al.
2009). Normal listric growth faults form due to extension at the delta-top. Thin-skinned extension
dominates the transitional zone accommodating salt and shale diapirism. Stacked thrust sheets with
associated folds occur at the distal pinch-out of the detachment, forming the delta toe (modified
from King and Backé 2010).

Deep-water fold-thrust belts can be classified into two types of systems. Type 1 systems
have either a weak shale or salt detachment and predominantly occur on passive
margins (Morley et al. 2011). Type 2 systems are deformed by either far-field stress
alone, or mixed near- and far-field stress. Type 2 systems are subdivided on a tectonic
basis into continent convergence zones and active margin deep-water fold thrust belts
(Morley et al. 2011). Within the Gulf of Mexico, the Mississippi Fan and Perdido Fold

Belts are classified as near-field stress driven Type 1 systems.
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2.3  Properties of Salt and Salt Structures

2.3.1 PROPERTIES OF SALT

Salt is considered as a viscous material with the ability to flow when subjected to
minimal shear stresses, due its very low strength (Urai et al. 1986, Morley and Guerin
1996, Davison et al. 1996, Rowan et al. 2004). Salt is almost incompressible, and is
particularly weak at low temperatures and pressures, such as those in DDWFTBs (Davis
and Engelder 1985). Salt deposits are heterogeneous in nature, and will often consist of

interbedded sedimentary or carbonate sequences (Warren 2006).

Deformation of salt layers occurs by means of Poiseuille and Couette flow (Figure 3,
Jaeger and Neville 1979). Poiseuille flow is associated with the vertical thinning and
lateral expulsion of evaporite layers, where flow is restricted by the viscous shear forces
along the boundaries of the salt, or interbedded sedimentary sequences (Figure 3a,
Davison et al. 1996, Rowan et al. 2004, Fossen 2010). Couette flow exhibits simple
shear within the salt layer, as the overburden is translated relative to the substrate

(Figure 3b, Davison et al. 1996, Rowan et al. 2004, Fossen 2010).
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Figure 3: Schematic illustration of salt velocity profiles. a) Poiseuille flow in a single thick layer. b)
Couette flow produced by overburden sliding. ¢) Combination of Poiseuille and Couette flow,
displaying relative movement along resistive bounding layers. d) Poiseuille and Couette flow across
multiple layers, where interbedded sequences form rigid planes (modified from Davison et al.
1996).

2.3.2 SALT DIAPIRS

Salt diapirs have been identified and extensively studied within the Gulf of Mexico (e.g.
Salvador 1987, Bouma and Roberts 1990, Yassir and Zerwer 1997, Bird et al. 2005,
Hudec et al. 2013a). Diapirs within the Gulf of Mexico have discordant contacts with
their encasing sediments and form from buoyant uplift beneath denser strata (Jackson
and Talbot 1986, Marsh 2008). Diapir evolution varies between structural settings and
can be separated into reactive, active and passive diapirism (Figure 4, Vendeville and

Jackson 1992a, Vendeville and Jackson 1992b).
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During extensional faulting, reactive diapirism will occur during the initial stages of
diapir growth, where salt pierces the overburden due to differential loading imposed by
the overlying graben (Jackson et al. 1994). The growth of a reactive diapir is controlled
by the amount of regional extension. The greater the amount of extension, the taller the
diapir (Vendeville and Jackson 1992b). Reactive diapirs are most commonly found in
thin overburdens within the lower extensional zone, or in areas responding to tectonic

strain (Vendeville and Jackson 1992a, Jackson et al. 1994, Marsh 2008, Fossen 2010).

Active diapirs often proceed reactive diapirism and pierce the overlying sediments by
lifting and thrusting aside tectonically thinned overburden (Jackson et al. 1994). The
salt pierces in increments and can only occur when the roof overlying the salt is

sufficiently thin (Morley and Guerin 1996).

Once a diapir has emerged at the surface it becomes passive and is expelled laterally on
top of the sediments (Morley and Guerin 1996). Throughout its growth a passive diapir
will experience downbuilding; where the base of the salt sinks along with the adjoining
sediments (Jackson et al. 1994). A passive diapir will narrow upwards if the rate of

sedimentation exceeds the rate of net salt rise, and will widen if sedimentation is lower

than diapiric rise (Jackson et al. 1994, Davison et al. 1996).
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Figure 4: Three modes of salt diapirism and their characteristic structures. A reactive diapir
displaying a fan of normal faults along its flanks with associated flexure of sediments. An active
diapir below a radial network of faults. A passive diapir displaying near-vertical flank geometry
and associated dragging of sediments (modified from Jackson et al. 1994).
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2.4 Analogue Models of Salt Detachments and Structures

Analogue models are an effective tool in investigating the brittle and ductile
deformation of salt detachments and structures. Modern physical models commonly use
a two-layer system consisting of sand and silicone (Brun et al. 1994). Silica (quartz)
sand is used in a number of studies to replicate brittle sediments (e.g. Bahroudi and

Koyi 2003, Rowan and Vendeville 2006, Krézsek et al. 2007).

For diapirism to occur within a physical model, the detachment surface must consist of
a low-density medium. The majority of detachment surfaces within analogue models are
made up of a viscous silicone polymer, or low-density equivalent, forming a thin ductile
décollement (i.e. Bahroudi and Koyi 2003, Rowan and Vendeville 2006, Krézsek et al.
2007). Results from physical models aim to identify a range of structural mechanics,
including understanding overburden deformation related to diapirism and structural
patterns exhibited by salt detached fold and thrust belts (Alsop 1996, Krézsek et al.

2007).

However, physical models using layered sand overburdens possess an unrealistically
high initial density ratio between overburden and salt (Dooley et al. 2007). Models
using overburdens consisting entirely of sand have a density ratio that is more than five
times higher than in nature (Dooley et al. 2007). Dooley et al. (2007) uses a
combination of silica sand with alternating layers of hollow glass beads, reducing the

bulk density of the modelled overburden.

10
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Further limitations exist when modelling the detachment where analogue materials do
not mimic the detachment lithologies in nature (Back et al. 2008). Modelled salt
detachments consisting of viscous substances restrict the observable deformation style
to plastic processes. Due to the submarine nature of active salt detachments,
deformation styles within fold-thrust belts are still relatively unknown, and may
therefore not be accurately demonstrated by a viscous medium (Cohen and McClay

1996).

