Stress deflections around salt diapirs in the Gulf of Mexico
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Abstract: Delta—deepwater fold—thrust belts are linked systems of extension and compression.
Margin-parallel maximum horizontal stresses (extension) on the delta top are generated by grav-
itational collapse of accumulating sediment, and drive downdip margin-normal maximum horizon-
tal stresses (compression) in the deepwater fold—thrust belt (or delta toe). This maximum
horizontal stress rotation has been observed in a number of delta systems. Maximum horizontal
stress orientations, determined from 32 petroleum wells in the Gulf of Mexico, are broadly
margin-parallel on the delta top with a mean orientation of 060 and a standard deviation of 49°.
However, several orientations show up to 60° deflection from the regional margin-parallel orien-
tation. Three-dimensional (3D) seismic data from the Gulf of Mexico delta top demonstrate the
presence of salt diapirs piercing the overlying deltaic sediments. These salt diapirs are adjacent
to wells (within 500 m) that demonstrate deflected stress orientations. The maximum horizontal
stresses are deflected to become parallel to the interface between the salt and sediment. Two
cases are presented that account for the alignment of maximum horizontal stresses parallel to
this interface: (1) the contrast between geomechanical properties of the deltaic sediments and adja-
cent salt diapirs; and (2) gravitational collapse of deltaic sediments down the flanks of salt diapirs.

In many regions worldwide oy orientations are par-
allel or subparallel to absolute plate velocity vectors
and ridge torques, for example, North America,
South America and Western Europe (Richardson
1992; Zoback 1992). First-order intraplate stress
patterns (wavelengths >1000 km) are therefore a
result of large-scale plate boundary forces (e.g.
ridge push, slab pull). The stress field generated by
plate boundary forces are superimposed on major
intra-plate sources of stress (gravitational forces
imparted by mountain belts; lithospheric flexure)
to generate the second-order stress pattern (wave-
lengths 100-500 km; Zoback 1992). However,
recent years has seen significant advance in the
understanding of short-wavelength (<100 km)
third-order stress fields observed at the reservoir-,
field- and basin-scale in sedimentary basins gener-
ated by local effects (e.g. topography, sediment
loading, glacial rebound, elastic dislocation from
large faults, overpressure generation, buckling,
asperities on fault planes and lateral density con-
trasts; Bell 1996; Tingay et al. 2006; Heidbach
et al. 2007; MacDonald et al. 2012). It is the relative

magnitudes of the sources of stress that define the
dominant stress regime in a given region (Zoback
1992; Bell 1996; Tingay et al. 2006). For example,
a local stress source may induce large differential
stresses that override the regional (far-field) stress
source so that third-order stress patterns dominate
in the area (e.g. Sonder 1990; Bell 1996; King
et al. 2010a). Alternatively, a local stress source
with low differential stresses may still affect stress
orientations in regions where a layer with low
shear strength (e.g. a detachment at the base of a
delta system or a salt horizon) prevents the transfer
of regional far-field stresses into layers where mea-
surements are taken (Tingay ef al. 2011; Bell 1996;
King et al. 20100).

Delta—deepwater fold—thrust belts (DDWFTBs)
are linked systems of extension and compression
(Morley 2003; Rowan et al. 2004; King et al. 2009;
Fig. 1). Gravitational potential of accumulating
sediment on the delta top generates margin-parallel
maximum horizontal stress (o) orientations (exten-
sion), which are marked by margin-parallel-striking
normal growth faults and have listric shapes (Mandl
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Fig. 1. Schematic diagram of a delta—deepwater fold—thrust belt illustrating the linked extension and compression. The
delta top exhibits normal listric growth faults marking a margin-parallel maximum horizontal stress, and the delta toe
(or deepwater fold—thrust belts) exhibits imbricate thrust sheets and associated fault-propagation folds marking a
margin-normal maximum horizontal stress orientation (from King & Backé 2010).

