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Abstract—The frontal fold of the deep-water Mississippi Fan foldbelt is used to investigate the relationships
between folding and faulting in detachment folds. Seismic coverage shows the entire three-dimensional geometry,
from termination to termination, and the deformation history as recorded by asymmetric growth strata on fold
limbs. The fold is a salt-cored detachment fold cut by reverse faults on both limbs. Its three-dimensional geometry is
complex, consisting of four separate culminations, each associated with a distinct fault or fault segment.
Consequently, profile geometries vary significantly, but unsystematically, along strike.

Data analysis and structural restoration suggest a three-stage evolution during Mio-Pliocene shortening: (1) pre-
existing, en-échelon salt pillows served as buckling instabilities for the initiation of detachment folds that
experienced relatively minor lateral propagation during growth and linkage; (2) an increase in shortening rate was
accommodated by break-thrust folding; and (3) the faults became inactive upon a decrease in shortening rate, such
that further fold amplification occurred by rotation and uplift of the backlimb. There is 2 direct correlation between
fold and fault geometries, and abundant evidence indicates that the geometries of individual fold segments dictated

fault geometries. © 1997 Elsevier Science Ltd. All rights reserved.

INTRODUCTION

Many contractional folds are associated with faults that
ramp up through strata. Three contrasting kinematic
models can be differentiated on the basis of the relative
timing of fault and fold initiation. Fault-bend folds
(Suppe, 1983) form passively over pre-existing thrust
faults with ramp-flat trajectories. In fault-propagation
folds (Suppe, 1985; Jamison, 1987; Suppe and Medwe-
deff, 1990; Mitra, 1990), folding and faulting are
synchronous, with folds growing as faults progressively
cut up-section. In break-thrust folds (Willis, 1893;
Fischer et al., 1992), initially unfaulted detachment folds
(De Sitter, 1956; Jamison, 1987; Dahlistrom, 1990; Poblet
and McClay, 1996) are modified by reverse faults cutting
fold limbs. Combinations of these fold types are also
possible; for example, either fault-propagation or break-
thrust folds can evolve into fault-bend folds if thrusts
flatten into higher detachments.

In practice, it is difficult to deduce kinematics uniquely
from the geometries of pretectonic layers, and recent
studies have suggested that the geometry of growth strata
preserved on fold limbs can be used to distinguish
between the various kinematic models. Fault-bend folds
are characterized by constant-thickness, rotated strata on
backlimbs and growth strata that either thin over or
onlap forelimbs (Medwedeff, 1989; Mount et al., 1990;
Suppe et al., 1992; Hardy and Poblet, 1995; Hardy et al.,
1996). In fault-propagation folds, both backlimbs and
forelimbs have complicated patterns of thinned, rotated,
and onlapping growth sequences (Suppe er al., 1992;
Hardy and Poblet, 1995; Hardy et al., 1996) that depend,
in part, on the ramp angle (Ratliff, 1996, pers. comm.).
Simple detachment folds may have progressively rotated

growth strata that thin onto both limbs (Hardy and
Poblet, 1994; Poblet and Hardy, 1995; Torrente and
Kligfield, 1995; Hardy ez al., 1996) or complex patterns of
rotated, constant-thickness beds and fanning growth
wedges (Poblet et al., 1997). To date, no growth models
have been published for break-thrust folds.

Little treatment has been given to the three-dimen-
sional geometry and kinematics of fault-related folding.
Plane-strain fault-bend and fault-propagation fold
models have been extended to three dimensions by
modeling displacement variations along strike (Wilk-
erson et al., 1991; Ratliff, 1992). The resulting geometries
compare well with observed three-dimensional fold
geometries (Medwedeff, 1989, 1992; Ratliff, 1992; Shaw
et al., 1994; Shaw and Suppe, 1994). Both experimental
and field evidence show that detachment folds are
periclinal, or doubly-plunging, in three dimensions
(Dubey and Cobbold, 1977; Bamford and Ford, 1990;
Rowan, 1993a), but any relationship to slip variation on
underlying detachments is unknown. Finally, there are
no systematic descriptions or models of the three-
dimensional geometry and kinematics of break-thrust
folds.

In this paper, I describe the three-dimensional geome-
try of one of the frontal folds within the Mississippi Fan
foldbelt (MFFB), 280 km SSE of New Orleans in the
northern Gulf of Mexico (Fig. 1). The fold is a salt-cored
detachment fold cut by several high-angle reverse faults
and with well-preserved growth sequences on both limbs.
The three-dimensional geometry is complex, consisting
of four separate culminations, each associated with a
distinct fault or fault segment. I present evidence
suggesting that: (a) each fold segment originated over a
pre-existing salt pillow, (b) the various segments linked at
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Fig. 1. Map of Gulf of Mexico showing location of the Missippi Fan and
Perdido foldbelts. Water depth is contoured.

some stage with only minor subsequent lateral growth,
(c) fault initiation was dictated by pre-existing fold
geometries, and (d) there may be a positive correlation
between the timing of faulting and increases in the
regional shortening rate.

