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Abstract

This research is focused on the Northern Gulf okigte Mississippi Fan Delta. Deltas have a
maximum horizontal stress margin parallel (extemsictress regime) at the delta top and a
margin normal maximum horizontal stress (compresgistress regime) at the delta toe
(King et al., 2010). The area of the delta withustve salt diapirs has significantly deflected
maximum horizontal stresses around the salt diaphts is due to the contrasting
geomechanical rock properties between the saltrendeltaic sediments (Zhang, 1994). A
3D seismic survey of the area with vertical sadtpitis was provided by Western Geoco. The
seismic data was interpreted for the top salt-sedtrnontact and diapir related deformation
of the sedimentary overburden. The interpretatiemiified six salt diapirs: four piercing by
active diapirism and two piercing by reactive diegmn. 2D finite numerical models were

built from representative sections of each sabpidit predict the principal stress deflections
within the sedimentary overburden adjacent the $ak models of the reactive diapirs
deflected the maximum principal stress parallehtsalt-sediment contact of the salt diapirs.
The models of the active diapirs deflected the maxn principal stress normal to the salt-
sediment contact of the salt diapirs. The streentations allowed for borehole stability
diagrams to be produced for the stress orientaimve the diapir crests, over the diapir

flank and over the base salt for each diapiricestyl
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1.0 Introduction

The three principal stresses (o2 ando3) have significant implications on borehole staili
yet there is little academic understanding at presethe variability of the stress orientation
around salt diapirs. Wells drilled in unstable diirens can blow out costing hundreds of
millions of dollars in down time, lost expendituae well as associated damages. Previous
studies have demonstrated that the orientationsregphitudes of present-day stresses are
critical to borehole stability, water flooding, &tare stimulation and fault reactivation
(Heffer and Lean, 1993; Barton et al., 1998; Nelsbal., 2005; Tingay et al., 2009; King et
al., 2010a). Boreholes are most stable when driieddirection that subjects the well to the
least stress anisotropy (Heffer and Lean, 1993F pitoject will attempt to construct 2D
models of the stress orientations around the sgtird in the Gulf of Mexico. The salt
diapirs used in the modelling are interpreted ftbm Ship Shoal 3D seismic data cube
provided by Western Geoco. These models will recédhe concept that the maximum
horizontal stress is rotated by the presence aftalgpir. The research will predict the stress
orientations around salt diapers in the Gulf of Mexo determine the most stable drilling

direction adjacent to salt diapirs.

2.0 Background

2.1 The Gulf of Mexico Geological Setting

The Gulf of Mexico is located offshore from the #wrn United States of America, to the

east of Mexico and west of Cuba (Figure 2.1a). Wagpths range from several metres deep

around the coasts to over 2000 m in the centras$ phthe Gulf. The stratigraphy of the Gulf



of Mexico is dominated by several thick Upper Jsi@so Pleistocene delta systems that
overlay the Louann Salt (Peel et al., 1995; Trudgihbl., 1999; Figure 2.2b). The oil and gas
have been thermally generated from Paleogene asd2d& source beds. Some of these
hydrocarbons have migrated laterally and verticialty reservoirs and then into traps created

by the Louann Salt fed diapirs (Figure 2.2; Morétal., 2010).

2.2 Mechanics of Salt Movement

Salt has unique mechanical properties, under gaolmge and conditions, it deforms
viscoelastically as a fluid with negligible yielttength (Hudec and Jackson, 2007). At very
high strain rates salt fractures (Hudec and Jack&a®i/). Dry salt deforms by dislocation
creep, damp salt by weak diffusion creep (Hudectaottson, 2007). Jackson and Talbot
(1986) described four mechanisms driving salt may@m an environment without far field
tectonic forces: 1. Salt is incompressible andefuge when buried at depth below
overburden of a greater density, salt becomes mi@yal gravitationally unstable (Figure
2.3a). 2. Differential loading of salt forces flowsresponse to the head gradient depending
on the weight of the overburden and body forcebiwithe salt (Figure 2.3b). 3.
Gravitational displacement occurs where the flasfks salt body move under its own weight
via extension and shortening (Figure 2.3c). 4. ifaioading is the volume change due to
heat conduction and its associated change in tetyer(Figure 2.3d). Resistance to salt
movement comes from the strength of overlying sedinndissolution and buoyancy drag

(Jackson and Talbot, 1986).

2.3 Regional Tectonic Influence



Salt typically forms the mechanically weakest rackt in a sedimentary sequence, and will
therefore, often behave as a detachment (Trudaall. €1999). In the Gulf of Mexico the
Louann Salt forms the regional detachment benéatld¢ltaic sediments. The system of
induced extension and compression, produced bytgtianal stresses of the delta setting,
detach at the Louann Salt; all up-dip normal faaitd down-dip thrust faults slide out at or

in this level (Worrall and Snelson, 1989; Wu et 8090; Rowan, 1997).

Extensional salt tectonics in the Gulf of Mexice apnfined to the delta top. In the absence
of precursor diapirs the main control on extendistactural style is salt thickness. Thin salt
layers are dominated by normal growth faults anddmnplitude salt structures such as salt
rollers (Figure 2.4a). Thicker salt layers will fioreactive diapirs and with continued
extension, subsequent diapir fall (Hudec and Jack&@07). Reactive diapirs can progress
completely from the reactive and active stagesttbine passive diapirs, which can remain

at the surface as long as there is salt to feed {Ré&gure 2.5).

Shortening, located at the delta toe, thickenstharkfore strengthens the overburden above
salt, which retards the formation of new diapirstie absence of pre-existing salt structures,
salt functions mainly as a detachment for largéesitaust faults, box fold anticlines and salt
cored anticlines (Figure 2.4b; Hudec and Jacks0@7R Pre-existing diapirs are
preferentially reactivated during shortening cregplug-fed extrusions, through which salt

can be displaced up and out, forming allochthorsaltssheets (Hudec and Jackson, 2007).

2.4 Salt Diapir Styles



A reactive diapir does not rise by forceful intiusi Reactive salt diapirs fill the space created
by the divergence of overburden fault blocks duemtensional faulting (Figure 2.5b;
Jackson, 1994). Regional extension is expecteelia tbps like the survey area. Smaller,
younger fault blocks float higher than larger, oltiilt blocks (Vendeville and Jackson,

1992a). The fluid pressures are below those nefedddrceful intrusion.

An active diapir pierces by lifting and shovingdssits sedimentary roof (Figure 2.5c;
Jackson et al., 1994). The principal driving fofameactive diapirism is the pressure exerted
by the salt body on its surroundings (Schultz-Elale 1993). In extensional settings, the
force which stimulates extension above the diapganerated by either a density contrast,
between the salt and its overburden, or by difféaépressure loading. During shortening,
the driving force is generated by far field regioc@mpressive stresses (Vendeville and
Jackson, 1992a). The more the pressure of thexsatds that of the overburden, the more
intense the extensional thinning of the overburales transition from reactive diapirism to
active diapirism will be. It may be difficult to gtinguish between reactive and active

diapirism as the two mechanisms can interact ($zittlh et al., 1993).

Passive diapirs are diapirs that have emerged abev&ea floor and remain there, continuing
to grow by down-building with sediments accumulgton and around them (Figure 2.5d).
The shape is determined by the relationship betweznates of salt extrusion, sedimentation
and salt dissolution (Vendeville and Jackson, 199Rassive diapirs can evolve into
allochthonous salt sheets, where mobilized saltlaye younger stratigraphic units (Hudec
and Jackson, 2007; Figure 2.5e). This usually @cduring slow sedimentation rates (Hudec
and Jackson, 2007). The sheet advance is deterioynie rate the salt is extruded balanced

by the rate of dissolution (Hudec and Jackson, RDigsolution is prevented by a



combination of a sedimentary veneer; an insolubdédual crust of gypsum; an overlaying

layer of salt saturated brine, and; a low permégbibof (Jackson and Schulz, 1994).

Allochthonous salt sheets can advance by three améxihs: 1. Extrusively, where the sheet
spreads from a passive feeder faster than seditiemtarosion and dissolution can contain
it; 2. Open toed, where the sheet is partiallydniby a roof that has been broken up by flow
forces friction; 3. A thrust advancing allochthomdere the sheet and its continuous roof
advance along a thrust fault. This advance mectrac@ be efficient, leaving behind a salt

weld, or inefficient, leaving behind discontinuaadt structures (Hudec and Jackson, 2007).

Salt cored anticlines are produced during shortenihere the overburden has been
thickened to a point where it is too competentuokbe. The overburden then folds and fills

with salt from the flanks (Hudec and Jackson, 2007)

2.5 The Stress Regime around Salt Diapirs

In Northern Gulf of Mexico Mississippi-Fan deltaettings, the gravity driven collapse of
the shelf creates an extensional stress regine ateita top and a compressional stress
regime in the delta toe (Figure 2.6; Rowan, 1997 extension regime at the delta top
consists of large-scale normal growth faults reifibeca margin parallel maximum horizontal
stress §umax Orientation (REF). Compression at the delta t@elpces large-scale thrust

faults structures reflect a margin normalax orientation (Trudgill et al., 1999; Figure 2.6).

The orientation 06ymaxiS measured in the field by borehole breakoutseBole breakouts

form during drilling when the “maximum circumfergltstress at the borehole wall exceeds



the compressive rock strength, resulting in congvesfailure and spalling of the borehole
wall” (Bell, 1996). In vertical wells the circumfential stress is a function of the magnitude
and the anisotropy between gn.x and the minimum horizontal stressin). In vertical
wells the maximum circumferential stress is perparidr to the orientation afymax
therefore, borehole breakouts will develop perpemdr to the orientation afymax (Figure
2.7; Bell and Gough, 1979; Kirsch, 1898). Drillinmgduced tensile fractures form due to
tensile failure at the borehole wall when the mimmncircumferential stress exceeds the
tensile strength of the borehole wall (Aadnoy amdl, B 998). Drilling-induced tensile
fractures form parallel to th@max Orientation in vertical wells (Figure 2.7; BelD96a;

Brudy and Zoback, 1999).

In the delta top of the Gulf of Mexico, tlegmax Orientations are margin-parallel until the
region offshore deformed by intrusive salt diaifgure 2.8). Here, significant deflections
from the expected margin-parallel orientation waseerved near the seafloor surface
adjacent to salt diapirs (Figure 2.8; King etial press; Yassir and Zerwer, 1997). Recent
studies looking at 3D seismic data and geomechlamigdelling have shown that the
maximum horizontal stress is deflected by the sadtiment contact of the salt diapirs at

depth, as well as at the surface (King et al. resg).

Third-order stress field deflections in sedimentaagins are generated by local effects; such
as the lateral density contrast of neighbourinds naats (Bell, 1996b). Therefore, the stress
deflections observed around salt diapirs are asualtrof the contrast in geomechanical rock
properties between the salt and adjacent deltdioeats (Zhang, 1994). Principal stresses
intersect free surfaces at right angles and thalbgecal structures, like the salt diapirs, can

act as free surfaces. A free surface will deflegtiacipal stress unless that stress happens to
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be oriented exactly perpendicular to the surfacdl(RB996b). If stress trajectories encounter
a zone that is relatively “harder” or “stiffer” thahe surrounding rocks, they will be
deflected so that; intersects at right angles (Figure 2.9a). On therchand, if the zone is
relatively “softer” stresses will be deflected batts; parallels the interface (Figure 2.9b;

Bell, 1996h).