3. METHODS

3.1 Seismic Data Sets

Seismic data has been used extensively in the study of subsurface salt structures by a
number of authors (e.g. Wu et al. 1990, Morley and Guerin 1996, Trevifio and
Vendeville 2008). In this study, the Ship Shoal and North-West Gulf Coast 3D seismic
volumes from the Gulf of Mexico have been used to investigate the deformation of the
Louann Salt detachment. The larger Ship Shoal 3D seismic volume covers 7,766.418
km? and is located northeast of the Perdido Fold Belt and west of the Mississippi Fan
Fold Belt (Figure 1a). Situated southwest of the Ship Shoal 3D seismic volume is the
smaller North-West Gulf Coast 3D seismic volume. This survey lies northeast of the

Perdido Fold Belt and covers 981.294 km? (Figure 1a).

3.2 Data Quality
Seismic imaging within salt tectonics often results in poor reflection data and distortion

of surrounding strata. Salt boundaries can be delimited by strong reflectivity, but are

11
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more often characterised by a change in the seismic texture (Figure 5, Ratcliff et al.

1992, Sava and Biondi 2004, Berthelot et al. 2013).
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Figure 5: Crossline 2190 of the Ship Shoal seismic volume illustrating the distortion of amplitude
velocities imposed by salt. The top layer of salt is identified by strong reflectivity.

To improve the quality of the raw seismic data each 3D survey was subject to a dip-
steered median filter. Steering a seismic volume can improve the detection and
interpretation of faults and fractures (Stewart 1985, Backe et al. 2012, Chehrazi et al.
2013). In a dip-steering calculation, amplitude dip directions are stored, providing a
measure of continuity and structure of seismic events (de Rooij and Tingdahl 2002).
The dip information stored in the data volume is then used to simulate a virtual horizon
at each position (Backé et al. 2012). This allows for the decrease of random noise in the
data volume and, when combined with a median filter, enhances lateral continuous
seismic events (Marfurt et al. 1998b). In median filtering, the centre amplitude value of

a dip-steered area is replaced by the median amplitude of the extracted volume. The

12
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result is an edge-preserving smoothening of the seismic data (Marfurt et al. 1998b,

Backeé et al. 2012).

3.3  Seismic Interpretation

Within the full coverage of the Ship Shoal and North-West Gulf Coast 3D seismic
volumes six antiformal structures were identified and interpreted as salt diapirs.
Amplitudes displaying strong reflectivity along the tops of the antiforms were identified
as the top salt layer (Figure 6). Dissimilar styles of seismic amplitudes above and below
the interpreted top salt layer represented a change in lithology (Ratcliff et al. 1992, Sava
and Biondi 2004). Above the top salt; strong, regularly alternating amplitudes were
interpreted as deltaic deposits. Diffuse reflectors below the top salt layer were
interpreted as the remaining salt body. Linear offsets of amplitudes were abundant in
the Ship Shoal deltaic deposits and were interpreted as normal and reverse faults,

relative to their direction of offset.

13
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Figure 6: Interpretation areas Crosslines 4842 from the North-West Gulf Coast and 2190 from the
Ship Shoal 3D seismic volume containing time-slices and interpreted horizons. A) Interpreted
horizons representing the top salt layer and an upper sedimentary horizon, along with time-slices
taken at 2732 and 3824 ms (North-West Gulf Coast seismic volume). B) Interpreted horizons
representing the top salt layer and an upper sedimentary horizon, along with time-slices taken at
2172 and 2800 ms (Ship Shoal seismic volume).

Interpretation was focussed on two mapped horizons and two horizontal time slices in

each survey area (Figure 6). Firstly, the top salt layer from each survey was picked and
mapped, providing a three-dimensional view of the geometry of each diapir. A second
horizon was mapped immediately above the crest of the salt diapirs. This horizon

demonstrated the effects of diapirism on overlying sedimentary layers.

14
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3.4 Seismic Attributes

Seismic attribute analysis uses variations in the amplitudes of the seismic wavelet and
tracks these through entire data volumes (Weimer and Davis 1996). This approach uses
more of the signal than simple amplitude displays, and can greatly enhance the imaging
of geological features (Bahorich and Farmer 1995a, Weimer and Davis 1996). In
general, seismic attributes improve the signal interpretation of entire 3D seismic
volumes (Weimer and Davis 1996). In this study, several seismic attributes are applied
to the two 3D seismic volumes, including dip, azimuth, curvature, similarity and ridge

enhancement filter attributes (Table 1).

Table 1: Attributes applied to the Ship Shoal and North-West Gulf Coast 3D seismic volumes and
their functions.

ATTRIBUTES FUNCTION
Displays a robust estimation of reflector convergence, divergence,
) ] parallelism or disorder, and delineates faults with offsets
Dip (Polar Dip) - . o
significantly less than the width of the seismic wavelet (Chopra and
Marfurt 2007a, Backé et al. 2012).
. . Subtracts noise patterns or enhances seismic events and improves
Azimuth (Dip . . . .
. the signal-to-noise ratio in poor quality datasets (Chopra and
Azimuth)
Marfurt 2007a).
Measures the direction of maximum and minimum curvature
c ¢ along the horizons azimuth (dip) direction. Curvature attributes
urvature
image features below the resolution of seismic data, such as faults
and fractures (Chopra and Marfurt 2007c).
Seismic similarity is a measure of lateral continuity, and Identifies
Similarit abrupt mismatches in amplitude along reflectors representing
imilari
y variations in structure, stratigraphy and lithology (Tingdahl et al.
2001).
Ridge Detects the largest ridge values around a particular point.
Enhancement Highlighted values are representative of high angle folds, faults or
Filter fractures (Crutchley et al. 2011, Chehrazi et al. 2013).

15




Nicholas Eckert
Deformation of the Salt Detachment in the Gulf of Mexico

Post application, a thorough visual evaluation was employed to identify which attributes
were best represented in seismic displays (Figures 7 & 8). The dip-azimuth, polar-dip
and non-steered similarity attributes were marginalised as they produced low resolution
outputs, where adjacent features could not be identified (Figures 7c, d, i & 8c, d, i). The
minimum-curvature attribute was also disregarded as attribute features displayed poor
lateral continuity (Figures 7e & 8e). Attributes outputting high resolution of features
included the maximum-curvature, ridge enhancement filter and full-steered similarity
attributes (Figures 7f, g, h, j & 8f, g, h, j). Of these, the ridge enhancement filter
attribute was selected for further analysis of the salt detachment, as it shows the highest

