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The kinematic evolution of allochthonous salt in the north-eastern Gulf of Mexico proceeds in
three stages. (1) Since its middle Jurassic deposition, the Louann Salt was loaded by sediments
causing episodic basinward movement of salt, ultimately leading to large concentrations of salt
masses in a slope environment by the end of the Lower Cretaceous. (2) A regime of starved
sedimentation during Late Cretaceous and Early Oligocene is responsible for the stabilization of
these early salt accumulations. (3) With renewed rapid accumulation of sediments, during the
Neogene and Pliocene, extensive allochthonous salt tongues and sheets formed by gravity
spreading within the younger sediments of the slope. Autochthonous salt, allochthonous salt and
detached allochthonous salt are typical stages of evolution. Major down to the basin growth
faults separate allochthonous salt sheets from their original feeder stocks. Extension along down
to the basin master growth faults is compensated mainly by salt withdrawal and partly by

basinward shortening.
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Introduction

Middle Jurassic salt of the Gulf of Mexico basin
controls  structural styles, sedimentation, facies
distribution and hydrocarbon accumulations. Various
salt-related structures. such as salt rollers. salt pillows,
diapiric salt stocks and walls and extrusive salt glaciers
have been described in nature and modelled in the
laboratory (e.g. Barton. 1933: Nettleton, 1934, 1955;
Trusheim, 1960: Sannemann, 1968; Bishop, 1978;
Halbouty, 1979; Jackson and Talbot, 1986; Talbot and
Jackson, 1987a.b). Tonguelike or sheetlike salt bodies
tectonically emplaced at stratigraphic levels above the
source layer, such that the salt overlies stratigraphically
younger strata. are termed ‘allochthonous” in this paper
(detached allochthonous salt of Bally, 1981;
allochthonous salt of Worrall and Snelson 1989;
detached diapir and salt namakier of Jackson and
Talbot, 1986: salt nappe of Talbot and Jackson. 1987b;
salt sill of Nelson and Fairchild, 1989: personal
communication, M.P.A. Jackson. 1990). All other salt
structures are termed “autochthonous’ (e.g., salt roller,
salt anticline. salt pillow, diapir and welt). Both
autochthonous and allochthonous salt are documented
on seismic data from our study area.

The timing of salt movements, the evolution of
allochthonous salt and related structures are the
problems addressed in this paper. The study arca was
chosen in the north-eastern Gulf of Mexico where
Cenozoic sedimentation rates are relatively low when
compared with the central Gult of Mexico. A grid
(Figure 1) of recent scismic profiles. well logs,
velocities. palacontological and lithological
information form the database for this study.
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Approximately 6000 miles of seismic data as deep as
13 5 are integrated into sequence stratigraphic and
structural analyses.

Many workers (Lehner, 1969; Amery, 1969; Wilhelm
and Ewing, 1972; Martin, 1978; Humphris, 1978;
Buffler er al., 1978: Buffler, 1983; Bally, 1981:; Talbot
and Jackson, 1987b; Jackson et al., 1988; Worrall and
Snelson. 1989; Nelson and Fairchild. 1989: West, 1989)
have proposed models explaining the origin of salt
structures seen beneath the Sigsbee Escarpment. Most
of the earlier studies were located in the central Gulf of
Mexico where deep salt structures are not readily seen
on seismic data. This led to a variety of interpretations
of the evolution of gigantic salt structures beneath the
Sigsbee Escarpment.

This paper does not directly address the structural
history of the Sigsbee Escarpment with its complex and
often poor seismic image of deep structures. Instead,
we will document a model which describes the
evolutionary stages of allochthonous salt in the
north-eastern Gulf of Mexico. The timing of this model
is based on the sequence stratigraphic framework
presented in Wu er al. (1990). Seismic examples
showing each of the evolutionary stages from the study
area demonstrate the processes involved in the history
of the allochthonous salt sheets. Because of similarities
in geological setting and geometry of allochthonous salt
we think that the salt structures beneath the Sigsbee
Escarpment have possibly gone through similar
evolutionary stages.

Structural styles
The structural styles in the Gulf of Mexico are the
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Figure 1 Index map of seismic lines and key well information used in this study. Locations of Line A (Foldout 1) and Line B (Figure 3)
are shown on the map. Bathymetry from the Regional Map of Eastern Gulf of Mexico of NOAA, US Department of Commerce {1986).
The Mississippi Fan is from Moore et al. (1978). The wells on the map are: 0-Sun No.1, Destin Dome block 166; 1-Mobil No.1,
Mississippi Sound block 72; 2-Chevron No.1, Viosca Knoll block 30; 3-Shell No.1, Main Pass block 154; 4-Shell No.1, Main Pass block
253; 5-Chevron No. 2, Main Pass block 264; and 6-Exxon No. 1, Main Pass block 67

result of extensional and gravitational deformations.
Gravity is the main driving force that formed most of
the structures in the Gulf of Mexico. Three types of
gravitational processes, i.c.. gravity gliding. gravity
spreading and diapirism (Ramberg, 1980) may be
differentiated. As defined by Ramberg (1981, p.27).
gravity gliding or gravity sliding is the down-slope
sliding of rock masses. Gravity spreading or gravity
collapse is defined as slow plastic vertical collapse and
the complementary lateral spreading of rock masses.
Gravitational diapirism is the gravitational re-
adjustment of masses with an unstable distribution of
density.

Widely distributed  Mid-Jurassic  Louann  Salt
(perhaps at least 2-3 km thick in the study area) is
responsible for many post-salt structures in the Gulf of
Mexico. Peripheral fault systems are associated with
the up-dip depositional edge of Jurassic Louann Salt.
Gravity gliding resulted in salt rollers that were
dominantly formed in the Late Jurassic in areas of thin
salt. Various diapiric and non-diapiric autochthonous
salt structures such as salt anticlines, pillows. walls and
stocks are dominant structural features in onshore salt
basins and the De Soto Salt Basin. Spectacular
allochthonous salt tongues and sheets are the most
striking feature of the continental slope of the Gult of
Mexico. The Sigsbee escarpment is located at the
basinward leading edge of these allochthonous salt
sheets (Lehner. 1969: Amery, 1969, 1978 Antoine and
Bryant, 1969: Wilhelm and Ewing, 1972: Humpbhris,
1978: Worrall and Snelson. 1989) as a result of active
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basinward gravity spreading of salt. To the north and
behind the basinward spreading salt sheets are the well
known Gulf Coast growth fault systems. Worrall and
Snelson (1989) differentiate two ditferent growth tault
systems associated with salt: (1) the Texas Styvle with
seaward dipping listric growth faults that are associated
with very few shallow salt structures in offshore Texas:
and (2) Louisiana style growth faults which are shorter.,
more arcuate, dip in various directions and are
intimately associated with abundant salt  domes
offshore Louisiana. Overpressured  shale is  also
associated with many structural features in the Gulf of
Mexico.
Previous work on the Sigsbee Escarpment
The understanding of the structural complex associated
with the Sigsbee Escarpment has evolved over an
extended period through the efforts of many workers
since the early 1950s. In the central Gulf of Mexico. the
present seismic prospecting technology does  not
provide very good images for the deep structures.
Further. the salt structures and the growth fault systems
of the central Gulf of Mexico are in an advanced stage
of development due to the enormous amount of the
Cenozoic sediment influx. Thus direct evidence for the
interpretations proposed by various workers is often
incomplete for the deep structures of the continental
slope. although excellent interpretations based on
whatever data available have been made by many
workers.