& Crans 1981; Yassir & Zerwer 1997; King et al. 2009;
Fig. 1). These extensional stresses drive downdip
margin-normal oy orientations in the deepwater
fold—thrust belt (or delta toe; compression), which
are marked by margin-parallel-striking stacked
thrust sheets and associated folds (Tingay et al.
2005; King et al. 2009; Fig. 1). However, the lobe
shape of delta systems results in strike-slip stress
regimes and associated structures at the outermost
lateral margins of the systems (Peel et al. 1995).
Present-day maximum horizontal stress orientations
in the onshore Gulf Coast region display a clear
margin-parallel trend (Tingay et al. 2006). How-
ever, margin-parallel oy orientations in the delta
top region of the Gulf of Mexico, offshore Louisi-
ana, demonstrate significant deflections from the
expected margin-parallel oy orientations (Yassir
& Zerwer 1997).

Maximum horizontal stress orientations in the
Gulf of Mexico, offshore Louisiana, are third-order
oy orientations generated by the gravitational
potential of the accumulating sediment in the delta
systems. However, many of these third-order oy
orientations are deflected around salt diapirs that
are considered to be caused by the contrast
between the geomechanical properties of the salt
and adjacent clastic deltaic sediments (Bell 1996;
Yassir & Zerwer 1997). However, the Gulf of
Mexico stress analysis conducted by Yassir and
Zerwer (1997) was primarily a two-dimensional
study using only the map pattern of oy orientations
and does not account for the vertical changes in
geomechanical properties or diapir shape. In this
paper, we present 5 new oy orientations determined
from 8 petroleum wells. We present a 3D model of

the deflected oy orientations around a salt diapir,
demonstrating changes in the orientations both lat-
erally and vertically, and discuss the causes of
these deflections.

Geological setting: the Gulf of Mexico

The Gulf of Mexico is one of the world’s foremost
petroleum provinces, and is located offshore the
southern USA at 19-30°N and —83 to —97°W
(Fig. 2a). Water depths in the Gulf of Mexico
range from several metres around the coasts to
more than 2000 m in the deep central parts. Much
of the petroleum exploration has been focused
on the shallow-water petroleum-rich delta top
(Trudgill et al. 1999). Exploration focus shifted in
the last decade to the deep water, as major discov-
eries in the deepwater fold—thrust belts were made
(Trudgill et al. 1999). However, exploration and
major reserve development programs continue in
both the delta top and deepwater fold—thrust belt
regions at present day.

The Gulf of Mexico is composed of several
Upper Jurassic—Pleistocene delta systems that pro-
graded from the north and west sourced by the
Rio Grande (Galloway 1989; Fiduk er al. 1999;
Fig. 2a). The delta systems sit on and above the
Middle Jurassic Louann Salt, which is extensive
across the northern Gulf of Mexico but is absent in
the Mexican Ridges area (Peel et al. 1995; Trudgill
et al. 1999). The Louann Salt forms the regional
detachment zone beneath the deltaic sediments,
with the majority of normal faults and thrust faults
detaching at this level (Worrall & Snelson 1989;
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Fig. 2. (a) Location map of the Gulf of Mexico, offshore southern USA. Black box outlines the study area shown in
Figure 4. (b) Mesozoic—Cenozoic tectonostratigraphy of the Gulf of Mexico (from Rowan 1997).

Wu et al. 1990; Rowan 1997; Fig. 1). Syn-rift sedi-
ments deposited on the rifted basement underlie the
Louann Salt, but these are not well studied (Trudgill
et al. 1999).

The post-salt stratigraphy can be divided into
four broad sequences that demonstrate the evolution
of the Gulf of Mexico from a shallow rifted margin
in the Upper Jurassic—Early Cretaceous which con-
tinually subsided throughout the Late Cretaceous
and into the Cenozoic to form the present-day
shelf to basin-floor profile (Rowan 1997; Fiduk
et al. 1999; Fig. 2). The carbonate Challenger and
Campeche sequences demonstrate shallow marine
environments across the Gulf of Mexico, but tran-
sition to deep marine in the present-day deepwater
region during the Late Cretaceous (Weimer 1990;
Feng & Buffler 1991; Rowan 1997; Fig. 2). The
Palacocene Mexican Ridges sequence is composed
of deltaic sands on the present-day delta-top
region and deepwater carbonates and turbidites in
the present-day deepwater; the latter demonstrates
bypass of deltaic sands to the basin floor (Weimer
1990; Feng & Buffler 1991; Rowan 1997; Fig. 2).
The final sequence (the Palaeogene Mississippi
Fan sequence) is a series of deltaic sands deposited
on the present-day delta-top region and a deepwater
turbidite sequence. This sequence is made up of
several delta lobes (Weimer 1990; Feng & Buffler
1991; Rowan 1997; Fig. 2).

