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Whereas, salt margins are rather common, the growth of continental shelves on top of
salt margins is a topic that has seldom been considered. In such settings, the sediments
coming from the nearby continental areas are deposited on a viscous substratum and
therefore a continental shelf can form and stabilize only if the salt layer underlying
sediments does not flow or stops flowing. The present study that combines evidence
from the northern Gulf of Mexico and laboratory modeling concerns more particularly
those salt tectonic settings where the direction of sediment supply is oblique to the
direction of salt flow because this allows to decipher between the relative effects of
sedimentation and salt flow. It is shown, in both northern Gulf of Mexico and experiment,
that: (i) shelf growth is controlled by an association of normal faults and transfer zones,
(i) shelf breaks, controlled by normal faults, and transfer zones trend perpendicular and
parallel to salt flow, respectively, (iii) the rate of shelf break migration is faster in areas
of higher sedimentation rates, (iv) even at late stages of shelf growth, when the role
of salt flow tends to decrease, transfer zones still remain controlled by the direction of
salt flow, and (v) transfer zones that participated to the shaping of a continental shelf
provide a precious tool to map the direction of salt flow and its variations in space and
time. The interaction between salt flow and sediment supply controls the trend of the
shelf envelope during shelf growth. Because the rate of salt flow decreases with time, a
constant or increasing rate of sediment supply results in a rotation of the shelf envelope
trend from perpendicular to salt flow direction at early stages toward perpendicular to
sediment supply direction at the late stages.

Keywords: continental shelf, salt margin, salt tectonics, laboratory modeling, Gulf of Mexico

INTRODUCTION

Continental shelves of passive margins correspond to shallow water and very low dipping surfaces,
located between the coastline and the slope, and underlain by shallow marine sequences (Swift and
Thorne, 1991). The growth of continental shelves as documented by subsurface data results from
repeated regressive-transgressive transits of deltas and other shoreline systems down to the edge
of a pre-existing shelf that are controlled by sea level changes (Posamentier et al., 1988; Steckler
et al., 1999; Galloway, 2001; Steel et al., 2008) and sediment supply (Carvajal et al., 2009). Growth
processes in action at shelf break are either purely sedimentary or result from interactions between
sedimentary and deformation processes (Helland-Hansen et al., 2012). A particular example of the
latter occurs at passive margins where salt tectonics is active (Brun and Fort, 2011; Fort and Brun,
2012) because the sediments coming from the nearby continental areas are deposited on flowing
evaporites.
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The present paper is devoted to the deformation patterns
related to continental shelf growth in salt tectonic environments,
a topic that has seldom been considered. Our study focuses more
particularly on those salt passive margins where the direction of
sediment supply is oblique to the direction of salt flow as this
allows deciphering of structural and dynamic effects related to
sediment supply and salt flow, respectively. The northern Gulf of
Mexico that is one of the largest salt basin worldwide provides a
remarkable and well-documented example of a large migration
of the shelf break (i.e., several hundred km) during the Neogene
(Galloway et al., 2000; Galloway, 2001), in association with the
development of transfer zones (Fort and Brun, 2012). Laboratory
analogue modeling is used to illustrate the mechanisms of
deformation involved in the continental shelf growth when, like
in the northern Gulf of Mexico, the direction of sedimentary
supply trends at 60° to the regional direction of salt flow. Simple
rules governing the deformation patterns that control the growth
of continental shelves in a salt tectonic setting are deduced from
experimental evidence and comparison with the northern Gulf of
Mexico.

SHELF BREAK MIGRATION IN ACTIVE
SALT TECTONIC SETTINGS

In a salt basin, a continental shelf can form and stabilize only if
the underlying salt layer is not flowing or flows at very low rate.
In most passive margins, sediments coming from the onshore
domain are transported almost parallel to margin dip. On the
other hand, gravity gliding of the salt and the overlying sediments
down margin dip generates extensional structures in the salt
margin landward part with normal faults trending approximately
perpendicular to the direction of salt flow, parallel to margin dip
(see review by Brun and Fort, 2011). In other words, salt flow and
sediment transport most often trend nearly parallel.