One consequence of the deflection of the stresmeeig that the principal stresses adjacent
to intrusive salt diapirs may not simply be eitkertical or horizontal but instead deflected
by the salt-sediment contact to an inclined oriteoia Boreholes are subject to the least
stress anisotropy and therefore most stable wheddin an orientation in the plane of

andosat an angle determined by the magnitudes,; o6, andos (Bell, 1996b).

2.6 Aim

The aim of this research is to attempt to deterrtheestress regime around salt diapirs in the
Gulf of Mexico. The salt diapirs are to be intetpefrom a 3D seismic data cube from the
delta top of the Northern Gulf of Mexico Mississiffan Delta. Two dimensional finite
numerical models of the salt diapirs interpretexifithe seismic data are to be built to
determine the stress regime surrounding the diapims modelled stress orientations will be
used to produce borehole stability diagrams thdtdetermine the most stable drilling

orientations adjacent to salt diapirs.

3.0: Seismic Interpretation of Salt Diapirsin the Gulf of Mexico Method

3.1 The Data
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The survey data for the seismic interpretation prasided by Western Geco. Itis 3D
seismic reflection data from the Ship Shoal aredhefshelf of the Northern Gulf of Mexico
Mississippi-Fan delta (Figure 2.8). The survey434Bm x 16092m with 2230 crossline

traces and 1280 inline traces. The seismic seciomsded reach a depth of 8.7 seconds.

3.2 The Software

SMT Kingdom™ 8.3 software was used for the interpretation efghismic data. Kingdom
™ along with its 3D VuPak extension was used to malate; the amplitude data, envelope
attribute, phase rotation, the colours and theitpao that; the top salt horizon and

associated faults could be better interpreted.

3.3.1 Interpreting Seismic Reflection Data

When a seismic line is shot, if record quality @®d, there are a number of reflections on the
resulting section (Figure 3.1). The larger reflecs are interpreted as coming from the tops
of geologic formations when there is a velocityttast between the two units (Coffen,
1986). The relationships between reflections wigersmic sections were used to interpret

stratigraphic units, folds, faults and other lasgaele geologic structures.

3.3.2 Identifying Lithology

In order to interpret the top salt-sediment contsgbsurface lithologies must be identified

from seismic data. Lithologies respond differentdyseismic waves varying the nature of the
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reflections. The velocity, frequency and amplited¢he wave reflections are affected by the

lithology that they pass through and are reflectiéd

3.3.2.1 Identifying the Deltaic Sedimentary Ovedsir from seismic data

Clays and silts are sediments settled from suspen$hese sediments tend to be thinly
bedded and tend to produce closely spaced reftec{REF). If the depositional area is
laterally extensive, the reflections generally shnoderate to good continuity. Amplitudes
are moderate but dependent on lithology and becirspaChaotic reflection patterns can
result from deep-sea current activity, slumpingwerpressured mobile shales (Badley,
1985). Coarser clastics can appear in a greattyarighicknesses, shape, and lateral extent.
They are deposited in all environments (Badley,5)98he depositional setting is usually the
best guide to identifying clastics coarser thaty elad slits. The depositional setting can be
interpreted from the internal structure and faeigsociation. Coarse clastics can be
characterised by mounded configuration and/or slieeforms. Coarse clastics have the
ability to modify the topography of the basin fldmecause high deposition rates can dictate
the deposition of successive sediments. In shalNater depositional settings, individual
clastic units tend to be thin (Badley, 1985). Thae 3 general groups of carbonates
classifying the thickness, shape, and lateral éxferLaterally extensive sheet like deposits,
2. Bioclastic deposits, deposited by high energyetus and 3. Build ups, reefs, biotherms,
banks, mounds etc. (Badley, 1985). The reflectfoo® the top structural boundary of
carbonate units have large positive reflection fcciehts as carbonates usually have high

velocities and densities compared to other comredimeentary rocks.

3.3.2.2 Identifying Salt from seismic data
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On a seismic section, a salt dome is representedh layea of low amplitude, chaotic and
unstructured reflections, often extending up fréwa bottom of the section (Figure 3.2). On a
time slice the areas without reflections appea lalank spot (Figure 3.3; Badley, 1985). In
young basins like the Gulf of Mexico, there is @avelocity contrast between the low
velocity deltaic sediments and high velocity sktthe Northern Gulf of Mexico Mississippi-
Fan delta salt diapirs have intruded into relativeicompacted sediments (Wu et al., 1990).
Here, the reflection amplitude at the salt-sedintmemizon is usually large enough to ensure a
moderate to high positive reflection coefficienigiife 3.2; Badley, 1985). The large
reflection coefficients above areas without norneflections are good starting points for
picking salt-sediment boundaries. Stratigraphietaysurrounding salt diapirs may bend

upwards as they approach the diapirs due to tloeNglcontrast.

3.4 Picking Stratigraphic and Structural Boundaviits Kingdom™

Once a boundary has been selected for pickingg theeds to be a means of picking the same
horizon throughout the survey area, or at leadtqgiahe area. With good data, horizons can
be followed across whole sections. Problems arlsenvthere is faulting, bad traces or some
other complicating factor. If the reflector beconpe®r, such as a break (Figure 3.4a), the
reflector can be continued if the reflectors imnag¢ely above or below continue parallel and
maintain equal spacing over the gap (Figure 3.4iffe@, 1986). The picked boundaries on
the inline sections must conform to those pickethencrossline sections. If large
discrepancies exist between the interpretatiobeosame structures on different lines, the
line need to be repacked so that structures cterbitween different lines. Thus, giving the

best geologically valid interpretation.
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Phase rotation of seismic data makes reflectiontsvarrespond with strata rather than with
its top or bottom interface; effectively represegtseismic reflection events in a
lithostratigraphic sense (Mingchen, 2009). The de@f rotation depends on phase spectrum
and phase of interest strata in seismic dataelthitkness of strata is close to half of the
wavelength, a 90° rotation of zero phase data esghat the seismic section corresponds
with the lithology of the strata (Mingchen, 2008he thickness and wavelength of the strata
within the seismic data provided dictated thattation of 45° would be the most effective to

analyse the salt and sediment lithologies (Figubg. 3

The amplitude of reflections can be filtered usiing opacity filter in Kingdom™ VuPak
software extension. To better constrain salt-sedirheundaries an opacity filter can be
applied to the data (Figure 3.6a). This filter re®the low amplitude waves, including the
internal salt reflections. As a result the salios visible and represented by dark blank areas
(Figure 3.6b). This technique can be used to lglelisplay large salt diapirs in 3D extending

up from the base.

3.5 ldentifying Faults

With high quality data, a fault can show up cleamtya seismic section as offsets of
reflecting horizons, with breaks on the variousizms following a slanting path on the
section (Figure 3.7). This path represents thd faahe as it intersects the seismic line. With
3D data the strike and dip of the fault can be meitged. The throw of faults are best
interpreted from a seismic section perpendiculdhéostrike of the fault. Faults not

perpendicular to the inline and crossline sectimay be interpreted using Kingdom’s ability
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to digitise angled arbitrary sections, from boté base map and in VuPak, to produce a

section perpendicular to the strike of the faulty(ife 3.7).

3.6 Misleading Features

There can be misleading features in seismic datactm be interpreted as structures that do
not exist. Multiples and diffractions were all laliminated from the data in this study during
processing due to good 3D migration. Surface ar-sarface features can produce
misleading anomalies that may affect deeper reflestand must be recognised (Coffen,
1986; Figure 3.8). Velocity anomalies from salefsg igneous features, gas and contorted
bedding can produce a nonlinear scale that givesppearance of geometries that are not
true (Badley, 1985). A good velocity model and thegnversion is required to eliminate this
(Coffen, 1986). High amplitude reflections withirsalt body can be interpreted in a number
of ways (Figure 3.9). Internal reflections withiretsalt may result from: a heterogeneous salt
composition, a salt body deposited as multi-stéme &vents or it may represent the base of
the salt body (REF). Looking for steep and narrawcsures like salt diapirs requires long
enough lines to detect the steep parts. Largetategcmay extend past the edge of the
seismic lines giving flanks the appearance of:dgiBnal dip or 2. Allochthonous salt

interpreted as the base salt layer (Coffen, 1986).

3.7 Recognising Salt Diapiric Structures and Stfilesn Seismic Data

Once the boundary between overburden and the ttgedalt has been identified, a map of

inline and crossline interpretations of top satfiseent contact can be compiled. When the
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interpreted sections are combined into a map os&dpdepth, salt high anomalies can be

recognised. These highs are possibly salt diapiusl¢c and Jackson, 2007).

Salt diapirs are identified and their style classifoy the deformation or lack thereof in the
surrounding sedimentary overburden. The overbuisldeformed differently depending on
whether the diapir style is reactive, active orgpas It is important to interpret the diapiric
style as it can affect the stress state arounditpar. Active diapirs exhort a pressure out
onto the overburden, passive and reactive diapinsod, as described in the background

(Jackson et al., 1994).

3.7.1 Identifying Reactive Salt Diapirs in Seisriata

Reactive diapirs often have a triangular shapeufei@.10a); this comes from the pressurized
salt layer supporting the partial weight of eaadhitfalock at an equilibrium level. The size of
a reactive diapir is controlled by the amount gfioeal extension. The greater the extension,
the taller the diapir, until it subsides. The rateeactive diapirism is controlled by the
viscosity of the salt and the rate of regional egien (Vendeville and Jackson, 1992a). Apart
from intense but local shearing along the contattke diapir, the fault blocks are relatively
preserved during the reactive stage (Figure 3.¥@hdeville and Jackson, 1992a). Any
sediments bent upwards approaching the salt degure to subsidence of the flanks, not

force from salt buoyancy as is the case with adia@irism.

3.7.2 Identifying Active Salt Diapirs in Seismic @2a
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Active piercing and local extensional faulting darm discrete structures visible on seismic
profiles (Figure 3.11). Structural styles associatgth natural active diapirs include double-
flapped arching (Figure 3.11a) and an asymmetmelioation of arching and extension
(Figure 3.11c), which produces a single flap actbegop of a diapir and no crestal graben
(Schultz-Ela et al., 1993). Active diapirs can Ieidguished from reactive and passive
diapirs from the deformation in it's roof: 1. theof is thinned by extensional faulting and the
fault blocks are dispersed outward by entrainmearthe spreading, flowing crest of the
diapir (Schultz-Ela et al., 1993). 2. The roof &rslump off the domal bulge along internal
glide planes (Schultz-Ela et al., 1993). 3. Thatatdisplaced by entrainment or slumping
accumulate as chaotic, sporadically overturnedthicllened sequences next to the diapir
(Schultz-Ela et al., 1993). 4. Erosion can truneditéhese structures, leaving only a marked
angular unconformity (Schultz-Ela et al., 1993)Dissolution of salt can undermine any
remaining roof, causing it to collapse and crea&t® structures-perhaps long after the diapir

has been reburied and re-exhumed (Schultz-Ela, €t243).