The accumulating sediment deformed by gravity
sliding has resulted in a complex array of margin-
parallel normal faults observed on the shelf,

consistent with delta-top extension (Rowan 1997).
Three fold—thrust belts generated by the updip
extension are recognized in the deepwater: the Mis-
sissippi Fan Fold Belt, Perdido Fold Belt and the
Mexican Ridges Fold Belt (Trudgill et al. 1999;
Fig. 2a). It is therefore expected that oy orientations
should rotate from margin-parallel on the delta
top (marked by the margin-parallel normal faults)
to margin-normal in the deepwater (marked by
the imbricate thrust sheets) (e.g. King et al. 2009;
Fig. 1).

Analysis of stress orientations in the Gulf
of Mexico

Image logs and high-resolution dipmeter logs from
40 petroleum wells across the Gulf of Mexico
were used to identify borehole failure and therefore
determine the orientation of oy in 32 wells (this
study; Yassir & Zerwer 1997). The orientation of
oy can be determined from stress-induced com-
pressive or tensile failure of the borehole wall,
known as borehole breakout and drilling-induced
tensile fractures (DITFs), respectively (Bell 1996;
Fig. 3a).

Borehole failure

Borehole breakouts are a stress-induced elongation
of the borehole cross-section. The presence of an
open wellbore causes a localized perturbation of
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Fig. 3. (a) Borehole breakouts and drilling-induced tensile fractures observed on (b) dipmeter logs and (c) image logs
can be used to determine the orientation of the maximum and minimum horizontal stresses (King ez al. 2008). HDT,
high-resolution dipmeter tool; FMI, formation micro-imaging tool; DITF, drilling-induced tensile fractures.

stresses in the vicinity of the borehole (Kirsch
1898). Borehole breakouts form when the maxi-
mum circumferential stress at the borehole wall
exceeds the compressive rock strength, resulting in
compressive failure and spalling of the borehole
wall (Bell 1996). The circumferential stress is a
function of the magnitude and anisotropy of oy
and the minimum horizontal stress (o},) in vertical
wells, with the maximum circumferential stress
(and thus breakouts) developing perpendicular to
the orientation of oy (e.g. Kirsch 1898; Bell &
Gough 1979; Fig. 3a). Drilling-induced tensile frac-
tures form due to tensile failure at the borehole wall
when the minimum circumferential stress is less
than the tensile strength of the borehole wall
(Aadnoy & Bell 1998). Drilling-induced tensile
fractures form parallel to the present-day oy

orientation in vertical wells (Bell 1996; Brudy &
Zoback 1999; Fig. 3a).

Borehole breakouts and DITFs may not directly
yield the tectonic stress orientation in highly devi-
ated boreholes due to the complex stresses that
form around a borehole not oriented parallel to a
principal stress (Mastin 1988; Peska & Zoback
1995). Hence, appropriate corrections to the orien-
tations of borehole breakouts interpreted on the dip-
meter or image logs were required in wells that were
not vertical (after Peska & Zoback 1995).

Log interpretation

Resistivity image logs were used to interpret
borehole breakout and DITF orientations in six pet-
roleum wells. Borehole breakout orientations were
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analysed from four-arm high-resolution dipmeter
tools (composed of two pairs of calipers) in a fur-
ther two petroleum wells in this study. Eight wells
were combined with breakout orientations ana-
lysed from 27 wells by Yassir & Zerwer (1997).
High-resolution dipmeter tools record borehole
diameters in two orthogonal directions so borehole
elongations, such as borehole breakouts, can be
identified (Fig. 3b). The criteria used to successfully
identify borehole breakouts on dipmeter logs are as
follows (after Plumb & Hickman 1985).

e The rotation of the tool stops in the zone of
elongation. The tool should rotate before and
after the elongation. However, in zones of
several small breakouts, the rotation may
terminate completely.

¢ The difference recorded between the two arms of
the calipers is >6 mm.

e The length (along the borehole axis) of the
elongation is >1.5 m.

e The largest caliper should be extended greater
than the drill bit size.

e The smallest caliper should not be significantly
greater than the drill bit size.