Pioncering work on the Sigsbee Escarpment began in
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the early 1950s with refraction profiles and
piston-coring (Ewing er al., 1955). Shallow high
velocity layers were found near the Sigsbee Scarp.
Geophysical work in the Gulf of Mexico during the
1950s to early 1960s involving refraction (Antoine and
Ewing, 1963), reflection (Ewing and Antoine, 1966).
gravity (Talwani and Ewing, 1966) and magnetic
measurements (Miller and Ewing, 1956), revealed that:
(1) the Sigsbee Escarpment is not controlled by tectonic
activity involving the basement; (2) the Sigsbee
Escarpment is the front of a continuous belt of diapiric
structures extending from the Texas—Louisiana coast
to the scarp; (3) a seismic velocity of 4.4 km st
associated with the shallow high velocity layer: and (4)
a density of 2.15 g tm™ is associated with the diapiric
Sigsbee Knolls south of the scarp.

Work carried out by Shell in the late 1960s (Lehner,
1969; Wilhelm and Ewing, 1972) conclusively
confirmed the salt—tectonic origin of the Sigsbee
Escarpment as postulated by earlier workers. Shell,
based on data from sparker seismic profiles, drilled and
cored 10 salt structures north of the scarp. The main
conclusions of Lehner (1969) were as follows: (1) The
structural grain and the topography of the continental
slope are controlled primarily by salt tectonics. (2) The
top salt surface is easily identified on seismic and
sparker records as a strong reflector or as an envelope
of diffraction patterns. (3) Salt pillows and swells with
diameters of 15-20 nautical miles (28-37 km) are
typical for the continental slope. (4) Most salt
structures on the continental slope form sea-knolls or
sea-mounts with elevations of as much as 5000 ft. The
tops of the salt pillows on the lower slope reach a
common elevation and create a flat, terrace-like
topography. (5) On the lower slope, broad sedimentary
troughs appear to ‘sink’ into a large salt mass. The salt
is displaced laterally under the differential load of
overburden. (6) The Sigsbee scarp is the surface
expression of a salt wall. (7) Active growth faults are
observed along the shelf edge. These linear fault
systems appear to be related to the flow of salt at depth
away from the prograding shelf. (8) The slope salt is
correlated tentatively with the Louann Salt at the
northern rim of the Gulf basin and the evaporites in the
Sigsbee Knolls. However, at this stage the salt
structures beneath the Sigsbee Scarp were believed by
Lehner (1969) to be the top of a large diapiric salt
massif.

The salt—tectonic origin of the structures beneath the
Sigsbee Escarpment was established during the late
1960s. In addition a seismic reflection survey across the
continental slope and rise (de Jong, 1968) suggested the
presence of a high velocity layer north of the Sigsbee
Scarp. The high velocity layer was believed to be the
top of the Louann Salt by de Jong (1968). The high
velocity layer rests on a thick sequence of undisturbed
strata of lower velocities. Amery (1969) interpreted a
high velocity anomaly associated with the Sigsbee
Escarpment to be salt extruded 10 km over flat-lying
beds south of the scarp. The extrusion and the
topographic form of the scarp are related by Amery to
basinward flow of sediments and salt from under the
thick shelf-slope sedimentary wedge. A study of
Antoine and Bryant (1969) also suggested that salt
migrated down-dip into the deeper parts of the basin as
a result of overburden pressures. They suggested that
in areas of carbonate build ups, competency of the
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carbonate material impeded formation of salt
piercement structures: instead. horizontal migration of
salt towards the deep basin seems to have taken place.
Although down-dip salt movement is inferred beneath
the Sigsbee Escarpment, the postulated lateral
movement was very limited (Amery, 1978).

Large-scale down-slope salt movement was inferred
by Wilhelm and Ewing (1972) and by Humphris (1978).
Indeed over 100 km of basinward movement of salt
mass was inferred by Humphris (1978). Based on
previous work. Humphris (1978) suggested that the
Sigsbee Escarpment is the surface expression of the
leading edge of a probably Jurassic salt mass that
extruded over Quaternary and Tertiary sediments. The
work of Watkins er al. (1978) confirmed that salt
extended for a large distance over younger sediments.
Humphris (1978; tollowing Wilhelm and Ewing, 1972)
compared the lateral salt movement with the extrusive
flow of ice in a glacier. Humphris (1978) suggested that
the salt masses associated with the Sigsbee Escarpment
are still connected with the original salt bed.

Regional multi-fold seismic data collected by the
University of Texas from 1975 to 1978 provided more
information about the structures associated with the
Sigsbee Escarpment (Buffler ez al., 1978, Buffler 1983).
Buffler (1983) also interpreted the Sigsbee Escarpment
as the leading edge of a mobilized mass (possibly salt or
a salt—sediment mixture). Their data show that to
the cast the Sigsbee scarp is buried by, and loses its
bathymetric identity beneath, the huge Plio-
Pleistocene Mississippi Fan.

A completely detached allochthonous nature of the
salt masses associated with the Sigsbee Escarpment was
proposed by Bally (1981). He suggested. based on a
section across the Gulf of Mexico, that salt beneath the
upper continental slope of the northern Gulf of Mexico
is separated from the original depositional salt bed.
Following the work of Humphris (1978), Buffler er al.
(1978) and Watkins er al. (1978), he also suggested a
large basinward salt movement towards the deep Gulf
basin. Further up in the sequence and towards the Gulf
of Mexico. extensive listric—normal growth faults
dissect Tertiary clastics and flatten within the high pore
pressure shale section at depth.

The centrifugal experiments of Talbot and Jackson
(1987b) and Jackson er al. (1988) were attempted to
model the Sigsbee salt nappe complex. Salt nappes
similar to the Sigsbee complex were reproduced by
imposing a pre-existing basement step. The Sigsbee
uplift postulated by Lehner (1969) and Buffler (1984)
was taken as the prototype for the basement step in the
laboratory model. A cross-section across the central
northern Gulf of Mexico shows the interpretation of
the Sigsbee nappe complex by Jackson et al. (1988).
Their studies concluded that the salt nappe is a
recumbent salt wall the base of which is a thrust surface
that truncates the younger sediments.

The recent synthesis of Worrall and Snelson (1989)
related the salt structures to the Neogene growth fault
systems of the Gulf of Mexico. Using computer-aided
palinspastic reconstructions Worrall and Snelson (1989)
demonstrated that both Texas style and Louisiana style
growth fault systems are due to the basinward
movement of salt associated with the growth fault
systems. The different map patterns of the two types of
fault systems according to these workers are due to
different shapes of sediment loads (i.e. elongated
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(Redrawn after Worrall and Snelson, 1989).

intradeltaic loads versus circular deltaic loads). The
cross-section of Figure 2 shows their understanding of
the structures of the northern Gulf of Mexico. A large
allochthonous sheet is interpreted beneath and to the
north of the Sigsbee Escarpment. The extensive growth
fault systems to the north and behind the allochthonous
salt are accommodated by the basinward flow of the
allochthonous salt. Deep seismic profiles also revealed
the Perdido fold belt with anticlines possibly cored by
Jurassic Louann Salt welts (for definition of welt see
Harrison and Bally, 1988), as illustrated in Figure 2.
The folded belt is located basinward and beyond the
Sigsbee Escarpment and below the allochthonous salt.
This feature was not shown on any of the previous
interpretations mentioned earlier.