3.7.3 Identifying Passive Diapirs in Seismic Data

Passive diapirs typically evolve to a steep-sidlathcrested structure (Figure 3.12a). The flat
crest could be formed by dissolution or by grawtadl spreading of the salt surrounded by
air or water (Schultz-Ela et al., 1993). Passiapils, unlike other styles of diapirism, are
surrounded by strata that show little faulting #mdkness changes, and small amounts of
folding except for the proximal effect of diapidcag (Vendeville and Jackson, 1992a).
There are not any visible effects of regional estem faulting because: 1. There may be no
overburden to be faulted above an emergent digmu(e 3.12b; Vendeville and Jackson,

1992a). 2. Regional extension is preferentiallyoawmodated by the salt flowing into



18

widening diapiric walls (Vendeville and Jackson928). Passive diapirs can revert back to
active piercement when sedimentation increasdsetpaint where the diapir is covered by a
roof that is thick enough for discrete structuegorm within it (Figure 3.12c; Hudec and

Jackson, 2007).

3.8 Interpreting Diapir Evolution from Seismic Data

The evolution of diapirs can be recorded in theaurding successive sediments. Evidence
can be found for previous diapir shapes from thgration of depocentres and turtle-back
structures. During the mound stage there is symslgpnal thinning of sediments over a
mounds crest. As the mound matures into a salt dsatteis withdrawn into the growing
diapir, which leads to a collapse of the flankieg@ences and thinning towards the diapir
(Cramez, 2006). A secondary depocentre developgeabe collapsed areas (Cramez, 2006).
Figure 3.13 tracks the salt withdrawal and genemnatif depocentres around a salt diapir as it
grows. The space available for sediments incrdasafly creating local (Cramez, 2006).

The depocentres will be progressively displacecatovthe flanks of the dome (Cramez,
2006). The migration of depocenters creates tidiek structures through the inversion of a
structural low to a local high. Turtle-back struetsiare strata mounded between salt diapirs,

having a flat base and rounded crest (Figure idmez, 2006).

4.0 Seismic Interpretation of Salt Diapirsin the Gulf of Mexico.

The seismic interpretation of the study area foedsm the top salt horizons and associated
deformation within the sedimentary overburden. 8alpirs and their distribution, type,

geometry and extent of evolution were interprefdte contact between the top of the salt
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and the deltaic sedimentary overburden was picketl@& inline and 223 crossline seismic
sections throughout the study area at 10 tracevaie The top salt levels in TWT that were
picked from all of the inline and crossline sectiavere combined and visualised as a map
(Figure 4.1). The same time data was also visuhlis8D using Kingdom VuPak (Figure
4.2). The 3D image shows clearly the presencero€tstral highs and lows. Anomalistic
highs in the salt structure may represent saltidiapnd the lows may represent the
associated salt withdrawal basins or the baseeo$alt layer. Figure 3.3 is a 1 second time
slice from the 3D seismic cube. The ‘blank spotsaieas with chaotic low reflection
coefficients are salt diapirs. These show goodetation with the structural highs (i.e.
Diapirs) in the top salt TWT map of Figure 4.1.tAis level (1 second) the salt structures
appear to be ellipsoid to circular shaped andivegtevenly distributed (King et al., in

press).

4.1 Salt Diapirs in the Gulf of Mexico

Six salt diapirs were recognised and interpretatienShip shoal 3D seismic data cube

(Figure 4.1). The diapirs were classified into 2ddtyles: Active diapirs (1, 2, 3 and 6) and

Reactive diapirs (4 and 5). No passive diapirs viaeatified.

4.1.1 Group 1: Active diapirs

4.1.1.1 Diapir 1

Diapir 1 (Figure 4.1), was interpreted as an adfieme due to its shape and the extensive

deformation in the surrounding sediments (FiguBa}.Sedimentary layers in the roof thin
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towards and dip away from the diapir. The diaps halouble flapped roof structure (Figure
3.11a). The roof is thinned by extensional normalting above the crest of the diapir. The
syn-deformational sediments reach the surface (€igLBb). The diapir is surrounded by salt
withdrawal basins and their depocentres migrateitds/the dome. This is evidence of an
earlier mound stage. Further evidence comes frentutttle back structures flanking the

dome (Figure 4.3b).

4.1.1.2 Diapir 2

Diapir 2 is currently an active dome (Figure 41)e roof is thinned by extensional normal
faulting above the crest of the diapir (Figure 4Mear the diapir crest, down to a depth of
1.1sec (TWT), the sedimentary layers in the ropfalvay from the diapir as if they were
forcefully pushed up and aside. The sedimentargriagleeper than 1.1sec (TWT) are well
preserved and near horizontal right up until theyteuncated by the side of the salt diapir
(Figure 4.4a). This implies that the diapir oncevgpassively but has since been buried,
likely due to either an increase in sedimentatioa decrease in the salt supply. Below
depths of around 2.4sec the diapir is shaped hkactive salt mound. The salt is more
pronounced due to differential loading but the éstgnfluence on the shape comes from the

withdrawal basins flanking the diapir.

4.1.1.3 Diapir 3

Diapir 3 is an active dome (Figure 4.1). The raothinned by extensional normal faulting

above the crest of the diapir (Figure 4.5). Tharsedts thin towards the dome with a double

flapped structure (Figure 3.11a). The diapir is@umded by salt withdrawal basins. The
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basins either side of the diapir, just a few kiltrae apart, consist of sediments with differing
seismic responses (Figure 4.5a). These differirggrse responses indicate that the basins
contain either different sedimentary rocks or thee sedimentary packages, just differing in
thicknesses. This can be caused by basin subsid¢ddéerent times or at differing rates.
The depocenters migrate towards the dome, indgétiat the diapir evolved from a salt
mound. The salt to the northern flank of the doowks to be depleted, forming a salt weld.
A salt weld is formed when the top and bottom cctstaf the salt to merge due to the
expulsion of the salt.The lack of salt may stumtifer growth of the diapir or influence the

shape of the diapir as it continues to grow.

4.1.1.4 Diapir 6

The interpretation of diapir 6 is limited in itscgacy by its location on the available seismic
lines (Figure 4.1); only part of the diapir is caimied within the seismic data survey boundary
(Figures 4.6). However, it was interpreted aséf dmpiric style of the visible section is
representative of the whole structure. Diapir &nsactive dome with radiating normal faults
from a central point on the crest (Figure 4.6b)e €tensive faulting above the crest gives
the appearance of a phantom growth fault (Figusb)4 There is thinning and turning up of
the truncated sedimentary layers towards the satied The diapir is surrounded by salt
withdrawal basins. The salt diapir has intrudedadgult; the diapir is not considered

reactive because the extension is created by the ggercement of the salt, induced by

differential loading from the overburden.

4.1.2 Group 2: Reactive Diapirs
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4.1.2.1 Diapir 4

As is the case with diapir 6, the interpretatioriaipir 4 is also limited in its accuracy by its
location as there are very few orientations to Vileevdiapir in seismic section (Figure 4.1).
Diapir 4 is a reactive diapir (Figure 4.7a). Norrfallts above the diapir extend the
overburden to compensate for the salt withdraveahfthe adjacent basin (Figure 4.7b). The
sedimentary roof or flaps are not pushed up abloeeliapir as is observed above active
diapirs (Figure 3.11; Vendeville and Jackson, 199Phe fault blocks are suspended by the

salt pressure (Vendeville and Jackson, 1992a) s€édanentary roof is well preserved.

4.1.2.2 Diapir 5

Diapir 5, located in the south west of the survesaais a reactive salt mound (Figure 4.1).
The salt withdrawal in the surrounding basins higgéred extension above the salt mound
(Figure 4.8). The fault blocks above the diapirtawianing and spreading. The diapir is not
yet a salt dome; it is at the residual salt higlystof diapir evolution. A lack of salt supply
from the diapirs flanks may have stunted its growtie surrounding sediments have
subsided around the mound creating the antiforiguf€i 4.8b). In crossline sections the
poorly imaged overburden takes the appearancewifarm, this is due to displacement of
the fault blocks (Figure 3.10b). This is confirmglen the structure is observed on an inline

section.

4.2 Regional Interpretations

4.2.1 Far Field Tectonic Forces
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Discrete relatively ellipsoidal diapirs are obserwath a uniform distribution in the seismic
cube (Figure 3.3). Elliptical shaped diapirs formen under a slightly extensional tectonic
regime, where; is oy andoymax andoumin are near equal. The diapirs deform by lateral and
vertical flowage of salt. This creates withdrawathich will control the accommodation

space for deformed sediments (REFS).

Under such tectonic conditions normal-faults radgfrom diapir crests, thin and extend the
overburden. Faults strike parallelé¢paccording to Mohr theory. lllustrated by Curry’s
model the extension produced by the normal faulBriggher than the apparent shortening
produced by the piston uplift (Figure 4.9). Whesad layer flows upward the overburden is
extended above it. The extension above the diapst€ creates radial normal-faults which
extend the overburden in order to fill the spa@ated by salt withdrawal from the diapir

flanks (Figure 4.10).

4.2.2 Allochthonous Salt Sheet

In the study area the average depth of the sadt f@gding diapirs 1-6 is around 3.2 sec. This
is not consistent with the previous research thiand the base Louann salt layer in the
Sigsbee Escarpment to be approximately 10km degpré=4.11; Wu et al., 1990). The

depth of around 4km for the base salt seen instindy suggests that the salt layer feeding the
diapirs is an allochthonous salt sheet. Allochthensalt structures are sheet-like salt bodies
tectonically emplaced at stratigraphic levels albitnesource layer, such that the salt overlies
stratigraphically younger strata. (Bally, 1981; \nadirand Snelson, 1989). The seismic data

is not extensive or deep enough to confirm thismthéut it is a strong possibility.
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5.0 Finite Numerical M odelling of Salt Diapirs M ethod

5.1 ABAQUS™ Program

ABAQUS™ CAE (Complete Abaqus Environment) is a well-redegd industry standard
finite-element modelling program that produces gtbinechanical simulations combining
physical mechanical laws. The program allows motielse created and their geometries and
parameters altered. Rock properties, such as geasit Young’s Modulus, can be assigned
to the models parts, made up of individual elemeaBAQUS™ was used to construct two-
part 2D models of salt diapirs intruding into sedits with varying geometries, rock

properties and frictional coefficient of the intaré between the salt and sediments.

5.2 Model Building

The process of constructing a model in ABAQU'SCAE involves:
» Establishing the model dimensions and parts.
» Material properties: density, Young’s Modulus aradsBon’s Ratios are given to each
of the parts.
* The parts are assembled and the contact is gieerféicient of friction.
* The model is loaded with gravity.
» The boundary conditions are defined.
* A quad free distributed mesh is applied.
e The model is now run to completion.

* The input file is then renumbered.
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» Pore pressure is added to the model.

» The deformational mechanisms, Drucker-Prager SGeterion and Creep, are
defined and added to the model.

* The Initial stresses are exported and then ingatthre final model in order to pre-
stress it.

* The Final model is run.

+ Results are analysed in the ABAQUSvisualisation module.