Care is required when analysing dipmeter logs, so
that borehole enlargements not related to stress
(e.g. washouts or key seating) are not confused
with borehole breakouts (e.g. Hillis & Williams
1993). Drilling-induced tensile fractures cannot be
identified on dipmeter logs because they do not
generally create borehole elongation.

Formation micro-image (FMI) and formation
micro-scanning tools (FMS) produce an image of
resistivity contrasts at the borehole wall (Ekstrom
et al. 1987). The images show sedimentological,
lithological and structural features such as cross-
bedding and natural fractures. The images also
exhibit drilling-related features such as tool marks,
borehole breakout and DITFs. Borehole breakouts
appear on resistivity image logs (in water-based
muds) as pairs of conductive (dark) poorly resolved
zones separated by 180°, and typically also exhibit
caliper enlargement in the breakout direction
(Fig. 3c). Drilling-induced tensile fractures appear
on resistivity image logs as pairs of discontinuous,
vertical, conductive (dark) fractures separated by
180° (Fig. 3c; Aadnoy & Bell 1998; Barton 2000).

Quality ranking stress orientations

The oy orientation for each well analysed in this
study has been quality ranked in accordance with
the standard World Stress Map quality ranking sys-
tem (Table 1). The World Stress Map ranking
system is based on the total number, the standard
deviation and the total length of the stress indicators
observed (Sperner et al. 2003; Heidbach et al. 2010;

Table 1). The ranks are from A to E, with A being the
highest quality and E the lowest (Table 1). Orien-
tations that rank A—C are considered as reliable
stress orientations for investigating primary stress
fields under the World Stress Map ranking system
(Zoback 1992). However, more recent studies in
Cenozoic basins have argued that D-quality stress
orientations can also provide important information,
particularly when analysing third-order stress pat-
terns or when multiple D-quality stress orientations
are observed in close proximity (Tingay et al.
2010). Indeed, Yassir & Zerwer (1997) themselves
presented an alternative ranking system for their
work in the Gulf of Mexico, which locally ranked
World Stress Map D-quality indicators as B and C
quality. However, all stress orientations presented
in Figure 4 are ranked according to the World
Stress Map criteria (Sperner et al. 2003; Heidbach
et al. 2010; Table 1).

New stress orientations in the Gulf of Mexico

Eight new petroleum wells have been analysed from
the Gulf of Mexico in this study. All wells are
located on the shelf within the delta-top region
(Fig. 4). In total, 28 borehole breakouts and no
DITFs were identified in the eight wells. The
mean oy orientations from borehole breakouts
were quality ranked with B- or C-quality stress
orientations observed in two wells, D-quality orien-
tations in three wells and the remaining three wells
being ranked as E-quality (Table 2). The mean east—
west oy orientation from these wells matches the
expected margin-parallel oy orientation on the
delta top of the idealized DDWFTB model (Fig. 1;
Table 3). Indeed, oy orientations determined from
wells 1, 2, 3 and 5 are all oriented subparallel to
the Louisiana coastline, suggesting a typical delta-
top margin-parallel oy orientation (Fig. 4).

The oy orientations determined from five pet-
roleum wells of the eight examined here (Table 2)
have been combined with oy orientations deter-
mined from 27 petroleum wells presented by
Yassir & Zerwer (1997; Fig. 4). Table 3 presents the
regional mean oy orientations determined for wells
ranked A—C quality (considered reliable stress indi-
cators; Zoback 1992) and for wells ranked A-D
quality. Both studies suggest that present-day oy
orientations on the delta top are oriented margin-
parallel and are consistent with the stress field gen-
erated in the shelfal sections of a DDWFTB (Figs 1
& 4). All of the stress orientations presented in this
study, including those from Yassir and Zerwer
(1997), exhibited significantly high standard devi-
ations in breakout orientations within each individ-
ual well. The high degree of scatter in borehole
breakout orientations within individual wells is
partially due to a combination of factors, such as
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Table 1. The World Stress Map quality ranking system for four- and six-arm high-resolution dipmeter logs
(Sperner et al. 2003) and resistivity and acoustic image logs (Heidbach et al. 2010)

A quality B quality C quality D quality E quality

World Stress Map quality ranking system for four- and six-arm high resolution dipmeter logs