Salt tectonics in the north-eastern Gulf of Mexico

Introduction

A regional scismic strike profile extending from the
West Florida shelf to the slope area in the north-eastern
Gulf of Mexico (Foldour 1A-C) best documents the
structural  styles  of both autochthonous and
allochthonous salt in the study area. The velocity
effects are eliminated in a depth-converted section
(Foldout 1C). The base of the Jurassic Louann Salt can
be interpreted on the seismic section. No major fault
appears to separate the Florida shelf from the deep
water Gulf of Mexico. A maximum of 4° of dip is
observed on the base of Jurassic salt near Florida
Escarpment (Foldout 1C). The height of salt domes
increases from the base of the Florida Escarpment in
the east to the slope in the west. In a basinward
direction non-diapiric salt pillows developed into
diapiric domes. This progressive trend reflects the
increase of the original salt thickness toward the basin.
Thus vyounger. i.e. longer growing salt domes,
correspond to thicker primary salt.

Minor extensional faults are observed in the Jurassic
and Lower Cretaccous section at the Florida
Escarpment. Some of the faults sole out within the
autochthonous salt. Toward the deep Gulf, reverse
faults suggest shortening. Again, reverse faults sole out
within the autochthonous salt which forms a regional
décollement  level.  Shortening ended  during
Middle-Upper Miocene. Shortening features dis-
appear where autochthonous salt pinches out to the
left.

Marine and Petroleum Geology, 1990, Vol 7, November

A spectacular feature on this section (Foldout 1) is
the allochthonous salt floating within the Miocene and
Pliocene  siliciclastic  sediments.  The  larger
allochthonous sheet is over 90 km wide and as much as
3 km thick. Overlying the allochthonous salt sheet is
the structurally deformed Mississippi Fan. The
intriguing salt sheets on this section serve as useful
analogues for the understanding of the development of
the Sigsbee Escarpment to the west, as they provide
smaller scale models of similar features.

A seismic dip profile perpendicular to Foldout 1
shows additional structural features associated with an
allochthonous salt sheet (Figure 3). On a much smaller
scale the structural style of this profile is very similar to
that of the regional profile across central Gulf of
Mexico (Figure 2; Worrall and Snelson, 1989). The
bathymetric expression of the frontal end of this
allochthonous salt sheet is buried under the rapidly
deposited  Plio-Pleistocene  sediments  of  the
Mississippi Fan (Weimer, 1989). Autochthonous salt is
concentrated at depth and below the middle slope of
the Gulf and underlies the allochthonous salt sheets. A
down to the basin master growth fault formed after the
Mid-Cretaceous soles out within the Jurassic Louann
Salt behind the allochthonous salt sheet. A complex
system of minor normal faults dipping both seaward
and landward soles out behind and on top of the
allochthonous salt sheet. The top of the allochthonous
salt sheet undulates as secondary domes develop. The
allochthonous salt sheet truncates the sediments below
and overthrusts the younger sediments. Deep
shortening features occur basinward and below the
frontal end of the allochthonous salt sheet. In the
remainder of this paper each of the structural elements
described here will be analysed in some detail
using examples and semi-quantitative palinspastic
reconstructions.

Depth conversions

Depth-converted sections in this study were made using
an  AIMS modelling program and Geoquest’s
interpretation workstation. Vertical rays are assumed
for the ray tracing. Simplified gross velocities (Table 1)
based on available check-shot velocities and published
sources (Ewing er al., 1960; Lehner, 1969; Amery.
1969) for each defined time interval are listed for the
purpose of depth conversions used later in this study.
Velocities are not accurate for cach interval. As all the
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Figure 3 (C) Depth conversion of interpretation in (B). Both the vertically exaggerated and true-scale sections are shown in (a) and (b),
respectively. Interval velocities for depth conversion are in 7able 1.

Standard Sequence Interval Velocities
Chrnes Boutidaties Used in Depth Conversion

(meters/second)
Stratigraphy | Name & Age

(Ma) (Ma) Deep Water Area Florida Terrace Base of salt_map
Sea water 1,500 1,500 1,500

Pleistocene 1.600
— 1.65 — (TP) 1.6
Pliocene 2,000
— 5.2 —1 (TuM) 5.5
Upper-
Middle
Miocene
— 16.2 — (TLM) 15.5 2,500 2,500

2,500

Lower

Miocene- 3,300

Upper

Cretaceous

(TLC) 94
l— 96 —
Lower

Cretaceous-
Upper 4,600 4,300
Jurassic

= 152 —1 (T$)150.5

4,500
Middle
Jurassic

4,500 4,500
Evaporite

— 1585 — (BS)158.5
Pre-Middle

Jurassic

Table 1 Interval velocities for depth conversions. The interval velocities are constant for each time interval. This is a very approximate
velocity structure based on the published velocities and the velocity surveys available to this study
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velocity information available to this study is from the
shelf and uppermost slope areas, it may differ from the
velocities of the same stratigraphic interval in the slope
area, especially when the lithology of the sediments is
unknown and the depth changes. Nevertheless Table 1
is probably good enough for the purpose of depth
conversion in this study. The velocities used are
adequate to eliminate the pull-up effects caused by the
high velocity salt emplaced within the low velocity Late
Tertiary sediments. A moderate smoothing of the
depth-converted section and map is applied. The
smoothed depth sections are converted back to
two-way reflection time sections and used to constrain
the final interpretations of seismic profiles.

Base and distribution of original autochthonous

salt

The base of the autochthonous salt (BS or 158.5 Ma
sequence boundary on interpreted seismic examples) is

North-eastern Gulf of Mexico structure: S. Wu et al.

correlated throughout the study area. The base of the
autochthonous salt is often recognized as the first
flat-lying reflector which can be correlated below the
acoustically opaque salt (Foldout 1). The base of the
salt is mapped and converted to depth in Figure 4 using
the interval velocities in Table 1. This is a contour map
constructed by smoothing and interpolating the
measurements at the locations where there are no
overlying allochthonous salt tongues and sheets. The
base of the autochthonous salt shows a regionally
smooth surface gently dipping seaward. The maximum
dip of the base salt is about 4° below the Florida
Escarpment. Late Cenozoic—Pleistocene sediment
loading is considered to be the principal cause of
basement flexuring. There are no major faults
separating the Florida Escarpment from the slope area
at the base of autochthonous salt. This observation
invalidates models for the opening of the Gulf of
Mexico that involve major transform faults in the study
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Figure 4 Depth map (in km) of the base of autochthonous salt in the north-eastern Gulf of Mexico. The interval velocities used in the
depth conversion of the base of auto_chthonous salt are given in Table 1. Line A (Foldout 2) and Line B (Figure 5) are examples of the
base of autochthonous salt. The rest of the base of autochthonous salt can be seen in the previous and following seismic profiles
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Figure 5 Line drawing of a seismic profile from slope study area. For location see Figure 4. The seismic profile shows the faulted base
of autochthonous salt. This type of base of autochthonous salt is only observed in a small area around this example

area (Klitgord et al., 1984).