GEOLOGIC SETTING

The MFFB is one of several deep-water contractional
belts located in the northern Gulf of Mexico. Both it and
the Perdido foldbelt, located 600 km to the WSW (Fig.
1), formed at the basinward limit of the Jurassic Louann
Salt in response to depositional loading and associated
gravity spreading and/or sliding along a salt detachment
linked to up-slope listric normal faults (Worrall and
Snelson, 1989; Wu er al., 1990a; Weimer and Buffler,
1992; Peel et al., 1995; Diegel et al., 1995; Trudgill ez al.,
1995). Although salt has not been confirmed by well
penetration within the MFFB, its presence is indicated by
the presence along the folds of salt diapirs rising from the
detachment level and by clearly imaged salt structures at
the same stratigraphic level in unfolded regions to the
east and northeast (Wu et al., 1990a; DeBalko and
Buffler, 1992; MacRae and Watkins, 1992; Weimer and
Buffler, 1992).

The MFFB is characterized by ENE-trending anticli-
nes and associated thrust faults (Fig. 2). Folds and faults
are dominantly south-vergent, although symmetric box
folds and backthrusts also exist (Weimer and Buffler,
1992). Only part of the MFFB can be observed because
shallow allochthonous salt sheets of the Sigsbee Nappe
have over-ridden and masked the seismic expression of
the landward portions of the foldbelt (Fig. 2).

Folds within both the Mississippi Fan and Perdido
foldbelts have been interpreted as salt-cored detachment
folds (Worrall and Snelson, 1989; Wu et al., 1990a;
Weimer and Buffler, 1992; Rowan et al., 1993; Diegel et
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Salt diapir

Fig. 2. Map of the Mississippi Fan foldbelt showing available seismic
and well data. Structural features slightly modified from the interpreta-
tion of Weimer and Buffler (1992), which was based on old Halliburton
seismic grid. C, E, G, J, L, and N are selected GECO-PRAKLA profiles
across the frontal fold analyzed here and illustrated in Figs 4-10.

al., 1995; Peel et al., 1995; Trudgill et al., 1995). This
contrasts with the interpretation of Mount et al. (1990),
in which one of the Perdido folds was modeled as a fault-
bend fold, cored by an imbricate horse, on the basis of the
geometry of growth strata. Peel et al. (1995) and Trudgill
et al. (1995) argued that this latter interpretation is
incompatible with the observed fold geometries and
regional considerations, and Rowan er al. (1993)
showed that similar growth geometries can develop
during break-thrust folding.

DATABASE AND METHODOLOGY

The primary seismic survey used in the interpretation
was a 3x3km grid of 56-fold, time-migrated data
acquired and processed by GECO-PRAKLA in 1987
(Fig. 2). The processing sequence included predictive
deconvolution, dip moveout (DMO) correction, velocity
analysis every 2 km, and wave equation migration. A
secondary survey used in some areas to tie lines was a
6 x 12 km grid of 24- and 48-fold data acquired by Petty-
Ray (now Western Geophysical) from 1980 to 1983 (Fig.
2). The processing sequence for these data included
spiking deconvolution, normal moveout correction,
velocity analysis every 5 km, and FK (frequency) migra-
tion.

Limitations in data acquisition and artifacts generated
during processing can create a variety of problems that
may interfere with interpretation. First, the data may be
under- or over-migrated such that reflections are posi-
tioned incorrectly on the profile. Concave-upward migra-
tion ‘smiles’ deep in the section are an example of over-
migration. Second, faults or other velocity discontinuities
may produce diffractions; an example can be seen near
the tip of the back-thrust on Profile C (see Fig. 4). Third,
multiples may be produced by seismic waves bouncing off
the sea floor or other prominent boundaries. Fourth,
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there may be sideswipe, where out-of-the-plane (three-
dimensional) energy gets positioned on the 2-D profile. A
probable example is the north-dipping event below the
forelimb of Profile L (see Fig. 8), which may represent an
adjacent thrust. Fifth, steep dips often cannot be imaged
because seismic waves are reflected away from the
receivers. Finally, areas of abundant fracturing and
faulting are usually poorly imaged because of complex
wave paths and energy dispersion. This can often be seen
in the fold crest, where poor data were interpreted to
result from numerous small-scale normal faults devel-
oped in response to outer-arc bending and extension
during folding (see Figs 4-7).