No. borehole breakout >10 >6 >4 <4 0
Standard deviation (°) <12 <20 <25 >25 -
Combined length (m) >300 >100 >30 <30 -
World Stress Map quality ranking system for resistivity or acoustic image logs

No. borehole breakout/DITFs >10 >6 >4 <4 0
Standard deviation (°) <12 <20 <25 >25 -
Combined length (m) >100 >40 >20 <20 -

the use of poorer quality four-arm caliper data in
most wells. However, it is important to note that
many wells exhibiting scattered breakout orien-
tations are located on the shelf edge and slope
where many salt diapirs are located (Yassir &
Zerwer 1997).

Stress deflections in the Gulf of Mexico

Yassir & Zerwer (1997) identified several oy orien-
tations that were not consistent with the expected
margin-parallel orientation (Fig. 4). In this study,
the oy orientation of 036 observed in well 4 is not
consistent with this margin-parallel oy orientation
(Fig. 4). Yassir & Zerwer (1997) identified that oy

orientations were deflected away from the regional
margin-parallel orientation near the interface bet-
ween a salt diapir and the adjacent deltaic sediments
(Fig. 4, areas 1 and 2). They hypothesized that the
contrast in geomechanical properties between the
salt and adjacent deltaic sediments resulted in oy
orientations becoming locally rotated subparallel to
the interface between the salt and the sediment
(Bell 1996; Yassir & Zerwer 1997). The salt—
sediment boundary is a surface that can sustain only
avery weak shear force; principal stress azimuths are
therefore deflected subparallel/subnormal to the
salt—sediment interface (Davis & Engelder 1985).
Yassir & Zerwer’s (1997) interpretations were
made using oy orientations determined from well

Table 2. Maximum horizontal stress orientations determined in this study for 8 petroleum wells from the Gulf
of Mexico, including the log type used for analysis, depth of tool run and the quality rank according to the

World Stress Map quality ranking system (Table 1)

Well Water Tool Vertical Tool Runb oy No. of Total length Standard Quality
depth well (m bsl) orientation stress  of indicators deviation
(m) deviation indicator (m) ©)

1 OCS-G 01666 145 FMI 60° to 030 1835-2143 100 9 46 18 B
018 STO1
BP0O

2 OCS-G 1249 34 HDT <18° 758-2192 090 7 55 08
B-6ST2

3 OCS-G - FMI <8° 2582-3531 093 6 15 28
00244F-1

4 OCS-G 13 HDT <25° 1800-2169 036 3 42 12 D
026#P-40
ST1

5 OSC-G 6 FMI <9° 1975-2840 102 3 11 15 D
0310#201

6 OCS-G 01959 48 FMI - 1067-3147 - 0 - - E
A015
STO1BP0OO

7 OCS-G 0390 14 FMI - 4175-4328 - 0 - - E
040 STOO
BPO1

8 OCS-G 0392 -  FMI - 1113-3764 - 0 - - E

#Y29
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Table 3. Mean maximum horizontal stress orientations determined for A—C and A—D
quality ranked wells from this study and Yassir & Zerwer (1997)

Quality No. of wells oy orientation Standard deviation (°)

Data from this study

A-C 2 095 05
A-D 5 089 24
Data from Yassir & Zerwer (1997)

A-C 11 039 49
A-D 27 043 51
Combined Data (this study and Yassir & Zerwer 1997)

A-C 13 061 52
A-D 32 060 51

logs at depth combined with seafloor topography
(e.g. areas 1 and 2 illustrated on Fig. 4) and there-
fore do not appreciate the 3D nature of the system.
Here, we use time slices at 1 and 2 s from the Ship
Shoal 3D seismic cube to demonstrate that the

30°N

28°N

Ship Shoal 30

Oy Orientations
=p-4— AQualty
—p¢— BOQually
sgeNL —»e- COualty
-+ DQuality
* EQualty

hypothesized rotations in the stress field adjacent
to salt diapirs are also accurate when depth is
considered.