As long as the salt layer is thick enough to allow easy flow,
the overlying sedimentary layers undergo extensional faulting
and fault blocks are transported seaward (Figure 1A). The shelf
first forms on the landward side of the salt layer pinch-out and
progressively extends seaward as a function of the interaction
between (i) the input of sediments and (ii) the salt flow rate.
Gravity driven salt tectonics at passive margins is a process
whose rate does not vary strongly (strain rates in the range
1071 to 10716 s7!). Laboratory experiments (Mauduit et al.,
1997; Fort et al,, 2004b) show that the gliding rate increases
with the thickness of the sediments deposited on top of the
salt. On the contrary, sedimentation rates at passive margins can
vary over several orders of magnitude with the highest values
generally corresponding to delta-type environments. Therefore,
the dynamics of continental shelf growth in a salt margin depends
on the rate of sedimentary supply. In salt margins with low rates
of sedimentary input, the seaward migration of the boundary
between non-flowing and still flowing salt domains can be faster
than shelf break migration. In such a situation, the continental
shelf growth interacts with salt tectonics but only at very early
stages of development. In salt margins with high rates of sediment
supply, the shelf break corresponds to the boundary between

an updip domain of non-flowing salt (or salt flowing at very
low rate) and a seaward domain where salt is flowing more
vigorously. In terms of sediment deformation, the shelf break
separates a landward domain with no or very weak (i.e., the shelf)
faulting from a seaward domain where stronger faulting controls
the deposition of incoming sediments.

With ongoing seaward displacement of faulted sedimentary
blocks, the salt layer progressively thins, thus allowing the
continental shelf to stabilize and the shelf break to migrate
seaward (Figure 1B). The strongly thinned basal salt layer can
still flow below the continental shelf but at very low rate. This is
illustrated in the north margin of the northern Gulf of Mexico
where the very flat seafloor indicates that any fault-induced
irregularity is rapidly smoothed by sedimentation whereas, in
neighboring onshore areas, active ground deformations can be
observed and measured (e.g., Dokka et al.,, 2006; Engelkemeir
et al., 2010).

In summary, in an active salt tectonics environment, the shelf
break corresponds to a mechanical boundary between low and
high strain rates in the deforming basal salt layer.

If the direction of sediment supply trends oblique to
margin dip, sediment thickness is not constant in a direction
perpendicular to the salt flow direction. Consequently, the gliding
rate varies along strike, resulting in a segmentation of the
extensional domain by transfer zones parallel to the salt flow
direction (Figure 1C). Where sediments are thicker, the gliding
rate is faster and salt layer thinning is stronger. Consequently, the
rate of shelf break migration is faster. Across several neighboring
extensional domains with different gliding rates, the map contour
of the shelf break then becomes undulated (Figure 1C).

Remark: In Figure 1, we represented the extension affecting
the sediments above salt only as series of normal faults and related
block tilting. Note that this is done for the sake of simplicity
and that, in nature, other types of salt tectonics structures, like
rollovers, horsts and grabens or diapirs, can contribute as well to
salt layer thinning and shelf stabilization.

CONTINENTAL SHELF GROWTH IN THE
NORTHERN GULF OF MEXICO

To produce a detailed map of the Cenozoic continental shelf
at whole Gulf of Mexico (GoM) scale, Galloway et al. (2000)
have compiled in a Geographic Information System (GIS) the
following data sources: (i) 241 publications and theses, (ii)
800 well data sets, and (iii) deep-basin seismic lines of UTIG
(University of Texas Institute for Geophysics). This database
allowed the identification of 18 major depositional episodes and
the differentiation of 31 depositional facies associations used to
construct paleogeographic maps. Then, the Cenozoic history of
the GoM sedimentary filling was summarized by a map pattern
of shelf-margin migration, based on 25 depositional systems.