level of detail (Figures 7j & 8j).
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Figure 7: Different seismic attributes displayed on a horizontal time-slice at 1940 ms across the
Ship Shoal 3D seismic volume in the Gulf of Mexico. a) Oblique view of time-slice 1940 intersecting
crossline 2190 with interpreted structural features. b) Time-slice at 1940 ms of dip-steered median
filtered seismic, removing random noise and enhancing laterally continuous seismic events by
filtering along the structural dip. ¢) Dip- azimuth, computing the plane of best fit between
neighbouring points and outputting the minimum (red) and maximum (blue) slope. d) Polar-dip,
computing the plane or line of best fit between neighbouring points and outputs the minimum (red)
and maximum (blue) magnitude of dip. e) Dip-steered minimum curvature, describing how bent a
surface is at a particular point, measures the curve perpendicular to the maximum curvature and
outputs its value (yellow). f) Dip-steered maximum curvature, measuring the maximum amount of
bending orthogonal to the minimum curvature and outputs its value (yellow). g) Full-steered
detailed similarity, a gently filtered attribute calculating and outputting the best likeness (black),
and least likeness (white), between adjacent traces by following the dips and local azimuths of the
time-slice in all directions at every trace position. h) Full-steered background similarity, a heavily
filtered attribute calculating and outputting the best likeness (black), and least likeness (white),
between adjacent traces by following the dips and local azimuths of the time-slice in all directions
at every trace position. i) Non-steered similarity, calculating and outputting the best likeness
(black), and least likeness (white), between adjacent traces without dip-steering. j) Ridge
enhancement filter, comparing in the time-slice domain three neighbouring similarity values in six
different directions and outputs the largest ridge value (grey).
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Figure 8: Different seismic attributes displayed on a horizontal time-slice at 2928 ms across the
North-West Gulf Coast 3D seismic volume in the Gulf of Mexico. a) Oblique view of the
intersection between time-slice 2928 and crossline 4570 with an interpreted salt diapir. b) Time-
slice at 2928 ms of dip-steered median filtered amplitudes, removing random noise and enhancing
lateral continuous seismic events by filtering along the structural dip. ¢) Dip- azimuth, computing
the plane of best fit between neighbouring points and outputting the minimum (red) and maximum
(blue) slope. d) Polar-dip, computing the plane or line of best fit between neighbouring points and
outputs the minimum (red) and maximum (blue) magnitude of dip. e) Dip-steered minimum
curvature, describing how bent a surface is at a particular point, measures the curve perpendicular
to the maximum curvature and outputs its value (yellow). f) Dip-steered maximum curvature,
measuring the maximum amount of bending orthogonal to the minimum curvature and outputs its
value (yellow). g) Full-steered detailed similarity, a gently filtered attribute calculating and
outputting the best likeness (black), and least likeness (white), between adjacent traces by following
the dips and local azimuths of the time-slice in all directions at every trace position. h) Full-steered
background similarity, a heavily filtered attribute calculating and outputting the best likeness
(black), and least likeness (white), between adjacent traces by following the dips and local azimuths
of the time-slice in all directions at every trace position. i) Non-steered similarity, calculating and
outputting the best likeness (black), and least likeness (white), between adjacent traces without dip
steering. j) Ridge enhancement filter, comparing in the time-slice domain three neighbouring
similarity values in six different directions and outputs the largest ridge value (grey).

However, close inspection of time-slices containing the ridge enhancement filter
attribute displayed chaotic values within interpreted salt structures (Figures 7j and 8j).
To improve attribute representation within these structures the smaller anomalous ridge
enhancement filter values were removed by raising the detection threshold during
attribute calculation (Appendix A). While smaller attribute features were responsible for
considerable noise they also contributed to the continuity of attribute arrangements. To
amend their absence, the optimised ridge enhancement filter attribute was overlain onto
the full-steered similarity attribute using a technique described by Francelino and

Antunes (Figure 9, 2013).
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Figure 9: Ridge enhancement filter attribute comparison applied to a horizontal time-slice taken at
2172 ms in the Ship Shoal 3D seismic volume. a) The original ridge enhancement filter. b) Ridge
enhancement filter and similarity attribute.

4. SALT DIAPIRS IDENTIFIED IN THE GULF OF MEXICO

Classification of salt diapirs within the Ship Shoal and North-West Gulf Coast 3D
seismic volumes was based on a study by Jackson (1994), and was founded on diapir
geometry and surrounding structural features within the sedimentary overburden (Figure
10). Seismic interpretation focussed on the top salt and the overlying sedimentary

overburden. The purpose of interpretation was to identify structural features visible
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within the seismic volume to allow further investigation using seismic attribute analysis.

The six diapirs identified by seismic interpretation have been named SS1, SS2, SS3,

SS4, SS5 and NW1, respectively.
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Figure 10: Salt diapirs within the Ship Shoal and North-West Gulf Coast 3D seismic volumes. a)
Crossline 2190 of the Ship Shoal 3D seismic volume depicting diapir 1 (SS1). b) Crossline 2190 of
the Ship Shoal 3D seismic volume depicting diapir 2 (SS2). ¢) Crossline 2190 of the Ship Shoal 3D
seismic volume depicting diapir 3 (SS3). d) Inline 2167 of the Ship Shoal 3D seismic volume
depicting diapir 4 (SS4). e) Crossline 3112 of the Ship Shoal 3D seismic volume depicting diapir 5
(SS5). ) Crossline 4570 depicting diapir 6 (NW1) within the North-West Gulf Coast 3D seismic
volume.
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41 SS1

SS1is interpreted to have actively risen though the overlying sediment (Figure 10a). It
is implied that after the initial reactive diapir event, collapse occurred from the
expulsion of underlying salt. An active phase of diapirism is then interpreted to have

occurred, and is supported by the rounded crest of the salt diapir.

4.2 SS2

SS2 is interpreted to have actively risen through the overlying sediment (Figure 10b).
The diapirs rounded crest of stock underlies a set of sub-parallel faults, indicating active
diapirism. Further evidence is observed between 0 - 1 s (TWT), where deltaic sediment

beds thin towards the diapir.

4.3 SS3

SS3 is interpreted to have reactively pierced through the overlying sediments, with
subsequent phases of active and passive diapirism (Figure 10c). The diapir itself shows
early signs of diapiric collapse about its semi-rounded crest at 1 s (TWT), observed on
its west and eastern flanks. Reactive diapirism is strongly supported by the presence of
deep thinning (2.5 s) and shallow thickening (1.5 s) of the surrounding deltaic
sediments. Additionally, the presence of normal faults flanking the diapirs western flank

is another indication of reactive diapirism.

44 SS4
SS4 is interpreted to have reactively pierced the overlying sediment (Figure 10d).

Evidence for reactive diapirism lies in the diapirs pointed crest of stock, fan of flanking
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normal faults (southern flank) and flexure of foot and hanging walls observed between

them.

4.5 SS5

SS5 is interpreted to have reactively pierced the overlying sediment (Figure 10e). The
diapirs pointed crest of stock and adjacent fan normal faults along the diapirs flanks are
a result of reactive diapirism. Shallow thickening of sedimentary layers is observed at
0.5 s (TWT), where faulted blocks positioned directly above the diapir are thicker than
those surrounding them. Deep thinning of deltaic sediments are also observed on the

western flank at 2.5 s (TWT).