Seismic data show that the base of autochthonous
salt is a smooth surface in most of the study area where
the base of the salt reflector is observed (see previous
and following seismic examples). Two extreme
examples of the base of the autochthonous salt are
shown in Foldout 2 and Figure 5. As shown in the line
drawing (Foldout 2) the base of autochthonous salt is a
regional unconformity truncating underlying strata
underneath the Middle Cretaceous shelf of the Destin
Dome Area. In contrast, an exceptionally faulted base
of autochthonous salt is observed in the line drawing of

Florida Escarpment. However, the observed faulted
base of autochthonous salt is located in a small area
around the example Figure 5. Based on most of the
data available, we assume that the base of the
autochthonous salt beneath the allochthonous salt is a
relatively smooth surface without major faults.

The original thickness of the Louann Salt is very
difficult to estimate because salt has moved laterally
and vertically since its Mid Jurassic (158.0-150.5 Ma)
deposition. However, the semi-quantitative palin-
spastic reconstructions suggest that at least 2-3 km of
salt was deposited in the slope area. The preserved

a seismic profile shown in Figure 5 from the autochthonous salt beneath the Middle Cretaceous

south-eastern corner of the study area basinward of the shelf is relatively thin, except for the Destin Dome
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Figure 6 Comparison of part of the pseudo-clinoformal patterns and a seismic example of progradations of Lower Cretaceous
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and Scott, 1988)
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Area. Autochthonous salt generally thickens basinward
and pinches out at its southern limit (Foldout I and
Figure 4). Most of the preserved autochthonous salt
may be concentrated below the allochthonous salt sheet
and in the fold belt, i.e. a zone of folds and thrusts
about 80 km wide in a north—-south direction (Figure
3). As will be shown, much of the formerly more
landward salt has moved away from its original position
during later deposition of the Meso-Cenozoic
overburden.

Early salt-related deformations

A peripheral fault system associated with the up-dip
limit of Jurassic salt is observed in the eastern end of
the study area* (Figure 4 and Foldout 2). This fault
system started during the deposition of Smackover
carbonates and continued into the Cretaceous. The
earliest deformation related to salt was triggered by the
deposition of Smackover carbonates above Louann
Salt. As a consequence of gravitational gliding on a
gentle slope underlying the shallow water Smackover

RECONSTRUCTION OF EPISODIC SALT MOVEMENT
IN MISSISSIPPI CANYON AREA OF GULF OF MEXICO

North-eastern Gulf of Mexico structure: S. Wu et al.

carbonates, the broken denser carbonate layers rotated
on less dense salt. Salt rollers (Bally, 1981: Jackson and
Talbot, 1986) thus formed. The formation of rollers
dominated the structural deformation during the upper
Jurassic deposition of carbonate—clastic rocks on the
shelf (Foldout 2; Foldouts 3 and 4 of Wu er al. (1990)).
The gravity instability due to the presence of dip
combined with a density inversion initiated the
withdrawal of salt in the down-dip direction and the
rotation of carbonate blocks along a down-slope
direction. These structures are inferred to have formed
in shallow water because the tops of the carbonate
blocks were truncated by regional unconformities
(Bally, 1981; Foldouts 1, 3 and 4 of Wu et al. (1990)).

Middle Cretaceous concentration and stabilization
of salt

Our seismic data suggest various periods of down-dip
salt movements due to up-slope sediment loading that
occurred since the deposition of Mid-Jurassic salt. A
series of ‘pseudo-clinoformal” stratal patterns are

RECONSTRUCTION OF EPISODIC SALT MOVEMENT

IN MISSISSIPPI CANYON AREA OF GULF OF MEXICO
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present salt tongue which has virtually stopped spreading
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North-eastern Gulf of Mexico structure: S. Wu et al.

END OF LOWER CRETACEOUS (94 Ma)
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Figure 10 True scale present day cross-sections and reconstruction at the end of the Lower Cretaceous enlarged from the
reconstructions of Figure 7. BS, Base of Werner Anhydrite and Louann Salt, 158.5 Ma sequence boundary; TS, top of Louann Salt,
150.5 Ma sequence boundary; TLC, top Lower Cretaceous, 94 Ma sequence boundary. By measuring the section between TS and TLC,
a relative distribution of salt at the time of TLC can be estimated. Relatively thick salt at TLC is estimated from a thin interval of TS=TLC
and vice versa. This estimate assumes a relatively flat bathymetry and base of autochthonous salt (BS) (Figure 4) and no regional
extension at TLC time. Salt structures stabilized during the starved sedimentation following the Middle Cretaceous flooding events

shown on a seismic profile between TLC (94 Ma) and
TS (150.5 Ma) in Foldout 3. At the first glance, it is not
clear whether the stratal patterns are depositional or
due to salt movement. In Figure 6, part of this
clinoformal pattern is compared with a classical
example of typical carbonate progradations of the
Lower Cretaceous from the Vernon parish, Louisiana
area (Tyrrell, Jr. and Scott, 1988). Note that the true
dip of the pseudo-clinoforms in the example from the
study area is twice that of those in the known shallow
water carbonate system. Also the overlying sediments
in the example from our study area show a syncline and
expansion of thickness between TLC and TLM
(Foldout 3) that are not seen in the known carbonate
example (Figure 6B). Regional sequence stratigraphic
analysis suggests that the pseudo-clinoforms of Foldout
3 are possibly composed of off-reef lowstand and distal
highstand system tracts. Our understanding is that the
pseudo-clinoformal patterns in Foldout 3 indicate
periods of salt movements due to sediment loading in a
carbonate slope environment and to withdrawal of salt
as illustrated by our approximate two-dimensional
palinspastic reconstructions (Figure 7). A similar
interpretation was applied by Jackson and Cramez
(1989) to another example of apparent down-lap or
pseudo-clinoforms. Decompaction is not included in
the reconstructions as very little is known about the
lithology of the pseudo-clinoforms. Thus during these
early periods of movement, salt was concentrated in the
slope environment by down-dip movement towards the
deep Gulf of Mexico under the load of sediments that
prograded  basinward  since  150.5 Ma.  The
reconstructions of Foldout 3 shown in Figure 7a—e
demonstrate salt movements during the period
150.5-94 Ma. The reconstruction is conducted by
preserving the areas of the sediments except salt, as salt
can not be balanced in two-dimensions due to its out of
plane movement. Salt is assumed to fill all the space
between the base of autochthonous salt and the base of
overlying sediments. Growth faults both dipping
towards and away from land were developed on top of
the salt as the salt concentrated in the down-slope
direction (Figure 7d and e). An original salt thickness of
at least 2.5-3 km is estimated from the reconstruction.
Out of plane movement of salt has to be considered to

balance all sedimentary sections. Such out of plane
movement of salt can be visualized on a profile (Figure
8) perpendicular to Foldour 3. Figure 8 shows similar
pseudo-clinoformal patterns dipping towards the deep
Gulf. Another seismic profile (Figure 9) located
up-slope  from  Figure 8§ also shows the
pseudo-clinoformal patterns that are believed to be due
to lateral basinward salt movement.