Most of these artifacts and limitations can be recog-
nized by an experienced interpreter. In some cases, they
dictate that the data be ignored. For example, the strike
line running along the steeply-dipping forelimb generally
did not tie the dip lines because out-of-the-plane energy
was incorrectly positioned. In other cases, artifacts can be
used to guide the interpretation. For example, diffrac-
tions helped identify the presence and locations of faults.
Ultimately, the dense and regular grid of data allowed for
a well-constrained, internally consistent interpretation.
Most importantly, forelimbs could be correlated accu-
rately to backlimbs by tying around fault and fold
terminations, thereby avoiding the uncertainties of
cross-fault correlation and the problems of crestal
erosion.

Two aspects of the interpretation merit further expla-
nation. First, fault and horizon geometries were not
interpreted below salt because of the poor data quality
and the unknown amount of velocity pullup. These parts
of the interpretations were added after depth conversion
by extrapolation of clearly imaged geometries (compare
Figs 4-9 with Fig. 10). Second, the interpretation of the
frontal fault was problematic in some cases because of
poor data quality (e.g. Figs 4 & 6). These zones of poor
data could also be interpreted as a steep or overturned
forelimb. However, the geometries of other profiles,
where the zone is narrower or absent (e.g. Fig. 5 and
especially Fig. 7), are more compatible with a fauit
interpretation. Even so, the exact location and geometry
of the fault and the attitudes of bedding in the immediate
hanging and footwalls could not be determined accu-
rately. A best estimate was made for the fault location,
and hanging and footwall horizons were simply extended
through the zone of poor data to intersect the fault.

The Shell Atwater Valley 471-1, the only well in this
portion of the foldbelt, penetrated the frontal fold
analyzed in this study (Fig. 2) and provided age control
for the interpretation. The well drilled the Pleistocene to
upper Pliocene Mississippi Fan, through an unconfor-
mity at the fold crest into the middle Miocene, and
finished in upper Oligocene strata (Figs 3 & 4). A
synthetic seismogram was generated from the velocity
log and tied to the seismic data; biostratigraphic data
were then used to date the section between the unconfor-
mity and the bottom-hole depth. The Mississippi Fan
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Fig. 3. Stratigraphic column showing sequence names, known or

inferred lithologies, interpreted seismic horizons with ages, and the

section penetrated by the Shell Atwater Valley 471-1 well. Compiled

from Weimer (1990), Wu er al. (1990b), Feng and Buffler (1991),
Weimer and Dixon (1994), and Feng (1995).

(above the unconformity), the eroded Plio-Miocene
section, and the unpenetrated deeper strata (Fig. 3) were
dated by correlation to regional seismic studies and
regional well control (Weimer, 1990; Wu et al., 1990b;
Feng and Buffier, 1991; Weimer and Dixon, 1994; Feng,
1995). Although accurate age dates are not necessary for
the geometric analysis presented here, they are critical
when determining timing and rates of deformation.

The well data also provided velocity information for
conversion of the time-migrated data to depth sections,
but only at one point and over a limited time range. There
are two end-member scenarios for lateral velocity
variations and thus for depth conversion algorithms.
First, velocity may simply be a function of depth below
the water—sediment interface, in which case there are no
lateral variations (except for where salt is involved,
because of its constant velocity irrespective of depth).
Alternatively, velocity may be a function of the strati-
graphic layers (i.e. constant interval velocities), in which
case there are significant variations from the fold to its
flanks. The true velocity model almost certainly lies
between these two extremes; lithology must play a role,
but the depth of burial and attendant amount of
compaction are also important factors.

Evidence regarding the true velocity distribution is
equivocal. On the one hand, constant interval velocities
are suggested by the approximately constant time
thickness of some of the deeper units (the Lower Mexican
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Fig. 4. Uninterpreted (a) and interpreted (b) versions of Profile C (located on Fig. 2). Vertical scale is in seconds of two-way
travel time (TWT); profile is approximately 1:1. Data courtesy of GECO-PRAKLA.
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Ridges [LMR] and lower Middle Mexican Ridges
[MMR] units in Figs 4-9). On the other hand, there is
little apparent velocity pull-up beneath the frontal fault
where older rocks are juxtaposed against younger rocks
(Figs 4-9). Although reflections do show curvature in this
area, the geometry is more suggestive of real folding than
velocity pull-up (the same curvature is seen where little or
no fault offset exists in Figs 7 & 8). Therefore, depth
conversion was conducted using a depth-dependent
velocity function. One artifact of this simplification is
that crestal portions of units are thinner in depth than is
really the case, which becomes important in determing
the onset of folding (see below).