5.2.1. Model Dimensions

The coordinates of each part of the model werdgaotncorporating the diapir and distant
model boundaries (Figure 5.1). The boundaries pwiatted at a distance far enough away
from the diapir as not to significantly influendeetmechanical deformation around the diapir.
The East and West boundaries of each model arel€®@m from the central diapir. The
initial models vary in depth. The models of theempreted diapirs are 20km deep so that the

base is approximately ~15km deeper than the sedsmen

Two sets of models were built. The models of satelinitial ‘proof of concept’ models,
constructed to test and refine the parameters andbles to be used on the interpreted
diapirs. The models of set 2 are the models oirtezpreted diapirs 1-6, built to examine the

stress regime adjacent to salt diapirs in the GluMexico.

The dimensions of the initial models of set 1 masle of the simple depth converted
geometry of diapir 1, as well as a series of sinsglametrical shallow and deep diapirs. The

geometry for the Model 2 was taken from a repreges@ seismic section of diapir 1 (Figure
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5.2a). Model 3 was designed with a symmetrical si{&myure 5.2b). This model had three
parts: the overburden; the salt, and; the basenbate three parts replicate the conditions of
the Gulf of Mexico. Model 4 had just the one conhtateraction along with the symmetrical
geometry (Figure 5.2c). Model 5 was created to Mesthe influence of the depth of the

diapir as well as the gradient of the diapir flankathin the one model were two diapirs; one
tall and shallow; other short and deep (Figure b.Ribdel 5 to Model 13 used this duel

diapir geometry.

Model dimensions of set 2, diapir 1 to diapir 6g{lte 5.3), were taken from the seismic
interpretation (Figures 4.3, 4.4, 4.5, 4.6. 4.7 &8). The diapirs are depth converted
representations of the top salt. The depth conwersi the overburden used a velocity model
of the Gulf of Mexico (Table 5.1; taken from Wuadt, 1990). This velocity data was
recorded on the shelf and uppermost slope aread oesiana, close to the Ship Shoal
survey area. These velocities were adequate tangienthe pull-up effects for the purpose of
depth conversion in this study (Table 5.1). Thedal in the study area did not reach depths
of 7 seconds (TWT) and the influence on the deptiversion by the water depth in the
sections was negligible. Therefore, the sectiongdcbe simply traced then stretched (Figure

5.4) according to the formula:

Depth= TWT/2v

Equation 1. Simple depth conversion formula. vakuity (Table 1)

5.2.2. Rock Properties
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The sediments in each model were assigned propeitigensity, Young’s Modulus,
Poisson’s Ratio, pore fluid pressure and densitgréasing with depth). The salt part was

assigned a homogeneous density, Young’s Moduluss&us Ratio.

5.2.2.1 Density

The density of halite is 2163 kglmHowever, naturally occurring rock salt rarely sisis of
pure halite, so salt density depends on the prigpoaind mineralogy of impurities
(Carmichael, 1984). The Louann salt is typicallg@tved to be 98% Halite with 2%
impurities (1.6% Anhydrite, 0.1% quartz, 0.1% gyps®.1% smectite; Fredrich et. al.,
2007). A common approximation is that the impusitieund in the Louann Salt, increase salt

density to 2200 kg/M(REF).

The density of the sediments depend on both lithobnd compaction state (Hudec and

Jackson, 2007). A large dataset of density-deptis pathe Gulf of Mexico wells compiled
by Fairchild and Nelson (1989, Figure 5.5). This baen used to help determine realistic
grain densities for the sediment overburden avargdepth; where a particular density is

defined by the equation:

p=1400+1722%!

Equation 2. Exponential density gradient used édliraents parts of the modegsis density,

z is depth.

5.2.2.2 Young’s Modulus
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Young’'s Modulus was used as a measure of sedinggdity in this study. Young’s Modulus
represents the stiffness of the material, or tise @hwhich the material undergoes strain for a
given stress and is defined as the “ratio of thexual stress over the uniaxial strain in the
range of stress in which Hooke's Law holds” (Engelshd Marshak, 1988). Soft rocks, such
as salt and highly fractured sedimentary rocks lalosv Young’'s Modulus (e.g. Salt),
whilst stiff rocks such as dense, compacted andframtured sediments have a higher
Young’s Modulus (e.g. Sandstone; Gudmundsson, 28BAQUS ™ models may utilise
just one Young’'s Modulus value for each part; la @ulf of Mexico, the Young’'s Modulus

of the sediments is not homogeneous and genenaltgases with depth. Therefore, the
accuracy of Young’'s Modulus values in the modelsmged. Young's Modulus values were
taken from research on rock properties in the GulNexico (Park et al., 2008; Liang et al.,
2006; Rath et al., 2009). Young’'s Modulus value8.a4fGPa for the salt part and 34 GPa for

the sediment part were used in each model (Tablarksl 5.3).

5.2.2.3 Poisson’s Ratio

Poisson’s Ratio is the ratio of the transversars{i@ntraction perpendicular to the applied
load), to the axial strain (extension in the diikattof the applied load) when an object is
stretched. Values of Poisson’s Ratio have beenrebddo vary from 0.25 to 0.5 for salt
(Liang et al., 2006). The Poisson’s Ratio for sligimpure salt as is found in the Gulf of
Mexico is 0.3 (Liang et al., 2006). The sedimempwere assigned a Poisson’s Ratio of 0.3

derived from well data taken from deltaic sediméiisag et al., 2010; Tables 5.2 and 5.3).

5.2.3. Assembly
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Two parts were combined (Figure 5.6) and the ictera along the contact between the two

parts was given a coefficient of friction.

5.2.3.1 The Salt-Sediment Contact Coefficient a¢tiem

The contact interaction between the salt and sadipeats may be given a coefficient of
friction. The ability of salt to flow in the subgace is limited by the thickness of the
overburden and the boundary drag along the togbattdm surfaces of the salt layer (Hudec
and Jackson, 2007). The coefficient of frictiorvetn the two parts was modelled initially
as a rough contact with no sliding. Faults withedisnentary rocks have a typical coefficient
of friction of 0.6 (Byerlee, 1968). Lujan et aR001) measured the coefficient of salt layer
décollements in thrust faulting as 0.43. Fictioefticients of 1 for the initial models and

0.43 for the models of the interpreted diapirs wesed.

5.2.4. Loads

A distributed gravity load of -9.81risvas applied to all of the models in this studyg(fe

5.7).

5.2.5. Boundary Conditions

The models were given boundary conditions thatetyosiimic conditions in nature where

sediments are loaded onto a layer of salt, whigdulssequently confined but is allowed to

deform. The vertical sides of the models were cetapy restricted in their ability to rotate
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and move laterally. The bases of the models wemgptziely restricted in their ability to

rotate and move vertically (Figure 5.8). The topraary was allowed to move freely.

5.2.6. Mesh

The models were given a quad-shaped freely disgtbhmesh made up of elements confined
by four nodes. The smaller the element size thiednithe accuracy of the deformation and
the resolution of the stress analysis (Figure 3B initial models had a mesh sizes ranging

from 250m to 150m. The models of the interpretegpils had a mesh size of 150m.

5.2.7. Initial Run of the Models

The model is run to produce an input file. An inflet is needed to add pore fluid pressure,
overpressure, creep deformational mechanism, DriRtager deformational mechanism and
initial stress conditions for pre-stressing.

5.2.8. Renumbering

The models must be renumbered before pore fluiglspre and initial stress conditions can
be added. The original ABAQUY output numbers the nodes and elements of each part
discriminately. Each part has its nodes and elesnaminbered starting from one. The nodes

and elements must be renumbered so that each ndd#geament has a unique number.

5.2.9. Pore Fluid Pressure
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Pore fluids are fluids that occupy pore spacessaikor rock. Pore fluid pressure plays a
critical role in subsurface stress regimes and fatre. The effective stressy(— pore fluid
pressure) rather than the absolute normal stesgssdntrols the resistance to rock failure
(Handin et al., 1963). High pore fluid pressureas eaduce the effective stress to failure
(Handin et al., 1963; Hillis, 2007). This can beualised using a Mohr circle diagram
(Figure 5.10). Overpressure of pore fluid pressinés the effective stress towards the
failure envelope and depletion of pore fluid pressshifts the effective stress away from the
failure envelope (Figure 5.10; Hubbert and Rub&a9t Rice, 1992). The parts require

permeability and void ratios before pore fluid @@® is added. (Hamilton, 1976)

5.2.9.1 Reactive Diapir Models

For the models of reactive diapirs, the sedimerispaere given a depth dependant pore fluid
pressure gradient and the salt parts were not gigen fluid pressure values, as salt has a
crystalline structure with insignificant porosi#y.gradient of 12MPa/km was used for the
pore fluid pressure of the sediments. This porel flwessure gradient falls within the
envelope created by the hydrostatic gradient (9/8afMm) and the lithostatic gradient
(24.5MPa/km; Dutta, 1997; Figure 5.11). For a patér pore pressure gradient, the pore-

fluid pressure at each node was calculated as:

Pp = z * 12000

Equation 3. Pore fluid pressure gradient. Pp ig fflord pressure in pascals, z is depth of the

node in meters
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5.2.9.2 Active Diapirs

A pressure was added to salt in the models of didpi2, 3, and 6 to stimulate active
diapirism. The aim was to pressurise the salt abitltould more than overcome the load
applied by the sediments under the influence ofiraThe pressure had to have a negative
gradient to allow for pressures deep in the manlélet accommodated within the boundary
conditions. The modelling software would not ad¢qegre fluid pressure within the sediment

part, in the way the input file was formatted.

5.2.10. Deformation Mechanisms

The sediments were allowed to deform by a combonatf linear elastic and Drucker-Prager
failure. The salt was allowed to deform by a combon of linear elastic and creep

deformation.

5.2.10.1 Drucker-Prager Failure

The sediments were allowed to deform via DruckeagPr yield criteria. The Drucker—
Prager yield criterion refers to the point at whatgformation changes from elastic to plastic
(Figure 5.12; Bottero et al., 1980). The lack ofdiwle data from the survey area meant that
the yield stresses from experimental data of thef@d Sandstone had to be used as an

analogue for the overburden (Table 5.6; Ord etl@b]1).

5.2.10.2 Creep
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Creep is the tendency of a solid material to slowbtywe or deform under the influence of
stresses (Hansen, 1977). It occurs as a resuhgfterm exposure to high levels of stress
that are below the yield strength of the matektdr{sen, 1977). The uniaxial Norton-Bailey

law creep power law was adopted:

€ = Ac"t™

Equation 4. The uniaxial Norton-Bailey law creepveo law.< is creep strain component, A
is creep material constamtjs stress' is creep law stress index, t is time dhd creep law

time power (Shen, 2010).

All models with creep deformation utilised a creeaterial constant of 182 a creep law

stress index of 2.667 and a creep law time powed.af

5.2.11. Pre Stressing

Once the elements have also been renumbered aagmgasure added the model can be pre-
stressed to ensure that the model is in equilibstin gravity and does not compact when
gravity was applied. The model is pre-stressedjtolierium with gravity. The magnitudes

of the normal stresses s11, s22 and the sheas stt2sare input into the final model to resist

gravitational collapse.

The Poisson’s Ratios were changed from 0.5 inrthi@i model to 0.3 in the final model.

The k ratio formula for uniaxial-strain condition:



34

k=n/(1-n)

Equation 4. (n is the Poisson's Ratio)

A Poisson’s Ratio of n=0.5 should achieve k=1 s the normal Poisson's ratio of 0.3 can
be used. If the same Poisson's ratio of 0.3 is tieedhodel would have continued to collapse
under the influence of gravity as the pre-stregaiobd using that Poisson's ratio of 0.3 gives

a k of 0.5.