The mobility of salt makes it very difficult to estimate
the original distribution and thickness of the salt.
However, the extensive condensed sedimentation
related to Middle Cretaceous flooding events allows an
indirect estimation of the palaeo-distribution of salt at
94 Ma. When the basin was flooded during the Middle
Cretaceous as documented by the Middle Cretaceous
Flooding Surface (MCFS, see Wu er al. (1990)), the
starved sedimentation allowed the salt structures to
stabilize during an extended period (94-30 Ma). Figure
7e and f suggest that there is little growth, if any. of salt
structures during 94-30 Ma because the sedimentation
was starved in the study area. Thus it is assumed that a
relatively undisturbed surface existed during the times
of very slow rates of sedimentation. The thickness
distribution of salt at 94 Ma is inferred from the
thickness of the sediments above the non-diapiric
autochthonous salt (150.5 Ma sequence boundary, TS
in the interpretations) and below the 94 Ma sequence
boundary (TLC in the interpretations). Salt itself
cannot be used for this estimation as it has moved since
94 Ma. A relatively flat salt base (BS in our
interpretations) is assumed (Figure 10) for all our
reconstructions. The sediments between TS and TLC
are assumed to be close to their original depositional
position and have a constant area during the Neogene if
compaction effects are ignored. Using these
assumptions, a relative palaco-salt distribution at
94 Ma is indicated by an isopach map of the TS
(150.5 Ma)-TLC (94 Ma) sediment interval (Figure
11). Relatively thick palaeo-salt concentrations at
94 Ma are suggested by relatively thin sediments on top
of the salt. It needs to be emphasized that the inferred
thickness of the salt is relative and indicates only the
minimum thickness. The map shows that by 94 Ma, salt
was distributed in the form of large salt pillows, domes
and irregular salt massifs. In conclusion, the Early
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Figure 11 Isopach map of TS—TLC interval and the locations of seismic examples. Line A, Fol/dout 3; Line B, Figure 8; Line C, Figure 9;
Line D, Figure 22, Line E, Foldout 6. As explained in Figure 10, relatively thick salt is indicated by the thin isopached interval. Shaded
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Cretaceous primary concentration of salt in the slope
areas formed vast structural feeder mounds and stocks
that later provided a large amount of salt to the
allochthonous salt tongues and sheets evolved in the
slope environment during the Neogene.

Late Cretaceous and Palaeogene remobilization of
salt

During the Late Cretaceous and Palaecogene, sediments
began prograding into the slope area (Foldouts 2—4
of Wu et al. (1990)). Increased sediment loads
remobilized the salt. However, because our area was
far to the east of the Late Cretaceous and Palacogene
depocentres of thg north-western Gulf of Mexico, the
rate of sedimentation still remained very low. In the
seismic example in Foldout 3, on average there was less
than 1 km of sediment deposited in the slope area
during a period of 64 Ma (94-30 Ma). Thus the
sediment accumulation rate was about 15 m Ma™'. The
reconstructions of Figure 7e and f show only a limited
growth of salt structures. By Mid-Oligocene, there was
a first major low stand sediment influx (Foldouts 2—4 of
Wu et al. (1990))into the slope area. The lowstand
influx induced a significant amount of salt growth.

Neogene—Quaternary development of
allochthonous salt

The rates of sediment accumulation have increased
rapidly since the Early Miocene as a consequence of
progradation of the shelf margins and the shifting of
depocentres into our study area. Thus about 2 km of
sediments accumulated in the slope area (Foldout 3 and
during a

Figure 7g) period of about 15 Ma

- 290

MISSISSIPPI
CANYON AREA

28°4 L 280
| A
[H seisMIC LINES [7] SALT 15 MI
[Z] MAPPING LIMIT [F] BATHYMETRY 25 KM

Figure 12 Distribution of allochthonous salt tongues and
sheets and the location of seismic profiles showing the
evolutionary stages of allochthonous salt in the northeastern
Mississippi Canyon Area. Seismic lines are Line A, Figure 13;
Line B, Figure 14, Line B’, Figure 15; Line C, Figure 16, Line C’,
Figure 18; Line D, Foldout 4; Line D', Figure 19, Line E, Foldout
5 and Line E’, Figure 20
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(30-15.5 Ma) at a rate of 130 m Ma™', i.e. about one
order of magnitude greater than the rate of 15 m Ma™!
during 94-30 Ma. This induced a period of diapirism
and rapid relative upward growth of salt structures as
illustrated in the palinspastic reconstructions shown in
Figure 7. A high pressure gradient due to density
inversion forced the salt to move relatively upwards.
The rapid relative upward growth of salt structures
which began during the Late Oligocene and/or Early
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Figure 13 (A) Uninterpreted seismic example of a diapiric salt
dome (courtesy of GECO). For location see Figure 12. (B)
Interpreted example of (A). The salt structure in this example is
interpreted as one of structures of the Autochthonous Salt Stage
in the evolution of allochthonous salt
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Miocene continued into the Upper Miocene. Since the
Middle Miocene, salt flowed laterally within the
Neogene sediments as shown in Foldout 3 and the
reconstructions in Figure 7. A sedimentation rate of
180 m Ma’!' is estimated for the period 15.5-1.6 Ma.
Lateral spreading of salt continued into the
Plio-Pleistocene. A system of fault patterns developed
in the sediments overlying the feeder stock as the salt
supply decreased. In the specific example of Foldout 3,
lateral spreading of the salt tongue ceased by the end of
the Pliocene (1.6 Ma).

In summary, Foldoutr 3 and the palinspastic
reconstructions in Figure 7 document the timing of salt
movement typical for the slope study area since the
deposition of the Jurassic Louann Salt (150.5 Ma or
TS). A period of basinward salt movement during
150.5-94 Ma towards the deep basin ended with a first
concentration of salt in feeder mounds within the
present-day slope environment (Figure 7a—f). An
extended period (94-30 Ma) of starved sedimentation
associated with 93.5 and 91.5 Ma flooding events
allowed the salt structures to stabilize (Figure 7¢). A
rapid influx of sediment since the Late Oligocene and
Early Miocene (30-15.5 Ma) caused a period of
diapirism and relative upward growth of salt structures
(Figure 7g). Spreading of allochthonous salt within
younger sediments then occurred from the Middle
Miocene (15.5 Ma) to the Plio—Pleistocene (Figure
7h—j).

Evolutionary stages of allochthonous salt

In this section the autochthonous salt. the
allochthonous salt and detached allochthonous salt are
interpreted as the evolutionary stages of a typical
allochthonous salt sheet. Seismic examples from our
study area illustrate each of the evolutionary stages
associated with an allochthonous salt sheet. We view
the structures in each of the following examples as
frozen stages of the evolution of allochthonous salt
sheets. A map in Figure 12 shows the distribution of
allochthonous salt tongues and sheets and the location
of the seismic examples in our slope study area.

Autochthonous salt stages represent the carliest salt
deformation in the evolution of an allochthonous salt
sheet. During the autochthonous salt stages, salt
rollers, swells, anticlines and domes (Foldour 2:
Jackson and Talbot, 1986) are typically developed.
Autochthonous salt structures were dominant in the
study area during the period 150.5-30 Ma. As
sediment loads increased, salt swells, anticlines and
domes developed into diapiric salt walls and domes. An
example of a diapiric salt dome from the study area is
shown in Figure 13. Growth of autochthonous salt
structures dominated during the period 30-15.5 Ma,
corresponding to the increased influx of sediments into
the study area (Figure 7g). The growth of the dome in
Figure 13 ended in the Pliocene when the salt supply to
the dome was depleted. As long as there was sufficient
salt supply, salt continued to develop into the next
stages.