The velocities of the deepest units are unknown. If the
depth-dependent function determined from the well is
projected to depth, relatively low velocities of about
3500 m s~ ' are determined for the deepest units immedi-
ately above salt (presumed velocity of 4500 m s ~'). Yet
there is little apparent velocity pull-up beneath inter-
preted salt (Figs 4-9), suggesting minimal velocity
contrast. There are four possible explanations. First,
velocities of deeper units may indeed be higher because
they are thought to be carbonates. Second, the velocity of
salt may be lower because of interlayering with carbo-
nates and fine-grained clastics that might be expected at
the depositional edge of the original salt basin (see
below). Third, the salt cores may be small enough (in
both area and thickness) that far offsets may correctly
image the subsalt without any velocity artifacts. Finally,
what is interpreted to be salt may in fact be shales.
However, the presence of salt diapirs along the folds
argues against this interpretation. The approach adopted
in the depth conversions was to increase the velocities of
the deepest units and slightly decrease that of salt to
minimize the contrast and associated pull-up.

FOLD GEOMETRY
Profile geometry

Six selected seismic profiles, oriented approximately
perpendicular to the fold axes, display two-dimensional
geometries that vary markedly along strike from west to
east: (a) Profile C (Fig. 4), near the well, shows an
asymmetric fold with a major south-vergent reverse fault
and a minor backthrust; (b) Profile E (Fig. 5) shows a
more symmetrical fold, although the frontal fault is still
larger than the backthrust; (c) the fold in Profile G (Fig.
6) is again asymmetrical, but with the long, planar
backlimb not cut by a backthrust; (d) in Profile J (Fig.
7), the fold is tighter and more symmetrical, with smaller
displacement on the frontal fault; (¢) Profile L (Fig. 8)
shows a perfectly symmetric detachment fold cut by a
very small fault; and (f) Profile N (Fig. 9), at the eastern
fold termination, displays a broad, low-relief detachment
fold. Depth-converted interpretations are illustrated in
Fig. 10.
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The timing of deformation can be inferred from the
interpreted stratal geometries. The shape of the salt core
differs along strike, and thickness variations in the
overlying Challenger and Campeche sequences suggest
that some of this is due to early (Late Jurassic to
Cretaceous) salt deformation. These thickness variations
are not just artifacts of the depth conversion, because
clear examples of thinning can be seen (e.g. on the
backlimbs of Profiles C and G [Figs 4 & 6] and in the
footwall of Profile J [Fig. 7).

The onset of the main folding event is difficult to
determine. The LMR and MMR units thin slightly over
the fold crest (Fig. 10), but this could be an artifact of the
depth conversion (i.e. using higher velocities in crestal
areas could increase thicknesses there to show no
variation). The only unequivocal evidence for thinning
and thickening (i.e. onlap of reflections) in these intervals
occurs in the upper MMR (e.g. crestal portion of Profile
E {Fig. 5]); possible onlap is also interpreted in the lower
MMR on the backlimb of Profile J (Fig. 7). In contrast,
the upper part of the Campeche and the entire LMR
show no evidence of onlap. Thus, the data suggest that
there was a long period of tectonic quiescence from some
time in the Late Cretaceous through the early Oligocene.
Folding may have initiated during deposition of the
MMR, between the late Oligocene and the early
Miocene. Although there is no evidence of thickness
variations across faults for these intervals, it is possible
that faulting was also active.

Onlap onto anticlinal crests and cross-fault thickness
changes within the lower Upper Mexican Ridges (UMR)
show that folding and faulting were both definitely
occurring during the middle to late Miocene (Figs 4—
10). In contrast, the youngest growth strata, within the
upper UMR and the lower Mississippi Fan (upper
Miocene to Pliocene), are not faulted but display
asymmetric growth patterns. Undeformed strata that
simply onlap the forelimb and frontal fault are thinned,
rotated, and uplifted on the backlimb. This pattern is
observed even when the deeper fold is symmetric (Figs 8
& 10e). Finally, the main part of the Plio-Pleistocene
Mississippi Fan is undeformed and erosionally truncates
the highest portions of the fold (Figs 4, 6, & 10a, c).