Salt diapirs in the Ship Shoal 3D seismic cube
are considered to be active or passive salt diapirs

-88°W

-90°W

Fig. 4. Map illustrating the maximum horizontal stress orientations across the Gulf of Mexico (black arrows: Yassir &
Zerwer 1997; white arrows: this study). The mean regional maximum horizontal stress orientation of 060 (standard

deviation 51°) for all 27 A-D indicators is margin-parallel, consistent with the idealized model of a delta—deepwater
fold—thrust belt (Fig. 1). Deflection of maximum horizontal stress orientations from margin-parallel occurs where salt
diapirs pierce the deltaic sediments. The maximum horizontal stress orientations align parallel to the interface between

salt and sediment, shown in areas 1 and 2.
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(after Jackson et al. 1994). Active salt diapirs rise
into overlying sediment by force, and are often
associated with crestal collapse structures (Jackson
et al. 1994). Passive diapirs rise by bouyancy into
the overlying sediments and are accommodated
without force; they therefore do not demonstrate
any crestal collapse (Jackson et al. 1994). The salt
diapirs have generated significant seafloor topo-
graphy (Fig. 4). Time slices taken from at 1 and 2 s
illustrate the shape of the salt diapirs at depth as
conical structures with broad bases and narrow,
domal crests (Fig. 5a, b). Figure 5 illustrates that
salt diapir 1 becomes broader towards the east and
west at depth and salt diapir 2 is elongated towards
the north with increasing depth. Predictions of oy
orientations at different depths around salt diapirs
can be made using the time slices, following the
hypothesis of Yassir & Zerwer (1997) that oy
orientations are locally aligned subparallel to the
interface between the salt diapirs and the adjacent
deltaic sediments (Fig. 5a, b). At shallow depths,
oy orientations are likely to deflect from the regional
margin-parallel orientations over narrow areas
which are associated with the narrow crests of
salt diapirs (e.g. Fig. 5a). At greater depths, oy orien-
tations are likely to deflect from the regional margin-
parallel orientations over broader areas which are

associated with the salt diapirs broad bases (e.g.
Fig. 5b). Stress orientations in individual wells are
consistent with depth and amount of lithification
within deltaic sediments. This suggests that stress
deflections are associated with large geomechanical
contrasts in salt and clastic deltaic sediment, gener-
ating a surface that cannot sustain shear forces, and
not subtle changes in the clastic deltaic sediments
with depth. Furthermore, deflections of stress fields
resulting in marked variations in fracture patterns
around salt diapirs have also been imaged on time
slices from Central Graben salt diapirs in the North
Sea (e.g. Davison et al. 2000). Three-dimensional
modelling was undertaken to better understand the
geomechanical aspects controlling the observed
local stress deflections near salt diapirs.

Numerical modelling of stress orientations
around a salt diapir

The 3D modelling of the displacements, strain and
stresses around the top of the Louann Salt, inter-
preted from the 3D Ship Shoal seismic cube
(Fig. 6), was carried out using Poly3D, a 3D bound-
ary element code using polygon elements and linear
elasticity theory (Thomas 1993; Maerten et al. 2000,
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Fig. 5. Time slices taken from the Ship Shoal 3D seismic cube at (a) 1 s and (b) 2 s, demonstrating predicted maximum
horizontal stress orientations (black arrows) and associated borehole stability diagrams for each orientation (vertical
wells plot in the centre of the diagram, while horizontal wells plots on the circumference of the diagrams).
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Fig. 6. (a) Poly3D model of the top Louann Salt horizon, interpreted from the Ship Shoal 3D seismic cube,
demonstrating the displacement vectors (black lines) for the deltaic sediments at the interface between the salt diapirs
and overlying sediments and the net displacement (with red being high and blue being low). Displacement vectors
suggest movement will be downslope, with the greatest modelled displacement on the flanks of the salt diapirs. The
predicted present-day displacement vectors are parallel to the present-day minimum horizontal stress and therefore
perpendicular to the present-day maximum horizontal stress orientations (which lie in a horizontal plane) and parallel to
the flanks of the salt diapirs. (b) A schematic 3D image of a conical salt diapir and the expected maximum horizontal

stress deflections.