4.6 NW1
NW1 is interpreted to have actively risen through the overlying deltaic sediments
(Figure 10f). The diapir has a rounded crest of stock, and displays characteristic

thinning of sediments up and along its northern flank.
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5. SEISMIC ATTRIBUTE ANALYSIS

The combined ridge enhancement filter and similarity attribute was applied to two
upper and two lower horizontal time-slices; at 1272/2800 ms for the Ship Shoal seismic
cube, and at 2732/ 3824 ms for the North-West Gulf Coast seismic cube (Figures 11, 12
and 13). Each time-slice was overlain with the previously interpreted 3D top salt
horizon with intersections delineating the salt-sediment interface, constraining the
lateral extent of the six previously interpreted diapirs. Rose diagrams were constructed
from the strike orientations of attributes features (Figures 11, 12 and 13). Within the
lower-time slices strike orientations were taken from inside the protruding salt diapirs.
However, within the upper time-slices, the lesser exposure of protruding diapirs
throughout the time-slice resulted in strike orientations being recorded from inside salt

diapirs and the surrounding sediment in a 5 km radius.
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Figure 11: A horizontal time-slice of the Ship Shoal 3D seismic volume at 1272 ms. The time-slice is overlain with the ridge enhancement filter and similarity

attribute. Rose diagrams illustrate strike orientations of attribute features within salt diapirs, and surrounding sediment.
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Figure 12: A horizontal time-slice of the Ship Shoal 3D seismic volume at 2800 ms. The time-slice is overlain with the ridge enhancement filter and similarity
attribute. Rose diagrams illustrate strike orientations of attribute features within salt diapirs.
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Figure 13: Horizontal time-slices, and rose diagrams of attribute feature strike orientations within
salt diapir NW1, from the North-West Gulf Coast 3D seismic volume displaying the ridge
enhancement filter and similarity attribute. a) An upper time-slice taken at 2732 ms, and b) A
lower time-slice taken at 3824 ms.

5.1 Orientations of Attribute Features

5.1.1 UPPER TIME-SLICES

Rose diagrams displaying strike orientations of attribute features within SS1, SS3 and
SS4 strike in a NE-SW direction (Figure 11). Orientations of attribute features within
SS2 displayed no predominant strike and were distributed evenly in all directions
(Figure 11). Attribute features within SS5 predominantly strike in a N-S direction and
the overall strike orientation of diapirs within the Ship Shoal 3D seismic volume was
NE-SW (Figure 11). Within the North-West Gulf Coast 3D seismic volume, attribute

features within NW1 strike W-E (Figure 13a).
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5.1.2 LOWER TIME-SLICES

Attribute features within SS1 and SS5 strike in a NE-SW direction (Figure 12). Features
within SS4 strike in a N-S direction (Figure 12). Strike orientations of attribute features
within SS2 and SS3 were radially distributed, which was also reflected in the overall
strike of diapir attributes (Figure 12). Attribute features within NW1 in the North-West

Gulf Coast seismic cube displayed a W-E strike orientation (Figure 13b).

5.2 Densities of Features

Generally, high densities of attribute features occur at the locations of salt diapirs.
Within the upper time-slices, attribute feature densities are highest within, and
immediately surrounding, the salt diapirs, with low densities observed in the interpreted
mini-basins (Figures 11 and 13a). Attribute feature densities within the lower time-
slices are highest within the salt diapirs and in a small radius surrounding the salt-
sediment interface (Figures 12 and 13b). Attribute densities decrease between adjacent
salt diapirs, with the lowest densities observed within the centres of mini-basins

(Figures 12 and 13b).

5.3 Geometry of Features

Attribute features occur in the form of thin elongated lines, and vary between linear and
curved feature morphologies. Attribute features within salt structures range between 0.5
km and 3 km in length, whereas features within sediments display lengths of less than

1km to 7 km, respectively (Figures 11, 12 and 13).
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5.4  Continuity of Features
The attribute features within sediments display higher levels of lateral continuity than in
salt. This is observed 5 km north of SS1, where attribute features in the same orientation

form 10 km long feature packages running in a W-E direction (Figure 11).

6. DISCUSSION

6.1  Structural Significance of Seismic Attributes

It has been established that 3D seismic attributes can identify structural features over a
range of scales, including large-scale faults with displacements of hundreds of metres or
more, and small-scale faults with displacements of tens of metres or less (Bahorich and
Farmer 1995b, Marfurt et al. 1998a, Chopra and Marfurt 2007a, Francelino and Antunes

2013). Faults observed within the Ship Shoal 3D seismic volume exhibit a strong

correlation with large-scale (>2km length) linear features displayed by the ridge

T e S )

Figure 14: Crossline 3180 crosscutting a time-slice taken at 1272 ms from the Ship Shoal 3D seismic
volume. The ridge enhancement filter and similarity attribute has been applied to time slice 1272.
Crossline 3180 displays dip-steered amplitudes with mapped faults (white) and mapped fault
projections displayed in green.
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This correlation implies that attribute features are representative large scale faults within
the seismic volume. However, the majority of attribute features within the Ship Shoal
and North-West Gulf Coast 3D seismic volumes are of a much smaller scale (1-2 km
length), and so cannot be directly related to faults or other geological features in the

amplitude display.

6.2  Faults and Fractures: A Power Law Relationship

Previous studies have attempted to form a link between large-scale faults visible on
seismic amplitude displays, and sub-seismic amplitude-scale faults and fracture
populations (e.g. Walsh et al. 1991, Walsh and Watterson 1992, Yielding et al. 1992).
Observations of fault measurements from a variety of scales; regional profiles, seismic
mapping, and core from petroleum wells, were taken for comparison (Walsh et al. 1991,
Yielding et al. 1992). Results demonstrated a clear alignment between fault
characteristics over small (well data), medium (seismic mapping) and large (regional
profiles) scales (Walsh et al. 1991, Walsh and Watterson 1992, Yielding et al. 1992).
Fault displacement was found to be consistent with a power-law relationship, as the
characteristics of faults and fracture populations were found to be comparable over

multiple orders of magnitude (Walsh et al. 1991).