For the purpose of the present paper, only the map part
concerning the northern GoM salt basin is redrawn showing
each depositional system with an arbitrary color (Figure 2). The
terminations of depositional episodes represent the successive
positions of the shelf break. They are identified by their age (in
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FIGURE 1 | Conceptual models for the development of a continental shelf at a passive margin involving active salt tectonics [Modified after (Fort and Brun, 2012)]: (A)
and (B) show two successive stages of shelf break migration at a passive margin where sediment supply (Thick arrows) is parallel to salt flow (Thin arrows). Green,
orange and yellow: successive depositional episodes. Normal faults trend parallel to the direction of salt flow. The position of shelf break for each episode is controlled
by an active normal fault. Each new depositional episode seals the faults that were active during a previous depositional episode on the landward side of the shelf
break. Below the stabilized continental shelf salt stopped flowing. Sediments deposited on the seaward side of the shelf break contribute to the growth of fault blocks
that displace seaward on top of the flowing salt. (C) Tri-dimensional structure of a passive margin where sediment supply is oblique to salt flow. The shelf break is, like
in (A) and (B), controlled by normal faulting but it is offset by transfer zones trending parallel to the salt flow.

My) according to the time scale of Berggren et al. (1995). For an
easier appraisal of the progressive growth of the continental shelf,
each depositional episode is shown separately in Figure 3.
Throughout the Cenozoic, the bulk of the sediments that
filled the northern GoM margins have been provided by five
main extrabasinal axes (Figure 2): the palaeo Rio Grande (RD),
Houston (HN), Red (RD), Central Mississippi (CM), and East
Mississippi (EM). For more details see Galloway (2001).

Shelf Break Migration

Between Cretaceous (65Ma) and base Oligocene (33 Ma), the
mean shelf break trend was stable, from SW-NE in Texas
(Northwest margin) to E-W in Louisiana (North margin)
(Figure 2). During this time interval, the shelf break migrated
~150 km, on average, toward the S or SE in Northwest margin
(blue curve in insert of Figure 2).

Since Oligocene, the shelf has displayed a 2 fold evolution. In
the Northwest margin, it continued to migrate toward the SE with
almost the same SW-NE trend. In the North margin, its evolution
became rather complex. A major change in the orientation and
position of the shelf break occurred in the Middle Miocene (from
16 to 12 Ma in Figures 2, 3). To the East, the shelf break trend
rotated from an E-W to a WNW-ESE trend. To the West, the
shelf break jumped close to its present-day position, keeping its
SW-NE trend.

Amounts and rates of shelf break migration have varied in
space and time (red curve in insert of Figure 2). In the Northwest
margin, the overall displacement reached approximately 230 km
and the migration history alternated between accelerations and
decelerations, with a mean rate of 0.35cm y~!. Low rates

of shelf migration occurred in Early to Middle Eocene, Late
Oligocene to Early-Miocene and since Middle Miocene. The
highest rate of shelf migration occurred from Late Eocene to
Early Oligocene. In the North margin, the overall displacement
reached approximately 400 km. The rate of shelf migration has
slowly increased from Late Eocene to Lower Miocene. A strong
and sudden acceleration occurred in early middle Miocene. Since
Middle Miocene (16 Ma), the mean migration rate has remained
almost constant at approximately 1.8 cm y~!-i.e., more than five
times faster than in the West margin.

Transfer Zones
During the Neogene, the shelf break contours became
meandering, defining numerous NE-SW trending transfer
zones (Dashed lines in Figure2) (Fort and Brun, 2012). In
Figure 3, solid black lines represent the transfer zones that
were active during each depositional episode and dashed lines
the trace of those that were active in previous episodes. The
whole trajectories (2.3-0.0 Ma in Figure 3) are curved showing a
NE-SW trends prior to 16 Ma and after 6 Ma and an ENE-WSW
trend between 16 and 6 Ma. This temporal anomaly, from Middle
Miocene to Late Miocene, corresponds to the period during
which the shelf break migration reached its maximum rate. Since
the end of Oligocene-Lower Miocene (26-18 Ma), the North
margin shelf break has migrated as a mean in a SW direction,
almost parallel to the Northwest margin shelf and even along it
since the end of Middle Miocene (12 Ma).