2002; Fiore et al. 2006; Maerten 2010). A boundary
element method (BEM) greatly simplifies the model
since only the discontinuities (such as faults or
detachments) have to be taken into account and
discretized. For the modelling purposes, the top
Louann Salt was considered as a detachment
system (i.e. a fault) and discretized with triangular
elements with a 1000 m mesh size. Specific bound-
ary conditions were applied, which govern how the
elements should respond to far-field stress or strain
states. The displacements were computed for a
cohesionless detachment surface with boundary
conditions set on the triangular boundary elements
making up the faults as follows.

e The traction components parallel to the element
plane in the dip direction and in the strike direc-
tion are both set to zero so the element surfaces
may slip freely.

e The displacement discontinuity component
normal to the element plane is set to zero to
avoid opening or interpenetration of the fault
surfaces.

This model examines the top Middle Jurassic
Louann Salt, interpreted from the Ship Shoal 3D
seismic cube (Fig. 6). The model was placed under
a normal fault stress regime (o, > oy > oy, = 25
MPakm ™' > 20 MPakm™' > 18 MPakm™") con-
sistent with an in situ stress magnitude study carried
out in the Eugene Island field (Fig. 4; Finkbeiner
et al. 2001). The resulting model suggests that the
greatest net normal displacements occur on the
flanks of salt diapirs, with displacement vectors
for the deltaic sediments following the interface
between the salt and deltaic sediments from the
crest of the diapirs into the mini-basins between
(black lines on Fig. 6). The model therefore

implies deltaic sediments are sliding down the
flanks of the salt diapirs. This gravitational collapse,
under an extensional normal faulting stress regime,
generates oy orientations that are perpendicular to
the horizontal projection of the displacement vec-
tor; they will be aligned parallel to the strike of
normal faults and to the flanks of salt diapirs.
These observations are supported by outcrop analy-
sis around exposed examples of diapiric flanks,
which also reveals significant margin-parallel
extensional faults (Alsop et al. 2000).

Implications for petroleum exploration
and development

It has been demonstrated in previous studies that the
orientations and magnitudes of present-day stresses
are critical to borehole stability, water flooding,
fracture stimulation and fault reactivation (e.g.
Heffer & Lean 1993; Barton et al. 1998; Nelson
et al. 2005; Tingay et al. 2009; King et al. 2010c).
The evaluation of these implications can therefore
become very difficult in settings such as the Gulf
of Mexico, where the stress orientations are
deflected away from the regional. Here we present
examples of borehole stability from the Gulf of
Mexico offshore Louisiana.

Boreholes can become unstable, in the form of
borehole breakouts or DITFs, due to the anisotropy
of the stress field. Boreholes are therefore most
stable when drilled in a direction that subjects the
well to the least stress anisotropy (Hillis & Williams
1993). In a normal fault stress regime on a delta top,
as proposed to currently exist in the shelf region of
the Gulf of Mexico, the greatest stress anisotropy
occurs between the vertical stress (o, = o) and
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the minimum horizontal stress (g, = 03). Horizon-
tal wells drilled towards the regional oy orientation
(060 and 240) would therefore be typically con-
sidered to be least stable in a normal fault stress
regime as they are subject to the greatest stress aniso-
tropy (between o, and oy,; Hillis & Williams 1993).
The most stable wells will be vertical wells, as they
are subject to the least stress anisotropy (between
oy and o0y) and have the lowest applied stress
(Peska & Zoback 1995). Alternatively, if oy is
close to o, then wells deviated towards oy, will be
most stable (e.g. Peska & Zoback 1995; Tingay
et al. 2009). In the reverse (or thrust) fault stress
regime of a deepwater fold—thrust belt, as proposed
for the slope and basin-floor region of the Gulf of
Mexico, the greatest stress anisotropy occurs
between oy (07) and o, (03). Horizontal wells
drilled towards the regional oy, orientation (150
and 330) are therefore predicted to be least stable
as they are subject to the greatest stress anisotropy
(between oy and o). The most stable wells are pre-
dicted to be horizontal wells drilled towards the oy
direction (060 and 240), as they are subject to the
least stress anisotropy (between oy, and o) and/or
the lowest applied stress magnitude. However, if
oy, is high and close to oy, then vertical wells are
more stable in a reverse fault stress regime (e.g.
Peska & Zoback 1995).