Three-dimensional fault geometry

The profiles appear to show a systematic decrease in
displacement on the frontal fault from west to east (Fig.
10). However, a map of the three-dimensional fault
geometry shows that the frontal fault consists of three
arcuate segments (Fig. 11). The western and central
segments (I and II, respectively) are linked at a cusp in
the vicinity of Profile E, whereas the eastern segment (I1I)
is interpreted as a separate fault that overlaps the eastern
tip of segment IT (segment III could be linked to segment
II, but the displacements on Profiles J and K are small
enough that a relay zone is considered more likely). The
backthrust is located in the vicinity of the cusp between
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Fig. 5. Uninterpreted (a) and interpreted (b) versions of Profile E (located on Fig. 2). Vertical scale is in seconds of two-way
travel time (TWT); profile is approximately 1:1. Data courtesy of GECO-PRAKLA.
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Fig. 8. Uninterpreted (a) and interpreted (b) versions of Profile L (located on Fig. 2). Vertical scale is in seconds of two-way
travel time (TWT); profile is approximately 1:1. Data courtesy of GECO-PRAKLA.
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Fig. 9. Uninterpreted (a) and interpreted (b) versions of Profile N (located on Fig. 2). Vertical scale is in seconds of two-way
travel time (TWT); profile is approximately 1:1. Data courtesy of GECO-PRAKLA.
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Fig. 10. 1:1 depth converted interpretations of the profiles illustrated in Figs 4-9. The interpretations here and in Figs 4-9
were derived from tying all dip and strike lines. Depth conversion carried out in GEOSEC using vertical ray paths and a depth-
dependent velocity function derived from the Shell Atwater Valley 471-1 well (see text). Salt is black, water is white.

segments I and II. It may intersect the frontal fault along
a branch line, as shown in Fig. 11, or the two faults may
pass into zones of complex deformation within salt.

A plot of dip separation at the top of the Campeche
illustrates the segmented nature of the frontal fault (Fig.
12). From west to east, there is an abnormally steep
gradient (discussed below) from zero fault separation (no
fault) on Profile A to a local maximum in dip separation
at Profile B. Separation then decreases to a local
minimum at Profile E (at the cusp), back to a local
maximum at Profile F, and decreases to zero at Profile K,
where the en-échelon overlap between segments IT and III
occurs. Segment III has much less separation, with a

maximum at Profile M that decreases in both directions
to zero at Profiles J and O.

Dip separation on the backthrust is a maximum at
Profile E and decreases both west and east to zero at
Profiles B and F. When the backthrust separation is
added to that of frontal segments I and II, a smoother
pattern is obtained (Fig. 12), showing that the backthrust
accommodated the ‘missing’ displacement where seg-
ments I and II join. The curves plotted in Fig. 12 are
similar to the patterns found in linked and overlapping
normal faults (Peacock and Sanderson, 1991; Trudgill
and Cartwright, 1994; Childs et al., 1995).

The dip separation patterns should be considered as
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Fig. 11. Structure contour map of the linked fault system derived from a three-dimensional model constructed in GEOSEC-

3D from the dip profiles. A-O are dip lines; I, II, and I1} are the three frontal fault segments: T and II are linked, II and I1I are

interpreted to overlap. The backthrust and frontal fault may or may not intersect along a branch line. Darker shades are
deeper, lighter shades are shallower (contour interval =750 m).

approximations due to commonly poor data quality in
the vicinity of the faults; separation values were derived
by projecting well-imaged horizons into the zone of poor
data. However, the reasonable correspondence between
the mapped fault geometry, with its various segments
(Fig. 11), and the separation patterns (Fig. 12) lends
credence to the validity of the seismic interpretation.
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Fig. 12. Plot of fault separation and net shortening at top Campeche

level for each profile from west (A) to east (O), measured in the plane of

the profile. The frontal fault has three local maxima; the combined curve

shows that the backthrust compensates for the minimum between
segments I and II.

Three-dimensional fold geometry

The three-dimensional geometry of the fold is similarly
segmented, with a separate culmination corresponding to
each of the three frontal fault segments and the back-
thrust (Fig. 13). Fold segments I and II are separated by a
saddle just northwest of the frontal fault cusp, whereas
segments IT and IIT overlap in an en-échelon pattern.

The variations in profile geometry illustrated in Fig. 10
can be related to their locations with respect to the
segments and the local maxima/minima in fault separa-
tion (Fig. 13). Asymmetric fold geometries, with large-
displacement frontal faults, characterize most of fold
segments [ and 11 (Profiles C and G, Figs 4, 6 & 10a, c).
The saddles (minima) between segments I and II and
between II and III have more symmetric, but still faulted,
fold geometries (Profiles E and J, Figs 5, 7 & 10b, d). In
contrast, fold segment III is typified by symmetric and
largely unfaulted geometries (Profiles L and N, Figs §, 9
& 10, f).