Fort and Brun (2012), used the structures displayed by digital
bathymetry maps of slope and deep margin basin, located South
of present day shelf break, to carry out a kinematic analysis
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FIGURE 2 | Kinematics of continental shelf growth in the northern Gulf of Mexico [Modified after (Fort and Brun, 2012)]. Contours and ages (in My) of depositional
episodes and main axes of sediment supply (White arrows) after Galloway et al. (2000). Solid black lines: Recent transfer zones (see Figure 1C). Dashed lines: trace of
previous transfer zones. The five main extrabasinal axes from which sediments filled the northern GoM margins are: RG, palaeo Rio Grande; HN, Houston; RD, Red;
CM, Central Mississippi; EM, East Mississippi. Lower right insert: Curves of shelf break migration in the Northwestern margin (Profile A) and North margin (Profile B).

Louisiana

of deformation zones between minibasins. Both stretching
directions in zones of co-axial deformation (yellow bars in
Figure 2) and mean direction of displacement obtained from
a statistical analysis of senses of strike-slip shear (Red arrows
in Figure 2) trend in a mean NE-SW direction, almost parallel
to the mean trend of transfer zones in the continental shelf.
This strongly supports the use of transfer zones as a kinematic
indicator for the direction of salt flow during the of shelf break
migration (Figure 1C), as proposed by Fort and Brun (2012).

In summary, the location, geometry and kinematics of shelf
break migration show that the North and West margins have
strikingly different histories. Two diachronic major changes
occurred, in Late Eocene-Early Oligocene in the West margin and
in Middle-Miocene in the North margin. Since Middle Miocene,
the North margin shelf break has migrated toward the SW. This
indicates that salt was flowing toward the SW at the scale of the
northern GoM domain with an obliquity of around 60° with the
mean direction of sediment supply (Figure 2).

LABORATORY MODELING

As argued above, the transfer zones involved in the migration
of the shelf break as well as kinematic indicators from the
slope domain and deep basin indicate that, in the northern
Gulf of Mexico, salt flow trends at regional scale in a mean
NE-SW direction with an obliquity of around 60° to the mean
N-S direction of sediment supply. Therefore, the laboratory
experiment presented here has been carried out to test the effects
of a sedimentation oblique to the salt flow direction and more
particularly: (i) the growth of a continental shelf and (ii) the

development of transfer zones, in relation with the bulk dynamic
evolution of the salt basin. In other words, this experiment does
not aim at modeling the complexities of salt tectonics in the Gulf
of Mexico but simply at testing the processes at work during
the growth of a shelf in an active salt basin. Results should be
applicable to other salt basins elsewhere in the world.

Experimental Procedure

The experimental procedure used in the present work is similar
to the one currently used for the study of salt tectonic processes
in various laboratories (e.g., Austin: Dooley et al., 2007; London:
Adam et al., 2012; Rennes: Fort et al., 2004a; Lille: Lymer et al,,
2018) using silicone putties and sand to represent salt and
sediments, respectively. However, whereas a large number of
experiments of salt tectonics type have been carried out, since
about four decades, none has been dedicated to the formation of
continental shelves in salt basins.

Scaling

The model is scaled using the classical principles defined for
the modeling of brittle-ductile systems using sand and silicone
putties. For a small-scale model to be representative of a
natural example (a prototype), a dynamic similarity in terms
of distribution of stresses, rheologies, and densities between the
model and the prototype is required (Hubbert, 1937; Ramberg,
1981). Following these principles, it can be shown that in sand-
silicone models, the dynamic similarity is respected when the
ratios of stresses and lengths are nearly equal (Brun, 1999).
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shelf growth increments.

FIGURE 3 | Step-by-step growth of the continental shelf in the northern Gulf of Mexico. Shelf break contours, colors of depositional episodes (growth increments) and
ages like in Figure 2. Solid black lines: Transfer zones active during a shelf growth increment; dashed lines: trace of transfer zones that developed during previous
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Materials

Sediments are represented by Fontainebleau sand with a density
p of about 1,400 kg/m> and an angle of friction ¢ in the range 30~
33°, but without significant cohesion C. Salt is represented by a
transparent silicone putty (XM RBG-0901 GUM, Dow Corning)
with a Newtonian viscosity i = 10* Pa s and a density p = 1,000
kg/m3. The density contrast between silicone putty and sand
(Apm = 1.4) is slightly higher than might be expected between
salt and sediments in nature (Ap, = 1.05-1.18; according to
Weijermars et al., 1993). However, as pointed out by Weijermars

et al. (1993) this disparity is acceptable because the density
contrast between salt and sediments is not the primary factor
responsible for the rise of diapirs.