If this power-law relationship is true for all fault systems then the regional fault
populations within the Gulf of Mexico will share a representative relationship with sub-
seismic amplitude scale fractures within the two 3D seismic volumes. NE-SW striking

growth faults in the delta top of the Gulf of Mexico DDWFTB accomodate down-dip
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extension, and are interpreted to drive regional thin skinned extension within the
transitional zone (Figures 1 & 2, Salvador 1987, Marton and Buffler 1999). These NE-
SW striking structures are reflected in mapped attribute feature populations within the
upper time-slices of both seismic surveys. Overall strike orientations from the attribute
features are NE-SW (Figures 11 and 13a); however, attribute features deeper within the
salt diapirs do not reflect these strike orientations (Figures 12 and 13b). This suggests
that the structural features represented by these attributes behave differently within salt

when compared to those in sediment.

6.3  Attribute Features along Lithological Boundaries

As seismic attributes within salt and sediment behave differently, attribute features
mapped along the salt-sediment interface are expected to be geometrically different.
However, attribute features in both salt and sediment demonstrate analogous behaviours
when approaching their lithological interface, with features on both sides running

parallel to one another (Figure 15a and 15b).
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Figure 15: Behaviour of seismic attribute features and maximum horizontal stress (Symax)
orientations at varying lithological interfaces. a) Ridge enhancement filter and similarity attribute
features displayed on a horizontal time-slice at 2800 ms. Attributes representing structural features
in salt (blue) and deltaic sediment (orange) form parallel to the salt-sediment interface. b)
Simplified schematic interpretation of A highlighting the analogous behaviours between attribute
features within salt and deltaic sediment. ¢) Schematic illustration of Sy, directions and
subsequent deflections when approaching zones of relatively harder or softer rock (Bell 1996).

Similar phenomenon were observed by Bell (1996), where tensile fractures
(representing the direction of maximum horizontal stress; Sumax), were deflected due to
contrasts in geomechanical properties in sedimentary rocks. Tensile fractures, when
approaching a zone that was relatively harder than the surrounding rock (e.g. an igneous

body) were deflected so that the maximum horizontal stress (Sumax) intersected the
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lithological interface at right angles (Figure 15c). Conversely, if the zone was
mechanically softer than the surrounding rock (i.e. a salt diapir), stresses were deflected
so that Symax paralleled the interface (Figure 15c, Bell 1996). Examples of this were
observed in the offshore-shore basins of the Scotian Shelf and Grand Banks of
Newfoundland, where well data indicated that locally, horizontal stresses are
reorientated by as much as 90° (Bell 1989, Adams and Bell 1991). Similar effects have
been observed in the North Sea (Teufel and Farrell 1990, Yale et al. 1994) and around
the San Andreas Fault (Mount and Suppe 1987). It is accepted that these anomalous
orientations were a consequence of structure and the lateral variations in elastic

properties of rocks (Ying-Zhen et al. 1994, Bell 1996).

As attribute features, likely to represent natural fractures within the deltaic sediment, are
observed to parallel the salt-sediment interface, salt is interpreted to be geomechanically
softer than the surrounding sediment. Similar to those within the deltaic sediments,
attribute features within salt diapirs; thought to represent natural fractures, form parallel
to the salt-sediment interface. However, salt and sediment undergo contrasting
deformation styles, raising the question of whether these attribute features continue to
represent brittle deformation features, such as natural fractures, in a lithology
traditionally associated with ductile deformation (Coward and Stewart 1995, Davison et

al. 1996).

In most circumstances, salt detachments undergoing ductile deformation are not

expected to form faults and fractures as in the sedimentary overburden. These similar

attribute populations may have formed from a later tectonic event, initiating faulting
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throughout the inactive detachment. Tectonic driven compression and extension may
have triggered collapse or thrusting of extinct salt diapirs, with coeval deformation

exhibited within the surrounding sediments.

These events are unlikely to have occurred in the Gulf of Mexico due to the presence of
active delta systems fed by the Mississippi River (Figure 1a, Rowan 1997). Active delta
systems continue to drive sediment progradation resulting in thin-skinned extension,
diapirism and down-dip compression (Wilhelm and Ewing 1972, Rowan 1997). Further
observations identify hummocky bathymetry landward of the Sigsbee escarpment,
which forms peaks and troughs along the sea floor caused by active salt withdrawal and
diapirism (Figure 1b). Diapirism throughout an inactive salt detachment would cease in
formation of new and pre-existing salt structures where remaining mini-basins would
fill to capacity, producing a planar bathymetry. Therefore, the salt detachment within
the Gulf of Mexico is interpreted to be currently active. Attribute features thought to
represent natural fractures within the deltaic sediments are also observed within the
centres of salt diapirs where strike orientations of attribute feature reflect the same
orientations as those towards the flanks (Figures 12 and 13b). Features migrate
outwards in rough concentric arrangements, striking parallel to the salt-sediment

interface (e.g. Figure 15a and 15b).

35



Nicholas Eckert
Deformation of the Salt Detachment in the Gulf of Mexico

6.4  Fractures in Salt

A number of studies have identified mophological relationships between seismic
attribute features and structural features (e.g. Bahorich and Farmer 1995b, Marfurt et al.
1998a). Attribute features within salt diapirs exhibit analogous behaviours to tensile
fractures in well data (Bell 1996), where strike orientations of attribute features mimic
the behaviour of tensile fractures approaching contrasting lithological interfaces (Figure
15). Further relationships were observed by Bailey et al. (2014), where attribute features
displayed similar strike orientations to natural fractures identified in well image logs.
These observations reinforce the conclusion that attributes are, in fact, representative of

structural fabrics and not merely noise within a seismic 3D volume.

Fractures observed in sediments within the upper crust are expected to form due to
brittle failure. However, ductile shear is well documented to dominate salt tectonics
(Urai et al. 1986, Morley and Guerin 1996, Rowan et al. 2004, Fossen 2010). Purely
ductile or plastic deformation of salt is expected to produce folding by Poiseulle and
Couette flow (Figures 3a and 3b, Jaeger and Neville 1979, Fossen 2010). Deformation
of salt by Poiseuille flow can result in antiformal fold structures due to the restriction of
flow against the salt-sediment interface (Jaeger and Neville 1979). Ridge enhancement
filter and similarity attributes may characterise high angle isoclinal folds throughout the
limbs of antiforms, or ductile shear between salt layers. Similarly, high angle folds may
occur from Couette flow, where attribute features represent high angle folds formed
from simple shearing between salt layers (Jaeger and Neville 1979, Davison et al.

1996).

36



Nicholas Eckert
Deformation of the Salt Detachment in the Gulf of Mexico

However, in cases of high strain rates, ductile salt can produce brittle faulting (Davison
et al. 1996, Vendeville and Jackson 1992b). Faulting is interpreted to have formed
during early diapirism, as salt diapirs are initiated in the brittle regime at depths
shallower than the brittle-ductile transition (Vendeville and Jackson 1992b). Diapirism
induced faulting is likely to propagate into the sedimentary overburden, forming brittle
offsets such as those visible along the western flank of SS3 (Figure 6c¢). Attribute
features displayed within the Ship Shoal and North-West Gulf Coast 3D seismic
volumes are inferred to represent brittle faults, rather than ductile folds. Ridge
enhancement filter and similarity attribute features associated with visible faults, within
a dip-steered seismic section, are of identical geometry to adjacent sub-kilometre
attribute features (Figure 14). Additionally, attribute features show little to no

representation of broad synclinal folds representative of mini-basins (Figure 11).