Allochthonous salt stages begin when salt is emplaced
within  stratigraphically younger sediments. The
allochthonous salt is illustrated in Figures 14-17.
Figures 14 and 15 show an early stage salt tongue which
spreads in the down-slope direction. The top of the salt
is overlain by approximately 300 m of sediments. A

North-eastern Gulf of Mexico structure: S. Wu et al.

bathymetric high over the tongue is observed. An
allochthonous salt tongue developed as the salt moved
up through the feeder stock and reached the level of
dynamic equilibrium. The spreading of salt also
requires that there is enough salt available to form the
tongue. The sediments in the slope environment, where
most of the allochthonous salt tongues are formed, are
weak enough so that salt can emplace within the
sediments. The bathymetric high over the salt tongue
indicates that the feeder stock is deeply rooted and still
actively supplying salt to the tongue. The elevated salt
tongue is supported by the pressure gradient in the
deeply rooted feeder stock. When developed in a slope
environment, a salt tongue preferentially spreads in the
down-slope direction due to the gravity component
parallel to the slope. The very presence of a slope
enhances the spreading of salt and the formation of
asymmetrical salt tongues (Figures 14-16). The slope
gradient may be further exaggerated by the subsidence
of the sediments beneath the spreading tongue as salt is
withdrawn from the original salt bed (Figure 16C). The
spreading of salt is further accelerated by the softening
effect of water-wetted salt (the Joffée effect, Odé,
1968; Talbot and Rogers, 1980: Talbot and Jarvis,
1984; Jackson and Talbot. 1986: Talbot and Jackson,
19874). The sediments overlying the salt tongue
prevent the salt from being dissolved directly in sea
water. However, the connate water in the sediments
softens the salt. A spreading salt tongue within the
sediments must overcome friction at the base and top of
the tongue in addition to the strength of sediments in
front of the tongue.

As salt spreads through time, newly deposited
sediments will interact with the spreading salt tongue.
Figure 16 shows a salt tongue which has been further
extended in the down-slope direction. The sediments
overlying the salt tongue have been rotated in a
counter-clockwise direction on top of the spreading
salt. Sediments on top of the tongue have been dragged
along with the sait tongue in the down-slope direction.
The sediment loads on top of the salt further help the
salt tongue to spread. The top of the salt tongue in
Figure 16 changes laterally from dipping seaward to
landward. At the deepest part on top of the tongue,
mechanical conditions of the salt tongue as a whole
change from predominantly down-slope spreading to
down-slope overthrusting. At the local minimum on
top of the salt tongue, the overlying sediments are
about 1400 m thick (Figure 16C). The sediments are
dense enough at this depth to generate a density
inversion between the salt tongue and the overlying
sediments (Jackson and Talbot, 1986). As the salt
tongue spreads, it adapts to changing mechanical
conditions to maintain a dynamic equilibrium. Thus the
salt tongue climbs up the sedimentary section to
balance the increased burial depth by overlying
sediments. The salt tongue overthrusts and truncates
flat-lying sediments deposited in front of and
underneath it. The steplike base of the tongue (Figures
16C and 17) indicates the episodic overthrusting of the
tongue due to loading. A bathymetric high is produced
over the thrusted part of the salt tongue whereas a
bathymetric step forms at the frontal end of the tongue.
Figure 18 shows a seismic line perpendicular to Figure
16 across the same tongue. Salt also spreads sideways as
shown on this strike section. However, the spreading is
much less than that scen in the structural dip section.
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Figure 15 (A) Uninterpreted seismic example of early salt tongue perpendicular to Figure 14 (courtesy of GECO). For location see
Figure 12. (B) Interpreted example of (A). Note that salt tongue spreads in the down-slope direction to the west. A bathymetric high is
observed over the salt tongue
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Figure 16 (C) Depth-covered section of (B). Interval velocities for depth conversion are in Tab/e 7. Note that salt tongue spreads
predominantly in the down-slope direction and the sediments on top of the tongue rotate mainly counter-clockwise as the tongue
spreads. A bathymetric low and a set of faults are observed over the feeder stock due to decreasing pressure gradient in the feeder
stock in the late stage of a salt tongue. Note the dip of top of salt tongue changes from basinward dipping (SSE) to landward dipping
(NNW), indicating that the tongue as a whole changes from spreading down-slope to overthrusting down-slope. A critical point is
defined at the point of the top-salt dip change. The step-like base of the tongue indicates episodic thrusting due to sediment loadings.
A bathymetric high is observed over the thrusting part of the salt tongue. A set of landward dipping faults developed over the leading

part of the tongue

The salt tongue in this example took about 5 Ma to
spread to its present length of 22 km in the down-slope
direction (Figure 16C).

The example of Figure 16 also documents a system of
faults associated with the down-slope spreading salt. A
set of landward dipping faults developed over the
basinward leading part of the salt tongue. This set of
faults is due to the withdrawal of salt from the central
part to the thrusted front of the tongue. Another
system of faults develops in the sediments above the
feeder stock and the thickest part of the salt tongue.
Compared with the bathymetric high of the previous
salt tongue example (Figures 14 and 15), a bathymetric
low over the feeder stock in Figure 16 now starts to
develop. The faults and the bathymetric low suggest
that the pressure gradient in the feeder stock decreased
due to decreasing salt supply in the original salt bed.
The pressures in the feeder stock no longer support the

elevated salt mass above the feeder stock. Because the
salt is spreading in the down-slope direction and
sediments are coming from the land, down to the basin
growth faults begin to develop predominantly. The
interaction between spreading salt tongue and sediment
load is summarized in Figure /7. As the salt over the
feeder stock continues to collapse and as sediments
continue to load in the bathymetric low above the
feeder stock, the thick salt over the feeder stock is
squeezed out into the frontal part of the salt tongue.
The withdrawal of thick salt at the feeder stock
accommodates the expanding overlying sediments. The
extensive spreading of salt and the development of
growth fault systems behind the salt tongue lead the
allochthonous salt tongue into the detached
allochthonous salt stages.

Detached allochthonous salt stages are the last stages
in one cycle of the development of allochthonous salt.

Down-To-The-Basin Faults

Antithetic Faults

A

INTERACTION BETWEEN
SALT MOVEMENT AND SEDIMENT LOADING

Rotated Sediments

Crlllc“rl Point
\

Counter-Regional Faults

Thrust Fault

prd

Spreading Salt Tongue

L. 7]

’7'/

Figure 17 Schematic summary of the major features seen in Figure 76
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Figure 19 (A) Uninterpreted seismic example perpendicular to Foldout 4 (courtesy of GECO). For location see Figure 12. (B) Interpreted
example of (A). Note that the salt sheet spreads and thrusts sideways. Normal faults dipping down-slope are observed over the salt
sheet on the left. A bathymetric step and normal faults dipping up-slope are observed over the sheet on the right. Faults developed over
the tongue and soled out at the top of the salt sheet

Marine and Petroleum Geology, 1990, Vol 7, November 359



North-eastern Gulf of Mexico structure: S. Wu et al.

abed Buimojjo}
ayj uo sI (g) Led 7L 84nbi4 885 UONBOO| 104 (0D3D JO ASaLIN0D) 1Nk} YIMOIB uISeq 341 01 UMOP JBISBLU Y SSOIOR G 1N0p[o4 O} senoipuadiad apyoid olwsies palaidiaiuiun (y) 0z 2inbiy

e e e e
o T

OLVE e e

i e S
e e

w 8 o == 8
a : -
a :
o
Q
7
9
z 9
w
=
[
> v
% v
2
(@]
= :
= 21 A
0 : y 0
33N S 1N0alo4 MMS
(v)

360 Marine and Petroleum Geology, 1990, Vol 7, November



North-eastern Gulf of Mexico structure: S. Wu et al.