Model Building

The Figure 4 summarizes the experimental setting. The silicone
layer (i.e., salt) has a double wedge shape to simulate salt layer
pinch-out at basin edges. Its dimensions are: length: 150 cm,
width: 100 cm and maximum thickness: 2 cm. A 0.6 cm thick sand
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FIGURE 4 | Tri-dimensional sketch of the experimental setting used to study the growth of a continental shelf in a salt tectonic environment where the sediment
supply (white arrow) is oblique to salt flow. The basal layer of silicone putty (pink) is double-wedge shaped to simulate salt pinch-out at the updip and downdip ends of
the salt basin. A thin sand layer is deposited on top of the silicone layer before the onset of experiment. The direction of salt flow is obtained in inclining the model by
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layer (so-called pre-kinematic layer) is deposited on top of the
silicone layer prior to the onset of experiment.

Model Run

The experiment duration was 9 days. At the onset of experiment
the model was inclined by an angle a = 0.8°. Then this angle was
increased once per day to reach an angle o = 2.7° after 7 days. A
wedge-shape sand layer, with a thickness of around 1.0 cm at the
back and regularly thinning frontward (Figure 4), was deposited
with a funnel once per day to simulate a sediment progradation
in a direction trending at 60° to basin tilt. Surface photographs
were taken at regular time intervals during the experiment.

Results

For the purpose of the present paper, which primarily
concerns the development of a continental shelf, the results are
summarized in three figures: (i) A selection of top views between
72 and 215h (Figure 5) showing the progressive deformation
at model surface and the progressive growth of a continental
shelf in the updip part of the model, (ii) a tracking of surface
displacements reported on the last model top view (Figure 6),
and (iii) three cross sections to illustrate the style of structures
that developed at different places within the model (Figure 7).

DEFORMATION, DISPLACEMENTS AND
STRUCTURES

Deformation History
The observation of model top views (Figure 5) shows that two
main stages can be distinguished, prior and after a frontal rupture
that occurred at 144 h.

Prior to frontal rupture, a domain of extension developed
in the updip part of the model that progressively enlarged to
occupy two thirds of the distance between the two salt (silicone

putty) pinch-outs (From 72 to 144 h; Figure 5). Simultaneously,
a domain of shortening developed close to the down-dip
salt pinch-out (144 h; Figure 5). The width of the domain of
shortening, which was initially made of several folds and thrusts,
progressively decreased to form a single thrust zone that evolved
into a frontal rupture.

After rupture, a frontal salt nappe formed whose very fast
displacement reached 20 cm (nearly 1/8 of the initial salt basin
length) in 67 h (around 1/3 of the total model duration). Soon
after the initiation of the salt nappe, lateral salt extrusion occurred
on both sides of the model giving a bulk lobate shape to the
salt nappe front. Simultaneously, extension started to develop
in the whole downdip part of the model that was previously
undeformed (i.e., backward extension).

Displacement Pattern
The tracking of material points located along two cross-lines in
the updip extensional domain (Figure 6) illustrates the two-stage
evolution described above, in terms of displacement history.
Before frontal rupture (blue arrows in Figure6), the
displacements slightly decreased laterally from right to left-
i.e., from thicker to synkinematic thinner sediment deposits—
in the updip part of the extensional domain. Note that the
terms right and left here refer to model sides when looking in
the salt flow direction. In direct relation with the variation of
displacement rate, extensional structures are more numerous to
the right than to the left (compare 72 and 96h in Figure 5).
Conversely, a lateral variation of the displacements in not
observed in the downdip part of the extensional domain. In
this area, new extensional structures, which participate to an
enlargement of the extensional domain, develop parallel to
the downdip salt pinch-out and to the domain of frontal
shortening. This indicates that, prior to frontal rupture, the
downdip part of the extensional domain was less sensible
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to lateral variations of synkinematic sediment thickness than
the updip part and, reciprocally, more sensible to frontal
shortening.