5.2.12. Final Model Visualisation

The ABAQUSM™ Visualisation module is used to view the modeliltss

6.0 Finite Numerical M odelling of Salt Diapirs Results

ABAQUS™ visualisation module was used to view the reafitsoth the initial modelling
and the models of the diapirs 1-6. The softwaredigplay each model post deformation with
superimposed results of stress, pore fluid pressugedisplacement as either contours or
tensors. Colour indicates the magnitude of contbuesults (e.g. Pore fluid pressure). The

lengths of the lines indicate the magnitude whenlts are displayed as tensors (e.g. stress).

ABAQUS™ visualises stress as tensors of the principldanestresses;S $» and Ss. Sii
represents the maximum principle stressas the models have just two dimensions. Pore
pressure and the pressure added to the salt waplaykd as a coloured contour. The
horizontal (U1) and vertical (U2) displacementhe sediments was visualised as a coloured

contour to indicate areas of extension (Red), shorg (Blue) or areas without displacement
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(Green). The vertical displacement should be asedo zero as possible for models in
equilibrium with gravity. Stress orientations andgnitudes were visualised as tensors
(Figure 6.1). The red lines representoc, comes out of the page asglwas coloured green
to better emphasise the orientation and magnitiitteeanaximum principle stress. The

magnitude is proportional to the length of the tens

6.1 Initial Models

The initial models were intended to simulate thiesst state of diapirs in an isotropic tectonic
environment with only limited differential loadirfgrcing salt movement. This predicts the

stress state around reactive and passive diapirs.

Model 2 showed mass movement within the sedimargda the unsymmetrical shape of the
diapir. The orientation of; is deflected to parallel with the salt-sedimenttect of the
diapir (Figure 6.2). At depth the orientationosgremains perpendicular to the salt-sediment

contact.

An attempt was made to control for the influencéopiography in Model 3 with symmetrical
salt and sediment parts. The model also had a leagerart to better imitate conditions
observed in nature. Model 3 did not reach compteti® ABAQUSM would not run the

model with pore fluid pressure while there were tatact surfaces between parts.

Model 4 had a symmetrical representative shapesorface contact and a finer mesh. This
eliminated the horizontal mass movement withingb@iments to focus on the principle of

the maximum stress deflections at the salt-sedim@miact for reactive and passive diapirs.
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The regionab; is vertical; this is representative of the extenal tectonic setting on the
delta top of the Gulf of Mexico (Rowan, 1997; Kiagal., 2009). The maximum principle
stress was deflected parallel to the salt-sedimemtact (Figure 6.3). There is a gradual
transition from a perpendiculag stress state over the base salt layer to a pasalétress

state on the salt diapir flanks (6.3).

Model 5 was created to determine how the oriematias; is influenced by the depth of a
diapir and the dip of its flanks. Two diapirs wamneluded in this model; one tall with steep
flanks at a shallow depth, the other short withlshadipping flanks at a deeper depth
(Figure 6.4). The orientation ef stress around tall, steeply flanked diapir satlirsent
contact was deflected parallel as in model 4. direntation ofs; above the shallow tall
diapir is parallel to the diapir overburden bounydaght up to the surface (Figure 6.4a).
Above the short, deep diapir with shallow dippitanks the orientation af; is gradual
rotated from a verticat; orientation near the surface teaorientation parallel with the salt-
sediment contact. The short, deep diapir with skatipping flanks shows how pervasive

the stress deflections are within the overburdegufe 6.4Db).

Model 7 was constructed using tri-elements (elesaith 3 nodes as opposed to the 4 node
guad elements used in other models) in order tandygive the elements a more uniform
distribution and size. However, ABAQUY could not handle the model once pore fluid

pressure was added to the input file.

Model 8 had tri-elements and no pore fluid pressiine lack of pore fluid pressure resulted
in stresses with magnitudes higher than the magestobserved in the models with pore

fluid pressure. The lack of pore fluid pressur@ atsults in an effective stress that resists
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rock failure more than would be expected in thef GLiMexico (Figure 5.10; Handin et al.,

1963; Hillis, 2000).

Model 9 was used to vary the pore fluid pressutliwithe sediment part. The pore fluid
pressures tested were 9.8MPa/km (hydrostatic grgdiE2MPa/km and 22MPa/km
(lithostatic gradient). The results were consisteith the Coulomb criterion, that pore fluid
pressure has an influence on the observed norneakst (Figure 6.5; Handin et al., 1963;

Hillis, 2000).

Models 1 to 9 used a homogeneous density valuganéosediment part. In the deltaic setting
of the Gulf of Mexico, this is not the case (Hu@gal., 2009); to better imitate conditions
found in the Gulf of Mexico the sediment parts iodéls 10 to 13 were built to give the
sediment part a gradational density. The gradataersity had an influence on the stress
magnitudes when compared to the homogeneous demgitgvious models. The stresses in
the sediments with gradation of density had loweagnitudes at shallow depths and larger

magnitudes deeper in the sediments (Figure 6.5).

6.2 Finite Diapir Models

6.2.1 Type 1 — Active

Simple differential loading was insufficient to meddctive diapirism in the initial models.

The models of diapirs interpreted as active (dgapir2, 3 and 6) required the salt to be

overpressured in order to give the required buoyémrce for the salt to actively deform the

overburden. Figure 6.6 shows a colour contouredgia¥isation of the pressure added to the
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salt layer of model diapir 1. The overpressurenefgalt will cause the stress to deflect as if it

is stiff (Zhang, 1994).

The vertical displacement inside the models isldisggd as a colour contour (Figure 6.7). The
visualisation shows uplift at the diapir crest. Tpdift of the salt is accommodated by
extension in the overburden immediately above thpid The extension is interpreted from a
combination of the observed displacement in thelmwelen and the stress orientation above
the diapir. In nature this extension would be acomdated by normal faults immediately

above the diapir crest.

The stress orientations and magnitudes of theediapir models were visualised. The
orientation ofo; in each model is perpendicular to the salt-sedirnentact of the diapirs
(Figure 6.8). The orientation ef is perpendicular to the salt-sediment contact efdiapir
crest; normal faulting is possible in this regidritee model. This is consistent with what is
expected for active diapirism, where there is fdregtensional normal faulting above the

diapir crest (Jackson et al., 1994).

There are limitations to the accuracy of the actiapir models. All attempts to give the
interaction between the salt and sediment parslgstic coefficient of friction failed to run

to completion. Also there is transition where tverpressure of the salt part is overcome by
the pressure exerted by the weight of the overlvundés recommended that the overpressure
given to the salt part in future models is adjustedhat this transition zone is at a depth,

deep enough that it will not affect the nearbyssirat all.

6.2.1.1 Diapir 1
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The model of diapir 1 simulates an active salt dofte orientation of1 is perpendicular to
the salt-sediment contact of the diapir and th@edebase salt (Figure 4.9). The regional
orientation ofo to either side of the diapir flanks is horizonthls indicates that the
sediments either side of the diapir are under gotessional regime to accommodate the

uplift and extension immediately above the diapast

6.2.1.2 Diapir 2

The model for diapir 2 simulates an active salt dofirhe orientation af; is generally
perpendicular to the salt-sediment contact of thpidand the deeper base salt (Figure 6.10).
The orientation o6, next to the steep left side of the diapir is patath the salt-sediment
contact. This is likely due to the steep geomédtay timits the influence of the outward

pressure exerted by the salt diapir.

The stress along the boundary of diapir 2 contareas of compression. The rough contact
interaction between the salt and the sediment contanot accommodate the displacement
along the complex shape, creating areas of compressnsistent with the highs and lows of
the surface. ABAQUY' modelling software would not run the model of didpwith a
coefficient of friction of 4.3, limiting the area$ compression to this one particular model.
Therefore, the areas of compression should natdmporated into predictions of the stress

state around diapir in the Gulf of Mexico.

6.2.1.3 Diapir 3
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The model for diapir 3 simulates the interactiotwaen the two active salt domes 3 and 6.
The orientation 06, is perpendicular to the salt-sediment contact ohehapir (Figure

6.11). The diapirs are too distant to significamtijuence the stress around the other. They
act as two discrete diapirs at this distance. Tdreggsiveness of the deflections was not
guantified as the distance is dependent on therragpeoperties, depth and geometry within

the model.

6.2.1.4 Diapir 6

The model for diapir 6 simulates an active salt doAs is the case with the previous active
diapir models, the orientation ef is perpendicular to the salt sediment boundaryef t
diapir, and similar to the model for diapir 1 theseompression either side of the diapir to
accommodate the extension immediately above tst bre unlike diapir 1, the
compressional stress in diapir 6 is over come ptihdey the weight of the sedimentary
overburden (Figure 6.12). The orientatiorsefs rotated from horizontal near the surface to

vertical at depth near the salt-sediment contact.

6.2.2 Type 2 — Reactive

The models of the reactive diapirs (diapirs 4 andiére allowed to deform by differential
loading and gravitational collapse. Unlike theaeiliapir models, the reactive models did
not have a pressure added to the salt. The buoydrheg salt in the reactive models is only
enough to support the weight of the overburden,reastéénough to deform it. The reactive
models have pore fluid pressure added to the sedipaet (Figure 4.13). A sediment part

with gradational pore fluid pressure should prodsicess magnitudes more concordant with
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those found in nature e.g. vertical stress in sedtary basins is often assumed to increase at
1.0psi/ft with depth (Tingay et al., 2003). Thelieg the pore fluid pressure the closer the
effective stresses are to the failure enveloperackifailure (Figure 5.10; Handin et al.,

1963; Hillis, 2000)

Displacement, or lack thereof, was displayed asuwred contours. The overburden directly
above the diaper crest is static indicated by tieergcolour (Figure 6.14). The sediments to
the left of the diapir have been slightly upliftaxdd the sediments on the right side of the
diapir have subsided. The displacement is likalgsponse to the differing thickness of the

sediment part either side of the model applyinéed#int loads on the deformable salt part.

The orientation 06, is deflected parallel with the salt-sediment contd¢he diapir (Figure
6.15). At depthg; remains perpendicular to the boundary. The oriemtatf o; above the

diapir crest is horizontal, which can describeaith compressional environment or if
stresses are similar in magnitude it may show atnapic stress state in a 2D model. The
horizontal orientation of; compared with the lack of displacement observedalioe diapir
crest suggests that above the diapir crest isodrofsc stress state. An isotropic stress state is
expected around reactive diapirs when there afarafteld stresses applied to the models, as

the salt is simply in equilibrium with the weighttbe overburden.

6.2.2.1 Diapir 4

The model for diapir 4 simulates a reactive sathdoThe orientation af; is deflected to

parallel to the contours of the salt-sediment cctrwéthe diapir (Figure 6.16). As is the case

with the initial modelsg; deflected perpendicular to the base salt layetts &toshallow and
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deeper depths. The rotation of the orientatios;dfom parallel to perpendicular to the salt-

sediment contact occurs gradually at the baseeodlitpir flanks.