DISCUSSION

Fold initiation

The presence of thickness variations in the Challenger
and Campeche sequences, immediately above the salt,
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Fig. 13. Structure contour map of the top LMR (30 Ma) horizon derived from a three-dimensional model constructed in

GEOSEC-3D from the dip profiles. Heavier lines are faults; A-O are dip lines; I, II, and III are the three fold segments. A salt

diapir rooted in the detachment level is located just off the western end of the map. Lighter shades are highs, deeper shades are
lows (contour interval =400 m).

and the lack of such variations in the overlying LMR and
lower MMR units, suggest that early salt structures
existed prior to Tertiary shortening. An isopach map of
the Challenger sequence shows a series of thinned
areas that correspond to thick regions of salt which
developed early. (Fig. 14). These are arranged in a right-
stepping en-échelon pattern, and there is a strong positive
correlation between the location and geometry of thin
Challenger sequences and the major segments of the
observed fold. Local onlap patterns show that this is not
just an artifact of the interpretation, and the magnitude
of the thinned regions is too large to be explained by
errors in depth conversion. The implication is that old
(Jurassic—Cretaceous) salt structures served as nucleation
sites for later fold development during Miocene short-
ening.

The isopach map suggests that although old salt
structures existed to the north of the fold, such structures
were absent to the south (Fig. 14). Thus, the frontal edge
of the fold probably represents the original basinward
limit of salt (see also Fiduk et al., 1995). The early salt
structures may have been caused by differential sedimen-
tary loading. Alternatively, their en-échelon pattern
along the edge of salt (Fig. 14) suggests that they may
have formed during an early phase of shortening that was
oriented slightly oblique to the salt basin margin. The
smaller wavelength of the early salt structures compared
to that of the present folds (compare Figs 14 & 2) is

compatible with initial buckling of a thinner multilayer.
Early deformation may have been caused by minor
gravity gliding above regionally south-dipping basement
related to oceanic basin formation and associated
subsidence during the Late Jurassic and Early Cretac-
eous. In contrast, Tertiary deformation was probably
driven by gravity spreading, as sedimentary loading to
the north caused a reversal of basement dip, which is
currently to the north in this area (Sawyer ez al., 1991).

The dominant WSW trend of old salt structures
changes abruptly at the southwestern termination of the
fold to a NW-SE trend (Fig. 14). Again, this probably
reflects the morphology of the original salt basin margin,
with the NW-SE trend possibly related to transfer faults
or accommodation zones within the rifted basement
(Watkins et al., 1995). This lateral boundary can explain
the abrupt plunge at the western fold termination (Fig.
13) and the abnormally high displacement gradient on
the frontal fault (Fig. 12).

Lateral fold growth and linkage

The Ilateral propagation of fault-related folds is
commonly thought to be dependent on the lateral
growth of the associated faults. Most models of fault
growth are based on the expansion of an elliptical
dislocation, with displacement related in various ways
to fault dimension (Watterson, 1986; Walsh and Watter-
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Fig. 14. Palinspastically restored isopach map of the Challenger sequence, derived from the dip profiles, showing the
correspondence of early salt structures and the present fold geometry (crests shown by arrowed lines). A—O are dip lines. Thins
(old salt highs) are shown by lighter shades, thicks (old salt lows) are in darker shades (contour interval = 150 m).

son, 1987; Marrett and Almendinger, 1991; Cowie and
Scholz, 1992). Three-dimensional fault-bend and fault-
propagation fold models, in turn, show lateral variations
in geometry corresponding to lateral displacement gra-
dients (Wilkerson et al., 1991; Ratliff, 1992; Shaw et al.,
1994). The implication, either explicit or implicit, is that
such folds initiate as small structures that propagate
laterally through time. Likewise, experimental modeling
shows that detachment folds initiate at small buckling
instabilities and subsequently grow laterally with
increased shortening (Dubey and Cobbold, 1977).

In contrast, the similarity between the geometry of the
fold segments analyzed here (Fig. 13) and the size and
shape of the early salt structures (Fig. 14) suggests that
the Tertiary fold may have had an initial length close to
that observed today. In essence, the early pillows would
have served as large buckling instabilities. A relative lack
of lateral growth is supported by an isopach map of one
of the early growth intervals (Fig. 15). Thinned strata
showing areas of active amplification from 15.5 to
12.5 Ma are of roughly the same size as the final fold
segments, indicating only minor lateral propagation
during the following 11 my of shortening and fold
growth. One implication is that the various fold segments
linked immediately or very early in the folding history.

Minimal lateral growth may be characteristic of salt-
detached folds, in that the fold length is determined and
limited by salt availability. It may also be that the fault
scaling mentioned above is not applicable to salt; ductile

shear is presumably not highly localized and progressive
strain in salt probably has only minor effects on its
rheology (Marrett, 1996, pers. comm.).