On the shelf region of the Gulf of Mexico (delta
top), vertical wells or wells deviated towards the o},
direction are therefore least likely to be affected by
borehole breakout or DITFs. On the slope and basin-
floor region (deepwater fold—thrust belt), wells
drilled parallel to the regional oy orientation (060
and 240) or vertical wells are least likely to be
affected by borehole breakout or DITFs. These
therefore represent the safest drilling directions,
with respect to both borehole stability and fluid
losses, on the delta top and in the deepwater fold—
thrust belt, respectively. However, wells drilled
adjacent to salt diapirs may not follow these predic-
tions due to the local deflection of the stress field. In
these cases, vertical wells are still likely to be the
most stable; if horizontal wells are required, they
must be drilled with respect to the deflection of
the oy orientations expected near the interface
between the salt diapirs and adjacent deltaic sedi-
ments (Fig. 5a, b).

Conclusions

We examined present-day stress orientations in
eight new petroleum wells located in the delta top
of the Gulf of Mexico offshore Louisiana. In total,
28 borehole breakouts were identified from image
and high-resolution dipmeter tool (HDT) logs
from five wells, giving a mean oy orientation of

wells ranked A—D of 089 with a standard deviation
of 24° (Fig. 4). The stress orientations interpreted
here were combined with those from a further 28
wells analysed by Yassir & Zerwer (1997) to deter-
mine a regional mean oy orientation from 13 wells
with A—C-quality stress orientations of 061, with a
standard deviation of 52° (Fig. 4). The regional
mean oy orientation, determined from A-D-
quality mean stress orientations in 32 petroleum
wells, is 060 with a standard deviation of 51° (this
study; Yassir & Zerwer 1997; Fig. 4). These orien-
tations are consistent with the delta-top margin-
parallel oy orientations expected from the idealized
model of a DDWFTB (Fig. 1).

Maximum horizontal stress orientations deflect
from this regional margin-parallel orientation and
align parallel around salt diapirs that have pierced
through the overlying deltaic sediments (Fig. 4,
areas 1 and 2). These deflections are attributed to the
relative geomechanical contrasts that occur between
‘weaker’ salt diapirs and the adjacent ‘stronger’
deltaic sediments (e.g. Bell 1996; Yassir & Zerwer
1997). Using the Ship Shoal 3D seismic cube, we
have demonstrated that deflections of oy orien-
tations vary with depth due to the conical nature
of the salt diapirs. A time slice taken at 1 s demon-
strates that oy orientations deflect over narrow areas
associated with narrow crests of salt diapirs, while
large areas of deltaic sediment between the crests
of the salt diapirs demonstrate the regional margin-
parallel oy orientation (Figs 4 & 5a). In contrast, a
time slice taken at 2 s demonstrates that oy orien-
tations deflect over broad areas associated with
wide bases of salt diapirs; only small areas of
deltaic sediment between the bases of the salt
diapirs demonstrate the regional margin-parallel
oy orientation (Figs 4 & 5a).

A Poly3D model was constructed of the top
Louann Salt from the Ship Shoal 3D seismic cube
and a normal fault stress regime was applied, con-
sistent with that determined in the Gulf of Mexico
delta top (i.e. Finkbeiner et al. 2001). The model
predicts that oy orientations are aligned parallel to
the interface between salt diapirs and adjacent
deltaic sediments, which is consistent with op orien-
tations determined from well data (Fig. 6). The
model also predicts displacements vectors, which
imply that the greatest net displacements on the
interface between salt and sediment occur at the
flanks of the salt diapirs (Fig. 6).

The orientations and magnitudes of present-day
stresses are critical to borehole stability, water
flooding, fracture stimulation and fault reactivation
(e.g. Heffer & Lean 1993; Barton et al. 1998;
Nelson et al. 2005; Tingay et al. 2009). In the
Gulf of Mexico the most stable well on the delta
top is vertical; unless oy is close to oy, then wells
deviated towards o3 are most stable. The most
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stable well in the Gulf of Mexico delta toe (or deep-
water fold—thrust belt) is deviated toward oy;
unless oy, is close to oy, then vertical wells are
most stable. Knowledge of oy orientations in the
Gulf of Mexico is critical for borehole stability
studies due to the complex deflections of the
regional margin-parallel oy orientations around
salt diapirs. A single ‘one case fits all’ implied by
the idealized model of a delta system (e.g. Fig. 1)
does not apply for the Gulf of Mexico (Fig. 5).
Careful consideration of the in situ stress field
around salt diapirs is required.
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