6.2.2.2 Diapir 5

The model for diapir 5 simulates a reactive saluntb Diapir 5 is a mound with a wide flat
crest. The edges of the plateau and the flankasaatreactive diapir, where the orientation of
o1 is deflected to parallel with the salt-sedimentteat of the diapir (Figure 6.17). However,
over the crest is a wide flat area that respondiitawas a base salt layer. Here, the
orientation ofo; is perpendicular to the salt-sediment contact)ymg that the diapir crest is

too flat and wide fot; to be deflected to the edges and around the diapir

7.0 Discussion

The seismic interpretation of the seismic datagigiimgdom™ software demonstrated 6
discrete salt diapirs and their distribution, typepmetry and maturity. Two different styles

of diapir piercement were identified: 1. Active piiss, salt structures 1, 2, 3 and 6 were
identified as diapirs actively piercing the overdbem, and; 2. Reactive diapirs, salt structures
4 and 5 were identified as diapirs reactively residog to extension of the overburden. On
the 1 second time slice (Figure 3.3) the salt stines appear to be ellipsoid to circular shaped
and relatively evenly distributed (King et al.,gress). The general shape of the salt
structures infers that the regional stress regsrstightly extensional. The structures may be
evenly distributed due to the Rayleigh-Taylor ihgity principle (Sharp 1984; Figure 3.3).

The study area is located on a delta top; the tgitas an extensional setting, allowing for
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reactive diapirism. The base salt layer from whiahidentified diapirs grew is an

allochthonous salt sheet, located at a depth afoxppately 3s (TWT).

Two-dimensional finite element models were congaddrom the top salt structural
boundary, of representative seismic profiles faheaf the six interpreted diapirs. Although
the delta top is an extensional setting, the model® run under isotropic tectonic conditions
(Finkbeiner et al., 2001). The salt parts of thelais with active diapirs were given a
pressure sufficient to overcome the pressure of¢ldementary overburden above the diapir
crests. The salt parts of the reactive models wepeessurised. The models resulted in stress
orientations and magnitudes influenced by: 1) th@rasting rock stiffness; 2) pore fluid
pressure; 3) the interaction coefficient of frictj@l) the geometry, and; 5) the style of

diapirism.

The contrasting geomechanical rock properties ®&#it and sediments cause the stress to be
deflected (Zhang, 1994). It is known that principtesses intersect free surfaces at right
angles and that geological structures, like thiedsapirs, can act as free surfaces. A free
surface will deflect a principal stress unless #iedss happens to be oriented exactly
perpendicular to the surface (Bell, 1996b). If str&rajectories encounter a zone that is
relatively “harder” or “stiffer” than the surroundj rocks, they will be deflected so that the
o1 intersects at right angles. On the other harntigizone is relatively “softer” stresses will
be deflected so that tleg parallels the interface (Bell, 1996b). The influeran the
magnitude by the pore fluid pressure within thekreas consistent with Mohr Coulomb
theory; greater pore fluid pressures reduce thejpal stresses. The sediment part of the
active diapir models would not accept pore fluidgsure. Therefore, the stress magnitudes

within the in the sedimentary overburden of the eledvith active diapirism will be slightly
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exaggerated. The stress state responded diffetenglgch diapir style. The reactive models,
with unpressurised salt, rotated the orientatios;qfarallel to the diapirs structural boundary
while the active models, with pressurised saltexdd the orientation @f; perpendicular to

the diapirs structural boundary.

7.1 Reactive Diapirs

The orientation o6, was rotated from the regional vertiealto an orientation that follows
parallel with the salt-sediment contact of the tewadiapirs. The stress follows the geometry
until the base of the diapir flanks; here the iotabccurs gradually transitions twa
orientation that is perpendicular with the baselagkr. A parallel orientation af; over the
diapir crest can indicate a zone of compressiowglver, once the movement within the
model was queried, it was discovered that therelittesto no movement over diapir crests,

suggesting that the horizontal stresses are isotemyg not under compression.

7.2 Active Diapirs

The orientation 061, in the models with active diapirism, is rotatetgendicular to the salt—
sediment contact of the diapirs. The orientationioivas also rotated perpendicular to the
base salt layer at depth. An analysis of the mowenvéhin the model shows that there was
uplift and extension above the diapir crests. Tlowement combined with the near vertical
o1 over the diapir crest infer that the overpresssatisimulated extension forced by the
active piercement of the diapirs. The lack of afitcent of friction given to the salt

sediment interaction of the models of active depiad an effect on the stress. This was most
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prevalent in the model of diapir 2, where the sraalbunt of available sliding was unable to

accommodate the displacement, causing compensaines of compression (Figure 6.10a).

The large difference in stress orientation betwkertwo diapiric styles emphasises the
importance of accurate seismic interpretation. irestt interpretation of diapiric style can

produce errors in the stress orientation of as nascd0 degrees.

8.0 Implications

8.1 Borehole Stability

The stress state of an area has implications fiehote stability. Weak sediments that are
subject to high isotropic stress are liable to emanically unstable around wellbores
(McLellan, 1994). Breakouts and drilling-inducedsge fractures (DITFs) occur when stress
magnitude anisotropy perpendicular to the wellbst@gher than the rock strength (Figure
2.7; Bell, 1996). Borehole breakouts may be mingdiby drilling in an orientation that
subjects the well to the least stress anisotropligtdnd Williams, 1993). Raising the mud
weight above pore fluid pressure levels will exedifferential pressure on the borehole wall

that limiting drilling induced tensile fracturesqéack et al., 1985).

In a regional extensional stress regime such a&titieof Mexico delta top, the greatest
stress anisotropy occurs between the verticals{sgs= 1) and the minimum horizontal
stress ¢umin = 03) (King et al., 2011). Therefore, the most stabéisvare drilled at an angle
in the plane with theymin and thesy that subjects the borehole to the least stres®@mapy

(Figure 8.1; Zhang, 1994; Peska and Zoback, 199&jzontal boreholes drilled toward the
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regionalopmax Orientation would be the least stable as theysabgect to the greatest stress

anisotropy (betweeay andoymin; Hillis and Williams, 1993).

The modelling results showed that the stress regim®unding the salt diapirs is complex
(Figure 6.2). Boreholes drilled adjacent to sadipitis that are within the region of the stress
deflections must be planned with respect to théediefd stress field and not the regional
stress field (Figure 8.2 and Figure 8.3). Figui8.a schematic representation of the
reactive diapir 4; with a; parallel to the salt-sediment contact of the diépic) and
perpendicular to the salt-sediment contact of #eel{a). The most stable drilling directions
for each stress orientation are represented instefrhorehole breakout stability diagrams

(Figures 8.2 g, b, ¢;,); and DITF stability diagrams (Figures 8 2.3, b, ., ¢, ;.). The

Ol
stress state over the base salt (a) of diapir 4hasy > 62 = oxmax (000°, 180°) >3 =

onmin (090°, 270°; a normal stress regime). Figuresa§,2and @, describes the most stable

borehole orientation when drilling over the badé (g is at a 45° angle in the planecgf
andoumin (000°, 180°). The stress state over the diapstdi® hass; = opmax(090°, 270°) >

o2 = oxmin; (000°, 180°) >3 = oy (a reverse fault stress regime). Figures §2amd B -

are borehole stability diagrams showing the magilstdrilling direction over the diapir
crest. The most stable drilling direction is att8 @ngle in the plane @, andoymin (000°,
180°). The stress state over the eastern diapik fl@) has an inclined; = oy (090°, 270°,
dipping 45° east) B2 = 6umax (000°, 180°) >3 = opmin (090°, 270°, dipping 45° east; an
inclined normal fault stress regiméjgures 8.2 ¢, and ¢, are wellbore stability diagrams
showing the most stable drilling direction over dastern flank of diapir 4. The most stable

drilling directions are vertical and horizontaltive plane oby andopmin (000°, 180°).
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Figure 8.3 is a schematic representation of thgeadiapir 1; with as; perpendicular to the
salt-sediment contact of the diapir (b, ¢) andshlke-sediment contact of the base (a). The
most stable drilling directions for each stresgmtation are represented in terms of borehole

breakout stability diagrams (Figures 8 3,&, ., ¢;); and DITF stability diagrams (Figures

o’
8.3 @ byrpr Coip)- The stress state over the base salt (aghasy > 62 = Gumax (000,

180°) >o3 = oumin (090°, 270°). Figures 8.3 aand g .. describe the most stable borehole

orientation when drilling over the base salt (d)eTost stable drilling direction is at a 45°
angle in the plane afy andopymin (000°, 180°). The stress state over the eastapirdlank

(b) has an inclined; = oy (090°, 270°, dipping 45° east)s> = 6ymax (000°, 180°) >o3 =

onmin (090°, 270°, dipping 45° wesfjigures 8.3 b, and b .- are wellbore stability diagrams
showing the most stable drilling direction over thestern diapir flank. The most stable
drilling directions are vertical and horizontaltive plane oby andoymin (000°, 180°). The
stress state over the diapir crest (¢) dwas oy > 62 = 6Hmax (000°, 180°) >o3 = 6Hmin (90°,

270°). Figures 8.3,¢ and ¢ are borehole stability diagrams showing the mtzdile

drilling direction over the diapir crest. The metdble drilling direction is at a 45° angle in

the plane oty andoymin (000°, 180°).

The most stable drilling direction in the regioeatensional setting at the delta top of the
Gulf of Mexico, with a stress state @ > 6Hmax> oumin (NOrmal stress regime), is at a dip of
45° in the plane ofy andopmin. However, Wells drilled adjacent to salt diaphattare

within the proximity of the stress deflections at#l most stable when oriented parallel to the
o1-03 plane at an angle that subjects the wells todhastistress anisotropy. Thus, wells must
be planned with respect to the deflected streks diled not the regional stress field (Figure
8.2, 8.3). The diapir type must be considered tigeasalt diapirs of the Gulf of Mexico,

there are stiffer than the surrounding rocks dukecoverpressure within the salt (Zhang,
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1994), deflect; perpendicular to the salt-sediment contact (Figug. Reactive salt diapirs
of the Gulf of Mexico act as bodies softer thangbeounding sediments, deflectiag

parallel to the salt-sediment contact (Figure 6.The proximity to the salt-sediment contact
of the diapirs influences the deflectionaaf Therefore, wells drilled near salt diapirs may no
be stable when drilled in one orientation; wellsynrestead have to follow a nonlinear path

determined by numerical models such as those sirélsiearch.
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11.0 Table Captions

Table 5.1

Seismic velocity model of the deltaic sedimentsrfithe delta top of the Gulf of Mexico.

Table 5.2
The density, Young’s Modulus and Poisson’s Ratedusr the salt and sediment parts of

each of the initial models.

Table 5.3
Density, Young's Modulus and Poisson’s Ratio usedHte salt and sediment parts of each

of the models of interpreted diapirs.

Table 5.4
Permeability, void ratio and pore fluid pressuredifor the salt and sediment parts of each of

the initial models.

Table 5.5
Permeability, void ratio and pore fluid pressuredifor the salt and sediment parts of each of

the models of interpreted diapirs.

Table 5.6
The Drucker-Prager yield criterion values inpubiatl models with Drucker-Prager

deformation.
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12.0 Figure Captions

Figure 2.1

The Gulf of Mexico is located offshore from the #wrn United States of America, the east
of Mexico and the west of Cuba. A) Bathymetric nohe Gulf of Mexico. Outlined is the
map area of Figure 2.8. B) The stratigraphy ofGudf of Mexico is dominated by several
thick Upper Jurassic to Pleistocene delta systhaisaverlay the Louann Salt (Peel et al.,

1995; Trudgill et al., 1999; Figure from King et,ah press).