The relative lack of lateral growth had important
implications for syntectonic sedimentation. Instead of
the folds gradually growing in areal extent and only
slowly choking off sediment transport pathways, the
folds had an early impact on sea-floor topography.
Sediments ponded north of the fold, possibly aided by
local salt withdrawal as salt flowed into the fold core, and
then spilled through the gap between fold segments I and
II, over the frontal fault (which was active at the time), to
form a local thickened region in the footwall between the
two segments (Fig. 15).

Fold—fault relationships

I have demonstrated a clear geometric correlation
between fault geometry and fold geometry. The relative
timing of the two processes is not so easy to determine.
Theoretically, faulting may have preceded folding (fault-
bend folding), been coeval with folding (fault-propaga-
tion folding), or postdated folding (break-thrust folding).
There are several lines of evidence that the latter history is
the most appropriate kinematic model. First, the pre-
sence of a weak detachment layer and early salt pillows
(Fig. 14) would have been mechanically favorable for the
formation of detachment folds. Second, fold segment III,
which accommodates less shortening than the other two
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Fig. 15. Palinspastically restored isopach map of an early (15.5-12.5 Ma) growth interval, derived from the dip profiles. Areas
of subsequent erosion are shown in white; arrowed lines are present-day fold crests; thick lines are faults; A-O are dip lines.
Lighter shades show thins (areas of active uplift), darker shades show thicks (local depocenters) (contour interval=75 m).

segments and thus may represent an immature example
of the other folds, is primarily a detachment fold with
only a minor fault (Figs 8, 9 & 10e, f). Third, there is no
systematic relationship between fault displacement and
total shortening: in segments I and II, faulting con-
tributes a significant share of the net shortening, whereas
shortening is accommodated almost entirely by folding in
segment I11 (Fig. 12).

The observed geometries of growth strata may also be
used to distinguish between the different fold models. The
asymmetric pattern of rotated backlimb strata and
unrotated, onlapping forelimb strata is similar to that
predicted by fault-bend folding with either non-deposi-
tion or erosion at the fold crest (Suppe et al., 1992, their
fig. 13). However, backlimb growth strata in the MFFB
do not have constant thickness, but instead thin onto the
fold (Fig. 10), recording a progressive rotation of the
backlimb that is incompatible with fault-bend folding
over a fixed ramp. The growth geometry is somewhat
similar to a detachment fold model in which both limbs
lengthen and rotate, but in which the forelimb axial
surface is pinned (Poblet et al., 1997, their fig. 5b).
Furthermore, the same asymmetric growth pattern is
observed on segment IIT (Figs 8, 9 & 10e, f), which is an
otherwise symmetric detachment fold and clearly not a
fault-bend fold.

Restoration of a depth-converted profile (Fig. 16)
documents, but does not prove, break-thrust kinematics
(with a different interpretation and different assump-
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tions, the profile could also be restored to support other
kinematic models). Three stages of folding are proposed:
(1) early detachment folding that initiated over pre-
existing salt pillows (Fig. 16b); (2) break-thrust folding,
with a fault cutting through the forelimb to the sea floor
(Fig. 16c); and (3) late fold amplification, in which the
fault was inactive and the backlimb was progressively
rotated and uplifted (Fig. 16d).

The different stages illustrated in the restoration are
representative of some of the observed strike-parallel
variations in fold geometry: the detachment folding stage
(Fig. 16b) is similar to the present geometry of segment
IIT (Figs 8, 9 & 10e, f); the break-thrust phase, with a
tighter fold (Fig. 16c¢), is analogous to profile geometries
in the linkage/overlap zones between the different
segments (Figs 5, 7 & 10b, d); and the fold amplification
stage, with a long, more planar backlimb (Fig. 16d), is
representative of the fold culminations (Figs 4, 7 & 10a,
c). However, because of the inherited, segmented nature
of the fold, there is no systematic relationship in which
the geometric variations along strike are directly related
to progressive stages in the evolutionary history.