Evidence for brittle deformation of salt implies that attribute features within salt diapirs
may represent sub-seismic amplitude scale faults and fractures. The high densities of
attribute features form a systematic arrangement within the diapirs, where faults and
fractures appear parallel to the salt-sediment interface. Deformation is interpreted to be
coeval with diapirism, and is facilitated by Poiseulle and Couette flow mechanics.
During reactive and active diapirism, buoyant mobilisation of salt facilitates brittle
shear between salt layers (Davison et al. 1996). Shearing by means of Poiseulle flow
would produce a series of thrust faults forming parallel to salt-sediment interface,
analogous to flexing a deck of cards. Additional deformation by Couette flow is inferred
to produce simple shearing of salt layers, where buoyancy towards the centre of the

diapir generates a series of normal faults paralleling the diapirs flanks. The antiformal
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nature of diapir growth is expected to produce outwards dipping shear, forming the
concentric patterns displayed by attribute features (Figures 11, 12 and 13). Determining
which mode of deformation takes place throughout a diapir is difficult to identify, as

shear sense cannot be established from the time-slice attribute maps.

While a single structural mode of deformation is plausible, deformation of the salt
detachment is likely a combination of both brittle and ductile mechanisms. Salt is
intrinsically weak, exhibiting low compressive strength with the ability to flow
plastically at low shear stresses (Davis and Engelder 1985, Davison et al. 1996, Bell
2006). The elastic properties of salt are defined by Young’s modulus, wherein salt is
represented as mechanically soft (Urai et al. 1986). Deformation of salt during diapir
growth is known to exhibit high strain rates (Schoenherr et al. 2010), and is interpreted
to display a multi-layer Poiseuille and Couette velocity profile (Figure 3d, Davison et
al. 1996). Similar to Davidson (1996), flow of viscous salt in a confined layer exhibits a
Poiseuille velocity profile, with the highest flow velocity in the centre of the layer.
Interbedded resistive layers (i.e. carbonates) within the evaporite sequence produce
increased drag, and form the bounding edges of the salt (Figure 3A, Schoenherr et al.
2010). Furthermore, resistive sequences facilitate subsequent Couette flow, where the
velocity of advancing salt is dependent on the relative resistance along its bounding

edges (Figure 3c).

However, once the elastic limit of salt is exceeded, brittle mode deformation is expected

to dominate, where faults and fractures form along a resistive bounding layer. During

diapir formation, the sedimentary overburden forms a highly resistive bounding edge,
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generating an increasing gradient of flow velocities deeper into the salt. Buoyant uplift
of salt layers is therefore interpreted to produce an arrangement of outward dipping

normal faults, striking parallel to the salt-sediment interface.

This style of deformation provides a viable explanation for the high densities of
attribute features observed within salt diapirs, as brittle failure is observed on a sub-
kilometre scale (Figures 11, 12 and 13). Additionally, strike orientations of diapir
related normal faults are consistent with the orientations of seismic attribute features
within mapped salt diapirs, making it likely that attribute features continue to represent
natural faults and fractures, and that these form a coherent structural fabric within the

salt.

7. CONCLUSIONS

The purpose of this study was to identify deformation occurring in the salt detachment
within the Gulf of Mexico using seismic attribute analysis applied to two 3D seismic
volumes. Seismic interpretation identified six diapirs from the Gulf of Mexico (Figure
10). It is evident that diapirs SS1 and NW1 have undergone reactive diapirism, with

subsequent interpretation classifying diapirs SS2, SS3, SS4 and SS5 as active.

Seismic attribute analysis involved applying the ridge enhancement filter and similarity
attributes to four horizontal time-slices (Figures 11, 12 and 13). Interpretation of
seismic attribute features identified contrasting behaviours between attribute feature

populations within salt diapirs and the overlying deltaic sediments. Attribute feature
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orientations within deltaic sediments reflect NE-SW striking growth faults present
within the delta top, whereas those within the underlying salt diapirs display no
predominant orientation. It is interpreted that the lack of a dominant strike orientation

within the salt diapirs is due to the radially concentric nature of the attribute features.

Attribute features display a clear allignment with kilometre scale faults visible in
seismic section (Figure 14). Additionally, sub-kilometre length attribute features display
comparable behaviours to those of tensile fractures when approaching a
geomechanically contrasting interface (Figure 15). Therefore, the ridge enhancement
filter and similarity attribute features are consistent with a power-law relationship, and

are accepted to be representative of faults and fractures over a range of magnitudes.

Current consensus of salt deformation within an active detachment is wholly ductile;
however, attribute features observed within salt diapirs suggests that both brittle and
ductile deformation is occuring. Active salt detachments within the Gulf of Mexico
produce high strain rates during diapirism, where multi-layer Poiseuille and Couette
flow mechanics drive ductile deformation. Once the elastic limit of salt is exceeded,
brittle mode deformation is expected to dominate, where faults and fractures form along

resistive bounding layers.
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APPENDIX A: METHODOLOGY

Step 1: Initial set-up of seismic data and exporting it into a SEG-Y file using
Kingdom
1. Open Kingdom and select the “Open Project...” option. Select either the
ShipShoal Area 1 or NorthWest GC .tks files and click “Open”.
2. Select “No” in the Migrate Project Database window to continue loading the
project.
3. When the Colour Path Not Found window appears, select “OK” to continue.
4. Inthe Project Tree, scroll down until you locate the ShipShoal_Areal or
NorthWest_GC data under the Surveys/All Surveys folder, right click and select
“Export >SEG Y...”.
5. The Export SEG Y window will appear with detailed information of the data.
Take note of the Inline and Trace Number Starts in Byte and press “OK”.

6. Select a folder where the SEG Y (.sgy) file is to be saved and click “Save”.

The following steps are sourced from the dGB Earth Sciences - OpendTect version
4.6 “Introduction to OpendTect” Training Manual - January 2014. The manual is
free to download from

http://www.opendtect.org/index.php/support/tutorials /training.

Step 2: Setup Survey and Load SEG-Y Data (pp. 205-206 of training manual)

1. Open OpendTect and select the “Select/Setup...” option under the Survey menu.
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Before creating a new survey, firstly we must select a set data root where all our
seismic data will be saved. Select “Set Data Root...” and select the folder where
your seismic data stored.