TWO WAY TIME IN SECONDS

G 110pj0 U1 133Ys 1[es

abie| ay) Buiwioy 2dofS-UMOP PAAOLL 1S 3Y] JO 1SOL BIym uoneao| Juasald a8yl 0jul aue|d 1ney 8yl J18A0 pue Buo|e paAow 1]es 8LU0s 1Y) 210N *(V) Ui 8ul) diws1as pajesdialul (g) Juod 0z ainbiy

33N

=~ B & «...‘vh

S 1NOAa104

<t

MMS

(a)

361

Marine and Petroleum Geology, 1990, Vol 7, November



North-eastern Gulf of Mexico structure: S. Wu et al.
The detached allochthonous salt is illustrated by
examples shown in Foldouts 4 and 5 and Figures 19-21.
The salt sheet in Foldour 4 has many features in
common with those of the salt tongue in Figure 16
except that the salt sheet in Foldout 4 is now completely
separated from the feeder stock. Also. the salt sheet in
Foldout 4 has a larger areal extent than the tongue in
Figure 16 (Figure 12). It has spread about 80 km in the
down-dip direction in an approximately 5 Ma period.
The extent of allochthonous salt indicates that in a time
interval, one of the factors that determines the
spreading rate of a salt tongue or sheet is the amount of
initial salt supply. Foldout 4 shows a set of growth faults
superimposed on an allochthonous salt sheet. A major
down to the basin growth fault separates the salt sheet
from its presumed original feeder stock. The
down-slope withdrawal of salt from a feeder stock
(Figure 16) accommodates the expansion of sediments
in the down-thrown part of a major growth fault system
(Foldout 4). The work of Worrall and Snelson (1989)
demonstrated that salt is the main factor that controls
and accommodates the growth fault systems in the Gulf
of Mexico. This example again shows that salt spreads
preferentially in the down-slope direction. Once the
salt tongue is separated from its feeder stock, the
evolutionary stages of an allochthonous salt end and a
new cycle of evolution begins.

The seismic examples of each evolutionary stage of
allochthonous  salt  help to  understand  the
allochthonous salt sheet shown in Figure 3. Part of
Figure 3 is shown in Foldout 5 at a conventional scale.
By comparing the allochthonous sheets in Foldout 5
with Foldout 4, it is found that a similar set of down to
the basin growth faults exist behind each of the
detached salt sheets. The growth faults behind the salt
sheets in each example sole out within allochthonous
salt (Foldouts 4 and 5). Both allochthonous salt masses
were formed during the Miocene to Pliocene. In the
example in Foldour 5, there is a down to the basin
master growth fault, which soles out within the
autochthonous salt. Figure 20 shows a section
perpendicular to Foldour 5 across the master growth
fault. Some salt moved up along and over the growth
fault plane while most of the salt formed the large salt
sheet.

An  approximate  reconstruction  for  the
allochthonous salt in Foldout 4 is attempted and shown
in  Figure 21. Moretti et al. (1990) present a
computer-aided reconstruction of the same section.
The reconstructed sections suggest evolutionary stages
that are similar to those seen on the seismic examples in
Figures 13-16, 18, 19 and Foldour 4. A stage of salt
concentration with salt pillows, swells and anticlines is
shown in Figure 21b. Diapirism of the autochthonous
salt stage started in the Late Oligocene—Early Miocene
and is shown in Figure 21c. During Early Miocene,
allochthonous salt tongues started to form. The
allochthonous salt sheet extended greatly during the
period of Middle and Upper Miocene (Figure 21¢). The
allochthonous salt sheet was detached during the
Pliocene when the sheet was separated by growth faults
above the original feeder stock (Figure 21c). The
original feeder stock became a salt weld (Jackson and
Cramez, 1989) after salt was squeezed upward.

Extension along the down to the basin master growth
fault started after the Middle Cretaceous (Figure 21b
and ¢) and continued into the Pliocene (Figure 2ie).

EVOLUTION OF ALLOCHTHONOUS SALT

N MISSISSIZP] CANYON AHEA OF GULF OF MEXICH

SALT DEPOSITION

( |
- a R

(GOCENE OF € WIOCENE 17 MA

Figure 21 Hand-made reconstructions of the example in
Foldout 5. The left end of the section is assumed to be fixed in
space. The areas of the sediments except salt are kept constant
in the reconstructions. Decompaction is not taken into account.
Note that the area of salt (black) cannot be balanced within the
plane of the page. A significant amount of salt moved out of the
plane of the section. Salt is assumed to occupy all space
between the base of autochthonous salt and the base of
sediments overlying salt in the reconstructions. The exact
reconstruction requires the knowledge of the amount of salt
involved. The reconstructions show the evolutionary stages
exemplified by seismic examples from the study area shown in
Figures 13-16, 18 and Foldout 4. The extension along the
master down to the basin growth fault is compensated mainly
by the withdrawal of salt from the original feeder stock and
partly by basinward shortening as shown in Figures 3 and 22
and Foldout 6. The partial extension possibly compensated by
the basinward shortening is indicated by arrows. Major
extensions occurred during the Miocene. The faults over the salt
sheet sole out at the top of the allochthonous salt sheet

Major extension along the master growth fault
occurred during the Miocene (Figure 21c—d). The
major extension was coeval with the shortening in the
fold belt observed in the basinward direction of the salt
sheet (Figures 3 and 22 and Foldouts I and 6). The
extension was mainly compensated by the withdrawal
of salt (Figure 2le—f) and partly by the down-slope
shortening (Figures 21b. 22 and Foldout 6; next
section). However. to know the exact amount of
extension compensated by each of the mechanisms
requires a knowledge of the amount of salt involved in
the process.
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Figure 22 (A) Uninterpreted seismic example of a fold and thrust-faulted fold (courtesy of GECO). For location see Figure 71.
(B) Interpreted example of (A). This example shows that the shortening started in about the Middle Miocene and ended by the end of
the Upper Miocene. Jurassic Louann salt welts (Harrison and Bally, 1988) cored the fold and thrusted fold. Shortening ends at the

basinward limit of the autochthonous salt

Mississippi Fan fold belt

A number of folds and thrusts forming the Mississippi
Fan fold belt (Weimer and Buffler. 1989) are observed
in the lower slope study area as illustrated by the
regional seismic lines in Figure 3 and Foldour 1.
Additional examples of the Mississippi Fan fold belt are
shown in Figure 22 and Foldout 6 (see Figure 11 for
locations). The fold belt is interpreted as cored by