The restorations suggest that activity on the thrust
faults was confined to the middle stage of deformation.
Cessation of thrusting can be clearly documented. First,
the frontal fault is erosionally truncated at the same level
within the UMR (the 10.5 Ma horizon) irrespective of the
amount of displacement on the fault (Fig. 10). Second,
overlying sequences simply onlap the forelimb but are
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(a) Salt pillows (>30 Ma)

(b) Detachment folding (30-15.5 Ma)

(c) Break-thrust folding (15.5-10.5 Ma)
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(d) Fold amplification (10.5-1.35 Ma)

{e) B:urlai (1 ;55;0 Ma)

10 km

Fig. 16. Sequential restoration of depth-converted seismic profile (location shown in Fig. 2) showing different stages of

structural evolution (adapted from Rowan er al., 1993). Depth conversion used vertical ray paths and constant interval

velocities. Restoration was carried out in GEOSEC: bed lenths were conserved for non-salt layers; salt was restored using the

technique of Rowan (1993b), which places no constraints on salt area. The stratigraphy is slightly different from that shown in

Figs 4-10 because it is from an earlier interpretation of the Petty-Ray (Western) data. Salt is black, water is white. No vertical
exaggeration.

rotated and thinned on the backlimb, showing that fold
growth continued after faulting ceased. Again, the
resultant growth patterns are analogous to a detachment
fold model with variable limb dip, variable limb length,
and a fixed forelimb axial plane (Poblet et al., 1997, their
fig. 5b). In this model, the fold crest migrates towards the
backlimb with time, which is compatible with the
observation that thin strata in early growth intervals are
located on present-day forelimbs (Fig. 15).

In contrast to the timing of fault cessation, the timing
of thrust initiation cannot be determined. Although the
restoration shows no fauit in the early stages of
deformation (Fig. 16b), this is not actually constrained
by the restoration process, and it is possible that faulting
was indeed active during this phase. An absence of early
faulting, however, is supported by the presence of only
minor thrusts in fold segment III. It is also compatible
with changes in deformation rates measured from the
restoration. The rate of shortening varied through time,
with relatively slow rates prior to 15.5Ma and after
10.5 Ma, and more rapid shortening between 15.5 and
10.5 Ma (Fig. 17). The slow rate after 10.5 Ma coincides
with the period when the fault was inactive. It is possible
that the earlier slow rate (prior to 15.5 Ma) also marks a

time of folding without faulting, and that the higher rate
corresponds to the break-thrust stage (Fig. 16c). In this
scenario, faulting was a result of higher strain rates. Thus,
after initial slow shortening formed detachment folds,
more rapid gravity spreading was accommodated by a
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Fig. 17. Plot of shortening versus age, measured from the restorations
shown in Fig. 16 (plus intermediate restorations illustrated in Rowan ez
al., 1993). The period of more rapid shortening from 15.5 to 10.5 Ma
corresponds to the break-thrust stage of deformation. The second pulse
of rapid shortening (at about 2 Ma) may be an artifact of incorrect
dating of horizons.
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combination of folding and thrusting. Upon a subse-
quent decrease in the shortening rate, the faults became
inactive and the folds amplified by backlimb rotation and
uplift. The variations in shortening rate were presumably
related to rates of depositional loading and extensional
faulting up-dip to the north.

CONCLUSIONS

Folds within the Mississippi Fan foldbelt provide a
natural laboratory for studying the three-dimensional
geometry and evolution of contractional folds. Excellent
three-dimensional seismic coverage over complete folds,
from culminations to terminations, combined with a
preserved record of growth strata on fold limbs, enable a
thorough, four-dimensional analysis not possible in most
other foldbelts. The major conclusions of this investiga-
tion of the frontal fold are listed below.

(1) The frontal fold of the Mississippi Fan foldbelt is a
salt-cored, break-thrust fold. Its three-dimensional
geometry is complex, consisting of four separate
culminations, each corresponding to a distinct fault or
fault segment. Profile geometries vary from symmetric
detachment folds to asymmetric, faulted folds.

(2) The fold geometry was determined in large part by
the location and shape of pre-existing salt pillows that
formed during the Late Jurassic to Cretaceous. These
served as buckling instabilities for later, Tertiary
deformation. The fold appears to have initiated with an
areal extent similar to that observed today; lateral
propagation was probably minimal.

(3) Three stages of deformation are proposed: initial
detachment folding from the late Oligocene to early
Miocene; break-thrust folding in the middle Miocene;
and fold amplification (without further faulting) from the
late Miocene to Pliocene. Faulting appears to be have
been caused by more rapid strain (shortening) rates.

(4) Break-thrust folds may contain asymmetric
growth strata; in the studied fold, backlimb sequences
are progressively thinned and rotated whereas forelimb
strata are unfolded and simply onlap the fold. These
patterns, although similar in some respects to those
produced by fault-bend folds, are incompatible with
translation over a fixed fault ramp.

(5) Although there is a clear and direct correlation
between fold and fault geometries, there is abundant
evidence that the fold segments dictated the fault
geometries rather than vice versa. A similar relationship
should be considered in analyses of other folds.
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