Figure 2.2
A schematic representation of a variety of struadtpetroleum traps associated with salt

dome in the Gulf of Mexico (REF).

Figure 2.3
The mechanics of salt movement as described bysdaand Talbot (1986): A) Bouyancy
halokinesis; B) Differential loading halokinesis} Gravity spreading halokinesis; D)

Thermal convective halokinesis.

Figure 2.4

A) Schematic forward model of salt tectonics duniagional extension, constructed using
Geosec-2D (modified from Hudec and Jackson, 20thip salt layers are dominated by
normal growth faults and low-amplitude salt struetusuch as salt rollers. Thicker salt layers
will form reactive diapirs and with continued exdemn, subsequent diapir fall. B) Schematic

forward model of salt tectonics during regionalséoing, constructed using Geosec-2D
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(modified from Hudec and Jackson, 2007). The salttions mainly as a detachment for

large scale thrust faults, box fold anticlines aatl cored anticlines.

Figure 2.5

Diapir piercement and evolution during regionalesmsion: A) Pre-extension; B) Reactive
diapirism; C) Active diapirism; D) Passive diapmsand, E) Allocthonous sheet advance.
Diapirs do not necessarily progress through alhese stages. The maturity of a given
structure depends on availability of salt, totabamt of extension, and relative rates of
extension and sedimentation (Hudec and Jacksor, 20@dified from Vendeville and

Jackson, 1992a).

Figure 2.6

Schematic diagram of a delta deep-water fold thoeHtillustrating the linked extension and
compression. The delta top exhibits normal liggriewth faults reflecting a margin-parallel
maximum horizontal stress and the delta toe (opwater fold-thrust belts) exhibits
imbricate thrust sheets and associated fault-pretpagfolds reflecting a margin-normal

maximum horizontal stress orientation (from King3&cké, 2010).

Figure 2.7

A Vertical borehole cross-section of a well drilleto an extensional stress regime.
Borehole breakouts will develop perpendicular ® dhientation of maximum horizontal
stress. Drilling-induced tensile fractures will @ééyp parallel to the maximum horizontal

stress (REF).

Figure 2.8
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Map illustrating the maximum horizontal stress ota&ions across the Gulf of Mexico (Black
arrows: Yassir and Zerwer, 1997; White arrows: Kan@l., in press). The mean regional
maximum horizontal stress orientation is marginaflal, consistent with the idealised model
of a delta—deepwater fold-thrust belt (Figure 2flection of maximum horizontal stress
orientations from margin-parallel occurs where dapirs pierce the deltaic sediments at the
shelf edge break (REF). The maximum horizontakstmientations align parallel to the
interface between salt and sediment shown in dreasl 2 (insets; King et al., in press). The

Ship Shoal seismic survey area used in this relsesulughlighted in green.

Figure 2.9

A schematic plan view diagram that shows how thgimam principal stress is deflected by
contrasts in geomechanical properties. A) A stff body within softer sediments, the
orientation of maximum horizontal stress is deffelahormal to the salt-sediment contact. B)
A soft salt body within stiffer sediments, the oiti@ion of maximum horizontal stress is

deflected parallel to the salt-sediment contactl(B896a).

Figure 3.1
Seismic reflection data from the Ship Shoal suimeye Gulf of Mexico. The reflections are
interpreted as coming from the tops of geologiofations when there is a velocity contrast

between adjacent units.

Figure 3.2
Seismic reflection data of salt diapirs in the GaflMexico. The salt dome is represented by
the area of low amplitude, chaotic and unstructuediéctions; extending up from the bottom

of the section.
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Figure 3.3
A time slice at 1.0s of the seismic reflection daten the Ship Shoal survey. Amplitude is
represented in a grey colour scale. Salt is reptedéyy areas of low amplitude, chaotic and

unstructured reflections or ‘blank spots’.

Figure 3.4

A) Seismic reflection data of a salt diapir in Bleip Shoal survey area. The salt-sediment
horizon can only be followed part way across thetise. B) The gaps in the reflector can be
continued because the reflectors immediately aboseontinuous and parallel, and maintain

equal spacing over the gap.

Figure 3.5

Seismic reflection data of salt diapirs in the GaflMexico. The data has had a 45° phase
rotaion applied. This effectively makes reflectmrents correspond with strata rather than
with its top or bottom interface; effectively repemting seismic reflection events in a

lithostratigraphic sense (REF).

Figure 3.6

Salt diapirs from the Gulf of Mexico with an opaciiiter applied. A) The opacity filter

(green line), filters out attribute amplitudes.tBg result is an image of the seismic data with
all of the low amplitude reflections within the shiltered out leaving a dark spot/area that
represents the geometry of the salt diapir. Thésnsore accurate image than the standard

amplitude data.



62

Figure 3.7
A normal fault visualised in KingdoH{ VuPak extension using an oblique view. Fault plane
is highlighted red. Red arrows indicate fault thyawterpreted from displacement of the

seismic stratigraphy.

Figure 3.8
Seismic reflection data from the Gulf of MexicosArface or near-surface feature (e.g.

shallow gas) has produced a misleading anomalyghmasking deeper reflections.

Figure 3.9

Seismic reflection data of a salt diapir from thalf®f Mexico. The arrow identifies an
internal reflection within the salt. Internal reftens within the salt may result from: a
heterogeneous salt composition, a salt body deggbag multi-stage flow events or it may

represent the base of the salt body.

Figure 3.10
A) Schematic representation of a reactive diagie Tault blocks are relatively well
preserved during the reactive stage (REF). B) Exawmipa reactive diapir from the Gulf of

Mexico, in seismic section (Modified from Rowanaét 1999).

Figure 3.11

A) A schematic representation of an active diapthwa double flapped arching roof
(Modified from Schultz-Ela et al., 1993) B) Examjpliean active diapir with a double
flapped arching roof from seismic reflection d&&f). C) A schematic representation of

asymmetric active diapirism with a single flappedfr(Modified from Schultz-Ela et al.,
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1993) D) Interpretation of the salt diapir (REF),(Bie sedimentary overburden deformed to
an antiform shape above then diapir crest, norxtahsional faults radiate from the diapir

crest.

Figure 3.12

A) A schematic representation of a passive didpie diapir has breached the surface.
Surrounding sediments approach the diapir horizignfslodified form Hudec and Jackson,
2007). B) A schematic representation of a burieskp@& diapir (Modified form Hudec and
Jackson, 2007). C) Example of a buried passiverdiapn the Gulf of Mexico (Modified

from Hale et al., 1992).

Figure 3.13

The evolution of a salt diapir from a salt mounétsalt dome. As the mound matures into a
salt dome, salt is withdrawn into the growing draphich leads to a collapse of the flanking
sequence and thinning towards the original pilldtve salt withdrawal from the diapir flanks

is tracked from 1 to 5 (Modified from Cramez, 2006)

Figure 3.14
Turtle-back structures are strata mounded betwaédiapirs, having a flat base and rounded
crest created through the inversion of a structoralto a local high (Modified from Cramez,

2006).

Figure 4.1
Map of top Louann Salt interpreted from the Ship&I8D seismic survey in the Gulf of

Mexico (depth in TWT). Salt diapirs are labelle®.1-
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Figure 4.2
A perspective view from the North-East of the tafi depth (TWT) imaged in 3D using

Kingdom™ software VuPak extension.

Figure 4.3

A) Representative seismic reflection data sectiatiapir 1. B) Seismic section of diapir 1
with a 45° phase rotation filter applied, intergaefor: top salt-sediment contact (green),
deformation of the overlying sedeiments (blue) al faults (light yellow). Note the

clarity of stratigraphic units adjacent to the shétpir with 45° phase rotation applied.

Figure 4.4

A) Representative seismic reflection data sectiatiapir 2. B) Seismic section of diapir 2
with a 45° phase rotation filter applied, intergaefor: top salt-sediment contact (green),
deformation of the overlying sediments (blue) amchl faults (light pink). Note the clarity of

stratigraphic units adjacent to the salt diapihwib° phase rotation applied.

Figure 4.5

A) Representative seismic reflection data sectiatiapir 3. B) Seismic section of diapir 3
with a 45° phase rotation filter applied, interpaefor: top salt-sediment contact (green),
deformation of the overlying sedeiments (blue) kadl faults (light pink). Note the clarity

of stratigraphic units adjacent to the salt diapth 45° phase rotation applied.

Figure 4.6
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A) Representative seismic reflection data sectiatiapir 6. B) Seismic section of diapir 6
with a 45° phase rotation filter applied, interpietor: top salt-sediment contact (green),
deformation of the overlying sedeiments (blue) al faults (light brown). Note the clarity

of stratigraphic units adjacent to the salt diapth 45° phase rotation applied.

Figure 4.7

A) Representative seismic reflection data sectiaiapir 4. B) Seismic section of diapir 4
with a 45° phase rotation filter applied, intergaefor: top salt-sediment contact (green),
deformation of the overlying sedeiments (blue) adl faults (dark green). Note the clarity

of stratigraphic units adjacent to the salt diapth 45° phase rotation applied.

Figure 4.8

A) Representative seismic reflection data sectiatiapir 1. B) Seismic section of diapir 5
with a 45° phase rotation filter applied, intergaefor: top salt-sediment contact (green),

deformation of the overlying sedeiments (blue) al faults (white). Note the clarity of

stratigraphic units adjacent to the salt diapihwib° phase rotation applied.

Figure 4.9
Currie’s (1956) model of active diapirism forcingtension above the diapir crest. The
extension produced by the normal faulting is highan the apparent shortening produced by

the piston uplift.

Figure 4.10
A time slice section of the seismic reflection adr 1 area at 1 second. Faults are

highlighted in red. The extension above the diapasts creates radial normal-faults, which
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extend the overburden in order to fill the spa@ated by salt withdrawal from the diapir

flanks.

Figure 4.11
A depth section with a 3 times vertical exaggerafrom the Sigsbee Escarpment in the
Mississippi Fan Delta of the Gulf of Mexico. A largllochthonous salt sheet is present at a

depth of 3-5km. The Louann Salt layer is at deptha5 — 10km.

Figure 5.1
Model dimensions. The left and right boundariesath model are each 100km away from
the central diapir. The model is 20km deep sotti@base is approximately ~15km deeper

than the sediments{x the width of the diapir,3/= the height of the diapir).

Figure 5.2
Set 1: The dimensions of the initial models. A) Mba; B) Model 3; C) Model 4; D) Models

5 — 13 (¥ = the width of the diapir, y= the height of the diapir).

Figure 5.3
Set 2: The dimensions of the interpreted diapir esdActive diapirs: A) Diapir 1; B) Diapir
2; C) Diapir 3; D) Diapir 6. Reactive Diapirs: E)dpir 4; F) Diapir 4 (¥ = the width of the

diapir, y, = the height of the diapir).

Figure 5.4
The top salt in the study area did not reach depitiisseconds (TWT) and the influence on

the depth conversion by the water depth in the@esivas negligible. Therefore, the
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sections could be simply traced then stretchedrdoggpto equation 1. A) Interpreted seismic
section of diapir 1 with a 45° phase rotation. BeTBalt-sediment contact is traced. C) The

Salt sediment contact is stretched to 1:1 verggalygerated dimensions.