Select the “New” option to set up a new survey.

In the next window, name the new survey Ship_Shoal Area 1 or NW_GC and
select the Survey type from the drop down menu (in this case select “Only 3D”).
Select "Scan SEG-Y file(s)...” from Define by, and specify the Domain as
“Time”. Select “Ok” to continue.

Select the Input SEG-Y file (F:\Honours 2014\GOM Data\Seismic Data\ANW
Gulf Coast\NW_GC.sgy).

. Leave the remaining as default and select “Next”.

In the SEG-Y Scan window under the Locations tab input 17 and 25 into the In-
line byte and Cross-line byte fields respectively. Leave the remaining tab fields
as default, and select the optional output names Ship_Shoal_Area_1 or NW_GC
and select “Go”.

. The original Survey setup window will appear with the completed Survey
ranges. Select “Dismiss” and click “Ok” to complete the survey setup. Select
the new survey and click “OK (Select)” and OpendTect will prompt you to load
the seismic file that has just been scanned. Click “Yes ”, and specify the Output
Cube file names (Ship_Shoal_Area_1 or NW_GC) and press “Go ” to load the
seismic data in OpendTect. On import completion, you will see an information

window giving some details of the cube. Click “Ok” to dismiss this, once read.
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9. Finally, load an inline (refer to pp. 22 of training manual) to check the data. For
both surveys you will need to change the vertical scale. To do this, go to “View”

and adjust the Z-scale to 10 for both cubes.

The data as it exists contains moderate levels of noise and poor lateral continuities. To
amend these issues we are going to apply a Dip-Steered Median Filter to the two 3D
cubes, which outputs a median value of the input amplitudes at a given point, essentially
“smoothening” continuous amplitudinal continuities. Dip-Steered Median Filters
require three components; the original seismic data (i.e. Ship_Shoal_Area_1/ NW_GC),

a Detailed SteeringCube, and a Background SteeringCube.

Step 3: Creating a Detailed SteeringCube Computation (pp. 82)

1. Bring up the Create Steering Seismics window via Processing > Dip Steering >
Create.

2. Select the Ship_Shoal_Area_1 or NW_GC seismics as the input and the BG fast
steering as Steering algorithm.

3. Use the default Calculation stepout 1, 1, 1. Leave Specify maximum dip as No
(default).

4. Leave the default Filter result as Median and select a Filter stepout of 1, 1, 3.

5. Give the SteeringCube a name (e.g BG111_MF113) and click “Proceed ”.

Step 4: Creating a Background SteeringCube Computation (pp. 88)
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1. Bring up the Create Steering Seismics window via Processing > Dip Steering >
3D > Filter...

2. Inthe Input Steering Data drop down menu, select the Detailed SteeringCube
(BG111_MF113).

3. Use the default Filter type and input a Filter stepout of inl:5/crl:5/sample:0.

4. Give the SteeringCube a name (e.g. Background SC), and select “Proceed” to

compute (this can take up to a day on fast computers).

Step 5: Creating a Dip-Steered Median Filter (pp. 89-91)

1. Before we apply the filter to the data we need to define an attribute of type
“Volume statistics”. Under the Analysis tab select Attributes. This will open up
the Attribute Set 3D window.

2. In the first drop down menu select Statistics followed by Volume Statistics in its
adjacent counterpart.

» Input Data: Ship_Shoal Area 1 or NW_GC
Time gate (ms): [0,0]
Shape: Cylinder
Stepout: inl:1/crl:1
Min nr of valid traces: 1

Output statistics: Median

vV Vv VY VvV VY V

Steering: Full > Background SC
3. Use the Evaluate attribute tool to evaluate the step-out: initial value 0-0,

increment 1-1, and 5 slices.
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4. Name the attribute “DSMF ” and “Add as new ", followed by “Ok ” to complete.

Step 6: Horizon Tracking and Interpretation (pp. 61-66)

In this study we will be tracking a top salt horizon in both cubes, followed by an upper
sediment horizon, in order to gain an understanding of the evolution of each diapir. Our
approach to tracking the horizons is to form a grid of inlines and crosslines to maximise
accuracy, whilst being effective in our coverage of each horizon.

1. Add an inline using the attribute Dip-Steered Median Filter (DSMF).

2. Right-click Horizon in the tree and select New... This will launch a window with
the following tabs: Mode, Event, Similarity, Properties. These settings will have
to be reset at the beginning of each new session.

3. Mode:

» Select Tracking in Volume.
4. Event:
» Select the Input data DSMF.
» From the Event type drop down select Min (if picking a negative
horizon) or Max (if picking a positive horizon).
» Leave remaining fields as default.
5. Similarity:
» Leave as default (No)

6. Properties:

» Leave Horizon colour and seed colour/ size as default.

7. DipSteer:

» Leave as default (No).
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An effectively picking a horizon will involve tracking along a strong reflector that is
persistent throughout much of the cube. A good technique is to find patterns or trends in
the data that allow you to identify the horizon, as depicted in Figure 1. The top salt

reflectors are easily identifiable as they follow diapirism throughout the cube.

Figure 1: a & b) A top salt package consisting of a strong negative (red) reflector adjacent to a
strong positive (blue) reflector, which is underlain by a weak, disseminated negative reflector

(Crossline 2300, Ship Shoal 3D cube. ¢) Strong and persistent shallow sedimentary reflectors

(Crossline 2300, Ship Shoal 3D cube).

Step 7: Picking and Interpreting Faults (pp. 68-71)
1. Right click “FaultStickSet " in the tree, select New...
2. The fault interpretation toolbar at the bottom becomes active; the edit stick

button is selected by default.

lu.-@

*
Copy selection 1 aun Creaie single new Select . w'}l . ‘ {.’ = 3
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Pick faults in any order of preference (from top to bottom, middle etc.) by
clicking on the seismic section.

After picking fault sticks, stick nodes can be dragged by holding down the
left mouse button over a node and dragging it to a new location.

Individual stick nodes can be removed with Ctrl + left mouse click.

Multiple fault sticks can be removed by selecting the polygon tool @l and
selecting one or more seeds. The stick nodes change colour (to green) when

selected and the polygon will disappear.

Thereafter immediately click the recycle icon. Deselection of specific
sticks within the selection can be achieved using Ctrl+left click. A single
node can be selected using left click and can thereafter be removed in the

same manner as above.

. After inserting seeds on the current seismic inline, move the inline to a new

location. For example, set Step to 10 and move inline in any direction.

Proceed to insert seeds on new inline.

. After interpretation, the new fault can be saved either in the toolbar or in the

tree.