Marine and Petroleum Geology, 1990, Vol 7, November

Jurassic Louann salt welts (Harrison and Bally, 1988).
A major décollement of the fold belt is within the
autochthonous salt. The thrust faults sole out within the
autochthonous salt (Figures 3 and 22 and Foldouts 1
and 6). The fold belt is mapped near the basinward
limit of the autochthonous salt in Figure 11. Whether
the fold belt extends northward and westward under
the allochthonous salt to connect with the Perdido fold
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belt of the western Gulf of Mexico is possible but
unknown. Major shortening started in Late—Early
Miocene (Foldout 6) and ceased before the end of the
Late Miocene (Figures 3 and 22 and Foldouts 1 and 6).
During the same period of active shortening, the
depocentres of the Gulf of Mexico shifted into the
study area; rates of sediment accumulation greatly

increased (Figures 3 and 22 and Foldouts 3 and 6); and
major relative upward growth and lateral spreading of
salt occurred (Figure 7) followed by major extension
along a down to the basin master growth fault (Figures
3 and 2/ and Foldour 5). Autochthonous salt moved
within the salt bed into the present fold belt as
indicated by the salt welts and elevated sediments

a7°
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— 28°
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— R =t b 27°
89° as* B’l"
RELATIONSHIP BETWEEN MID-CRETACEOQUS SALT
DISTRIBUTION AND PRESENT ALLOCHTHONOUSAL SALT
ey NORTHEASTERN GULF OF MEXICO
P y,
f I | LEGEND
.': R g E SALT 1SOPACHED INTERVAL l
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— FAULTS ON ™ “w \
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Figure 23 Map summarizing the relationship between the primary Mid-Cretaceous concentrated salt and the present day
allochthonous salt tongues and sheets. It indicates that the allochthonous salt bodies sourced from the autochthonous salt
concentrated by the Mid-Cretaceous. It also shows the positions of the basinward limit of the autochthonous salt and the fold and
thrust belt
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Figure 24 Summary of the evolutionary stages of an allochthonous salt sheet using line drawings of the seismic example shown
previously (adapted from Wu et a/, 1989). (a) Autochthonous salt stage; (b), (b’) allochthonous salt tongue; (c), (¢') advanced

allochthonous salt tongue; (d) detached allochthonous salt sheet

overlying salt (Foldout 6). Extension along the master
growth fault and diapirism of salt walls and domes have
possibly contributed to the shortening in the Mississippi
Fan fold belt. The Plio—Pleistocene growth fault
system soling out at the allochthonous salt did not
contribute to the formation of the fold belt because
these faults were formed mostly after the shortening
ceased. The extension along these growth faults is

accommodated by salt withdrawal.

Summary

Our structural analysis uses a sequence stratigraphic
frame of reference. A model for the evolution of
allochthonous salt in north-eastern Gulf of Mexico is
proposed. Excellent seismic examples along with
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reconstructions document each evolutionary stage of
allochthonous salt and lead to the following
conclusions:

(1) The base of Jurassic Louann Salt
(undifferentiated from the base of the Werner
Anhydrite underlying the Louann Salt) is a relatively
smooth surface without major steps. Near the Florida
Escarpment the surface is flexed, mainly due to
Neogene—Pleistocene sediment loading. There is no
major fault displacing the base of salt and separating
the Florida Platform from continental slope of the Gulf
of Mexico in the study area.

(2) As a consequence of sediment accumulation
patterns in the north-eastern Gulf of Mexico, three
major episodes of salt movement were documented. (a)
Basinward salt movement towards the deep Gulf under
lowstand and distal highstand sediment loads
dominated in the slope arca during 150.5-94 Ma
leading to a primary salt concentration in large pillows
and mounds (Figures 7a—d and 711). (b) An extended
period of starved sedimentation during 94-30 Ma
allowed these salt structures to stabilize (Figure 7e).

(3) Rapid relative upward growth of salt structures
occurred during the Early Miocene and Early Middle
Miocene in response to rapid sediment accumulation.
The formation of allochthonous salt tongues and sheets
was due to dominant down-slope spreading and
overthrusting ot salt within the unconsolidated
sediments during Middle Miocene to Plio-Pleistocene
and was the consequence of continued rapid sediment
accumulation (e.g. Figure 7g—j).

(4) Salt concentrations by 94 Ma had a great
influence on the formation of allochthonous salt.
Subsequently formed allochthonous salt tongues and
sheets were fed from these early salt pillows and
mounds (Figure 23).

(5) The allochthonous salt presumably went through:
(a) an autochthonous salt stage (in the form of rollers,
swells, anticlines and domes and later in the form of
diapiric salt walls and domes (Figure 24a); (b) and
allochthonous salt stage (in the form of tongues and
sheets, e.g. Figure 24b, b', ¢ and ¢’) and (c) the final
detached allochthonous salt stage (Foldout 5 and Figure
24d). The presence of a slope and water softening of
salt are two key factors that enhance the gravity
spreading of salt. Sediment loads interact with
spreading allochthonous salt tongues and salt sheets.
Salt deforms as loaded by sediments and in turn fault
patterns are closely related to the movements of salt
(Figure 17). A dynamic equilibrium is achieved
between the sediment loading and salt deformation.
The withdrawal of salt accommodates the expansion of
growth faults above the feeder stock. Down to the
basin growth fault systems separate the allochthonous
salt from the original feeder stock. Salt weld is formed
when the salt is completely displaced from its position.

(6) The salt structures and the associated decoupling
system in the study area is schematically summarized in
Figure 25. Autochthonous and allochthonous salt
structures act as lower and upper decoupling levels.
respectively. The lower level decoupling system is
associated with the autochthonous salt. At this level,
there are peripheral fault systems, salt rollers, down to
the basin master growth faults and thrust faults. The
higher decoupling level is associated with the
allochthonous salt where various growth faults form
(e.g. major down to the basin growth fault and

KM
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VERTICAL EXAGGERATION

3x. The basic architecture of the structural style is similar to that in (A) despite the scale difference. Both

PRE-MIDDLE JURASSIC
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developed on top of the allochthonous salt sheet. A bathymetric high developed in the leading part of the allochthonous salt sheet. The high was buried in (B) due to rapid Plio—Pleistocene

examples have a large allochthonous salt sheet, autochthonous salt and a fold belt. Growth faults soling out at the autochthonous and allochthonous salt exist in both sections. A set of faults
deposition of Mississippi Fan while the high in the example from central Gulf of Mexico forms the Sigsbee Escarpment

Figure 26 cont. (B) A depth section shown in Foldout 5. Vertical exaggeration
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counter-regional fault systems (Seni and Jackson,
1989)). The base of the allochthonous salt is an
‘overthrust’ surface. The extension along the down to
the basin master growth fault system is mainly
compensated by the withdrawal of salt from the feeder
stock and partly by the shortening in the basinward
direction.

Finally, a cross-section from the central Gulf of
Mexico by Worrall and Snelson (1989) is compared
with a section from the study area (Figure 26). It shows
that the structures associated with an allochthonous salt
in the north-eastern Gulf of Mexico are analogous to
the salt structures proposed by Worrall and Snelson
(1989) in the central Gulf of Mexico. Because of the
similar geological setting and the geometry of salt
structures. the evolutionary model of the allochthonous
salt presented in this paper may also apply to the
evolutionary history of the salt structures associated
with the Sigsbee Escarpment in the central Gulf of
Mexico.
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