Figure 5.5
The density-depth pairs of Gulf of Mexico sedimeamdsd for the density gradient of the

sediment part. Well data was compiled by Fairchitd Nelson (1989)

Figure 5.6
Assembly of the model diapir 1. A) The salt (belamd sediments (above) parts. B) The two

parts are assembled with a perfect fit.

Figure 5.7
The distributed gravity load of -9.81svas applied the model Diapir 1. Black arrows

indicate the direction of the load.

Figure 5.8

The boundary conditions of the model diapir 1. Vadical sides of the model were
completely restricted in their ability to rotatedamove laterally. The base of the model was
completely restricted in its ability to rotate amdve vertically. The top surface was allowed

to deform freely.

Figure 5.9
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A) The mesh applied to the model diapir 1. Theelog view (B) is outlined in black. B)
Close up view of the mesh size and distributiom@urding the diapir of the model diapir 1.

The salt-sediment contact is delineated by thegadine.

Figure 5.10
Mohr circle diagrams illustrating the effects ofieasing pore fluid pressure (overpressure)
and decreasing pore fluid pressure (depletionpok failure, assuming that the total normal

stress is not affected by changes in pore fluidguee (Modified from Hillis, 2000).

Figure 5.11
A gradient of 12MPa/km was used for the pore fluidssure of the sediments. The gradient
falls within the envelope created by the hydrostgtadient (9.81MPa/km) and the lithostatic

gradient (24.5MPa/km; Dutta, 1997).

Figure 5.12
The shear stress vs. shear strain graph of thedaloint for the sandstone used to represent
the sediments of the Gulf of Mexico (Ord et al.91Q The Drucker—Prager yield criterion

refers to the point at which deformation changemfelastic to plastic.

Figure 6.1
Stress orientations and magnitudes were visuasis@dnsors. The black symbols represent
o1. The magnitude is proportional to the length @f tnsor. White lines outline the model

elements, the intersections are nodes.

Figure 6.2
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A) Stress orientation and magnitude results for @@@d The orientation af; (Black) within
the sediments is deflected from vertical to be lpelren the salt-sediment contact of the salt

diapir.

Figure 6.3

A) Stress orientation and magnitude results for ehdd The orientation af; (Black) within

the sediments is deflected from vertical to be lpelren the salt-sediment contact of the salt
diapir. B) Close up view of the stress orienta@on magnitude results of the salt-sediments

contact of model 4’s diapir crest.

Figure 6.4

A) Stress orientation and magnitude results fortéiediapir of model 5. The orientation of

o1 (Black) within the sediments is deflected fromtiead to be parallel to the salt-sediment
contact of the salt diapir. B) Close up view of #tieess orientation and magnitude results of
the salt-sediments contact of tall diapir's cr€tStress orientation and magnitude results for
the deep diapir of model 5. The orientatiorso{Black) within the sediments is deflected
from vertical to be parallel to the salt-sedimemttact of the salt diapir. D) Close up view of
the stress orientation and magnitude results o$dftesediments contact of the deep diapir’s

crest.

Figure 6.5
A) Stress orientation and magnitude results fortéllediapir of model 13. The orientation of
o1 (Black) within the sediments is deflected fromtical to be parallel to the salt-sediment

contact of the salt diapir. B) Close up view of #tieess orientation and magnitude results of
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the salt-sediments contact of tall diapir's cr€tStress orientation and magnitude results for
the deep diapir of model 13. The orientatiomp{Black) within the sediments is deflected
from vertical to be parallel to the salt-sedimemttact of the salt diapir. D) Close up view of
the stress orientation and magnitude results o$dftesediments contact of the deep diapir’s

crest.

Figure 6.6

A) Colour contour representation of the pore flprdssure results for the model diapir 1. A
pressure gradient of 10MPa/km was given to thepsattof active diapir models. The
pressure decreases with depth so that it can bdained within the rigid boundary

conditions. B) Close up of the pressurised sahiwithe diapir.

Figure 6.7
Colour contour representation of the vertical dispment results for the model diapir 1.

Uplift above the diapir crest is consistent withaantive diapir.

Figure 6.8
A) The salt-sediment contact of diapir 1. The diadion ofc; within the sediments is

deflected from vertical to be normal to the saltiseent contact.

Figure 6.9

A) Stress orientation and magnitude results fomtioelel diapir 1. The orientation 6f

(Black) within the sediments is deflected from ek to be normal to the salt-sediment
contact of the salt diapir. B) Close up view of #tieess orientation and magnitude results of

the salt-sediments contact of crest of diapir 1.
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Figure 6.10

A) Stress orientation and magnitude results fomtloelel diapir 2. The orientation 6f

(Black) within the sediments is deflected from et to be normal to the salt-sediment
contact of the salt diapir. B) Close up view of #tieess orientation and magnitude results of

the salt-sediments contact of crest of diapir 2.

Figure 6.11

A) Stress orientation and magnitude results fomtloelel diapirs 3 and 6. The orientation of
o1 (Black) within the sediments is deflected fromtigad to be normal to the salt-sediment
contact of the salt diapirs. B) Close up view & gtress orientation and magnitude results of

the salt-sediments contact of crest of diapirs 3.

Figure 6.12

A) Stress orientation and magnitude results fomtloelel diapir 6. The orientation 6f

(Black) within the sediments is deflected from et to be normal to the salt-sediment
contact of the salt diapir. B) Close up view of #tieess orientation and magnitude results of

the salt-sediments contact of crest of diapir 6.

Figure 6.13

A) Colour contour representation of the pore flprdssure results for the model diapir 4. A
pressure gradient, increasing with depth, of 12Matas given to the sediments part of
reactive diapir models. B) Close up of the overpuesd sediments surrounding the salt

diapir.
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Figure 6.14

Colour contour section of the vertical displacenrestlts for the model diapir 4.

The overburden directly above the diaper crediiscsconsistent with reactive diapirism.
The displacement over the diapir flanks is likelyegponse to the differing thickness of the

sediment part either side of the diapir applyinffedent loads.

Figure 6.15
A) The salt-sediment contact of diapir 4. The diaion ofc; within the sediments is

deflected from vertical to be normal to the saltiseent contact.

Figure 6.16

A) Stress orientation and magnitude results fomtloelel diapir 4. The orientation 6f

(Black) within the sediments is deflected paraitethe salt-sediment contact of the salt
diapir. B) Close up view of the stress orienta@on magnitude results of the salt-sediments

contact of crest of diapir 4.

Figure 6.17

A) Stress orientation and magnitude results fomtloelel diapir 5. The orientation 6f

(Black) within the sediments is deflected from ek to be parallel to the salt-sediment
contact of the salt diapir flanks and edges ofctlest. However, over the crest is a wide flat
area that responds as if it was a base salt IBy&Zlose up view of the stress orientation and
magnitude results of the salt-sediments contatlie@entire crest of diapir 5. C) Close up
view of the stress orientation and magnitude resafithe salt-sediments contact of the
western side of the crest. D) Close up view ofdiness orientation and magnitude results of

the salt-sediments contact of the eastern sideeotitest.
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Figure 8.1

A) Borehole breakout stability diagram for an exienal stress regime with a maximum
horizontal stress orientation of 090°. The mosblstdrilling directions are coloured blue and
the least stable in red. B) Drilling induced teadiacture stability diagram for an extensional
stress regime with &ymax Orientation of 090°. The most stable drilling dtiens are

coloured blue and the least stable in red.

Figure 8.2
Schematic representation of diapir 4 and the steggme: a. over the base salt layer; b.

directly above the diapir crest; c. over the Easteapir flank. g, b, and ¢, are borehole

breakout stability diagrams; a_, b, .- and ¢ .- are drilling induced tensile fracture

ITF
diagrams; that correspond to the 3 stress reginbesna c. The most stable drilling direction

is coloured blue; the least stable is coloured red.

Figure 8.3
Schematic representation of diapir 1 and the stexgme: a. over the base salt layer; b.

directly above the diapir crest; c. over the Eastiapir flank. g, b, and ¢, are borehole

breakout stability diagrams;a_, b, .- and ¢ .- are drilling induced tensile fracture

ITF
diagrams; that correspond to the 3 stress reginbesnal c. The most stable drilling direction

is coloured blue; the least stable is coloured red.
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13.0 Tables
Stratigraphy Time (s) Internal velocity (m/s)
Sea water 0-0.073 1500
Deltaic sediments 0.073-7 2500
Deep sediments 7+ 4500
Table 5.1
Young's Modulus
Model Model part Density kg/m3 Poisson's Ratio
(GPa)
2, Salt 2200 3.1 0.3
Sediments 2400 34 0.3
3, Salt 2200 3.1 0.3
Sediments 2400 34 0.3
4, Salt 2200 3.1 0.3
Sediments 2400 34 0.3
5, Salt 2200 3.1 0.3
Sediments 2400 34 0.3
7, Salt 2200 3.1 0.3
Sediments 2400 34 0.3
9 Salt 2200 3.1 0.3
Sediments 2400 34 0.3
10, Salt 2200 3.1 0.3
Sediments P =1400 + 172 34 0.3
11, Salt 2200 3.1 0.3
Sediments P =1400 + 172 34 0.3
13, Salt 2200 3.1 0.3
Sediments P = 1400 + 172 34 0.3

Table 5.2
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Young's Modulus

Model Model part Density kg/m3 Poisson's Ratio
(GPa)

Salt 2200 3.1 0.3

diapir_1
Sediments P = 1400 + 1724 34 0.3
Salt 2200 3.1 0.3

diapir_2
Sediments P = 1400 + 1724 34 0.3
Salt 2200 3.1 0.3

diapir_3a6

Sediments P = 1400 + 1724 34 0.3
Salt 2200 3.1 0.3

diapir_4
Sediments P = 1400 + 1724 34 0.3
Salt 2200 3.1 0.3

diapir_5
Sediments P = 1400 + 172 34 0.3

Table 5.3



Permeability (v,

Pore Fluid Pressurg¢

Model Void ratio
darcy) (Pa)
2, 1 0.5 R
1 0.25 17000xd
3, 1 0.5 -
1 0.25 Failed
4, 1 0.5 -
1 0.25 17000xd
5, 1 0.5 -
1 0.25 17000xd
7, 1 0.5 -
1 0.25 Failed
9 1 0.5 -
1 0.25 9800-22000xd
10, 1 0.5 -
1 0.25 12000xd+w
11, 1 0.5 -
1 0.25 12000xd+w
13, 1 0.5 -
1 0.25 12000xd+w

Table 5.4
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Permeability (v, Pore Fluid Pressuré¢
Model Void ratio
darcy) (Pa)
1 0.5 -
diapir_1
1 0.25 12000xd+w
1 0.5 -
diapir_2
1 0.25 12000xd+w
1 0.5 -
diapir_3a6
1 0.25 12000xd+w
1 0.5 -
diapir_4
1 0.25 12000xd+w
1 0.5 -
diapir_5
1 0.25 12000xd+w
Table 5.5
Yield Stress Strain
2.00E+08 0.00E+0(
3.30E+08 0.007%
4.30E+08 0.01
5.00E+08 0.011

Table 5.6
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