To save the FaultStickSet:

» Right-click on the fault.
» Select either “Save ” or “Save as...” The latter enables you to specify a

name and Replace in tree.
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Faults can be interpreted in the seismic data from offsets in continuous amplitudinal
reflectors. The offset will often vary between lower and upper reflectors, and can

constrain the timing and re-activation periods of each fault.

Figure 2: Visible offsets of seismic reflectors either side of a normal fault (Crossline 2300, Ship

Shoal 3D cube).

At the start of each new session the user will need to load the Dip Steered Median Filter
for each cube, along with re-setting the horizon tracking settings. To load the attribute,
click Analysis at the top left of the screen and select Attributes. Next select the Open
attribute set icon and choose the attribute to be loaded. Finally, press Ok to continue.
To load a horizon, right click Horizon and select Add. Choose the horizon in progress
(i.e. Top Salt Positive), and press Ok. Next, right click the loaded horizon in the tree and
select Tracking > Start tracking. A window will appear asking if you wish to specify

the tracker settings, select Yes. An error window will appear asking you to “Please
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select the seismic data to track on”, select Ok. Repeat the steps from Step 6, and select

Dismiss to continue.

Step 8: Auto-track (pp. 65-67)
Once a horizon has been successfully tracked you will need to create a back-up. Right
click the horizon in the tree and select “Save As”. A back-up is required as once a

horizon has been produced in 3D you will be unable to go back and edit sections. To

create a 3D horizon, select “Auto-track ” = =.

Step 9: Attribute Analysis (pp. 96-98)
Attributes will be applied to both the tracked horizons and a selected Z-slice from each
seismic cube. The Z-slices from each cube were selected on the basis that they illustrate
seismic clarity, and intersect salt diapirism.
The attributes to be applied include the following, and can be calculate by:
» Dip (Azimuth)
1. Open the Attribute Set 3D window and select Dip for both dropdown
menus.
2. Select Steering_Background_Median_550 as the Steering Data and
select the Output as Azimuth.
3. Name the attribute as Dip_Background_Azimuthl and select Add as new.
» Dip (Polar Dip)
1. Open the Attribute Set 3D window and select Dip for both dropdown

menus.
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Select Steering_Background_Median_550 as the Steering Data and
select the Output as Polar Dip.

Name the attribute as Dip_Background_PolarDip and select Add as new.

» Minimum Curvature (Background Seismic Steering)

1.

Open the Attribute Set 3D window and select Dip in the first dropdown
menu, followed by Curvature.

Select Minimum Curvature as the Output and select
Steering_Background_Median_550 as the Steering Data.

Leave all other options as default and name the attribute Minimum

curvature_Background.

» Maximum Curvature (Background Seismic Steering)

1.

Open the Attribute Set 3D window and select Dip in the first dropdown
menu, followed by Curvature.

Select Maximum Curvature as the Output and select
Steering_Background_Median_550 as the Steering Data.

Leave all other options as default and name the attribute Maximum

curvature_Background.

» Full-steered Similarity (Detailed Seismic Steering)

1.

Open the Attribute Set 3D window and select Basic in the first dropdown
menu, followed by Similarity.

Select Dip_Steered_Median_Filter as the Input Data and input -28, 28 as
the Time gate (ms).

In the Extension drop down menu select Mirror 90 degrees and ensure

Trace positions is inl:0/crl:1 & inl:0/crl:-1 (default).
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Choose Full in the Steering drop down menu and select
Steering_Detailed BG111 MF113 as the Steering.
Select Min as the Output statistic and name the attribute Full-

steered_Detailed_Similarity.

» Full-steered Similarity (Background Seismic Steering)

1.

Open the Attribute Set 3D window and select Basic in the first dropdown
menu, followed by Similarity.

Select Dip_Steered_Median_Filter as the Input Data and input -28, 28 as
the Time gate (ms).

In the Extension drop down menu select Mirror 90 degrees and ensure
Trace positions is inl:0/crl:1 & inl:0/crl:-1 (default).

Choose Full in the Steering drop down menu and select
Steering_Background_Median_550 as the Steering.

Select Min as the Output statistic and name the attribute Full-

steered_Background_Similarity.

» Non-steered Similarity

1.

2.

Open the Attribute Set 3D window by selecting Analysis>Attributes.

In the first drop down menu select All followed by Similarity in its
adjacent counterpart.

Select Dip_Steered_Median_Filter as the Input Data and leave the
default Time gate (ms) as -28, 28.

Select Mirror 90 degrees as the Extension and ensure Trace positions is
inl:0/crl:1 & inl:0/crl:-1 (default).

Select None as the Steering and choose Min as the Output Statistic.
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6. Name the attribute Non-steered_Similarity and Add as new.
» Ridge Enhancement Filter (REF)

1. Open the Attribute Set 3D window and open the default set called: Ridge
enhancement filter.

2. Select Ship_Shoal_Area_1 or NW_GC as the seismics and
Dip_Steered_Median_Filter as the steering cube.

3. Apply the Ridge enhancement filter to the seismic data in
batch: Processing - Create seismic output, or on-the-fly: right-click on

the element in the tree (e.g. part of a time-slice).

» Ridge Enhancement Filter

The filter compares in the time-slice domain three neighboring similarity values in six
different directions and outputs the largest ridge value. The ridge in each direction is
the: sum (values on either side) / 2 - center value. In most evaluation points there are no
ridges and the values thus tend to be small but when you cross a fault there will be a
large ridge perpendicular to the fault direction. The filter outputs the largest value i.e.
the ridge corresponding to the perpendicular direction.

» Similarity

This attribute returns a value indication how much two or more trace segments look
alike. Structurally, the attribute is useful in identifying faults and salt edges.

» Dip

A post-stack attribute that computes, for each trace, the best fit plane (3D) or line (2D)

between its immediate neighbour traces on a horizon and outputs the magnitude of dip
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(gradient) of said plane or line measured in degrees. This can be used to create a pseudo
paleogeologic map on a horizon slice (Chopra and Marfurt 2007b).

> Azimuth

A post-stack attribute that computes, for each trace, the best fit plane (3D) between its
immediate neighbour traces on a horizon and outputs the direction of maximum slope
(dip direction) measured in degrees, clockwise from north (Chopra and Marfurt 2007b).

> Curvature

A group of post-stack attributes that are computed from the curvature of a specified
horizon. These attributes include: magnitude or direction of maximum curvature,
magnitude or direction of minimum curvature, magnitude of curvature along the
horizon's azimuth (dip) direction, magnitude of curvature along the horizon's strike
direction, magnitude of curvature of a contour line along a horizon (Chopra and Marfurt

2007h).

Comparison of these attributes on individual time slices will aim to identify sub-seismic

amplitudinal features that represent fractures within the salt.
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