After frontal rupture (Red arrows in Figure 6), the reverse
effect occurred. In both the updip and downdip parts of the
extensional domain, the displacement increased from right to
left. In fact, this is due to synkinematic sedimentation at salt

nappe front in the right part of the model. The tip of the
synkinematic sedimentary wedge reached the right end of the
frontal zone of shortening almost simultaneous with frontal
rupture. Consequently, further synkinematic sediment deposits
occurred to the right part of the salt nappe reducing its rate of
displacement with reference to the left part (see 162 to 187 h in
Figure 5).
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FIGURE 6 | Model top view at the end of experiment (215 h/9 days) with
tracking of two series of material points initially located in the updip and
downdip parts of the updip extensional domain (See 72 h top view in
Figure 5).

Structures

The thickness to length ratio is too small to allow a single
model cross-section parallel to salt flow direction to display all
significant structures. Therefore, three smaller cross-sections are
shown to illustrate the structures that characterize the main
deformation domains and their evolution in time.

The shelf domain (Figure 7a) shows a sequence of normal
faulting that progressively accommodated the stabilization of the
model updip part leading to a downdip shelf migration. The
five top layers (from top to base black, yellow, white, black,
and white) successively sealed normal faults in a downdip sense,
controlling the successive locations SB1-SB4 of the shelf break.
Fault sealing occurred when the basal salt layer became too thin
to allow further downdip displacement of the hanging-wall fault
block. During the sequential sealing of fault blocks, fault spacing
and therefore fault block width increased from right to left as
a function of shelf thickness. This syn-sedimentary deformation
pattern illustrates the mechanism of continental shelf growth and
downdip migration of shelf break.

The updip extensional domain (Figure 7b; see surface views
72 h—144h in Figure 5) shows the segmentation of sedimentary
cover by normal faulting and the formation of rafts on top of
the autochthonous salt. Raft separation allowed the formation
of diapirs and subsequent sub-horizontal spreading of salt on
top of the rafts, forming an irregular allochthonous salt layer.
Sediments deposited on top of the allochthonous salt correspond
to minibasins.

The frontal salt nappe and the backward extensional domain
(Figure 7c) formed after frontal rupture (144 h in Figure 5). The

section shows the advance of the salt nappe with reference to
the downdip pinch-out. The salt nappe has transported a raft
whose basal layer is the pre-kinematic layer deposited on top
of salt prior to the onset of experiment. To the right of the salt
nappe, the sedimentary cover was not previously submitted to
extension (up to 144h in Figure 5). Extension occurred in an
updip direction (i.e., backward) as a result of frontal rupture
and emplacement of the salt nappe. This downdip extensional
domain displays rafts with a prekinematic layer at the base
above the autochthonous salt, an allochthonous salt layer, and
minibasins above the allochthonous salt. Folds that formed prior
to frontal rupture in the downdip domain of contraction (72h
in Figure 5), close to the salt pinch-out, were disrupted by thrust
faults and encapsulated in the salt layer (Figure 7c).

SHELF GROWTH

The updip domain that progressively stabilized illustrates the
progressive shelf growth in map view (Figure 5) and in cross-
section (Figure 7a). Thin black lines (in Figure 5) correspond to
successive map contours of the shelf. Three colors display the
growth history of the continental shelf: (i) brown corresponds
to the last depositional episode in each snapshot, (ii) yellow and
orange represent the two main growth periods prior and after
frontal rupture, respectively.

Shelf Breaks and Transfer Zones

The shelf contours show two main trends. One is almost parallel
to the extensional structures and corresponds to the shelf break
strictly speaking (i.e., normal faults; see Figure 7a). The other one
is almost parallel to the direction of salt flow and corresponds
to a lateral offset of the shelf break. To the right side of
contours trending parallel to salt flow, the shelf is stabilized
as demonstrated by the absence of normal faults at surface
indicating that the underlying salt stopped flowing. The left
side displays normal faults indicating that underlying salt is still
flowing. Therefore, these contours parallel to the displacement
correspond to transfer zones—i.e., zones that connect two shelf
breaks and that transfer extension from one to the other. It
is noteworthy that at whole model-scale they trend parallel or
nearly parallel to the direction of salt flow.

History of Shelf Growth

Figure 8 shows shelf break migration along two profiles (red and
yellow dots) and advance of the deforming system front (blue
dots), including frontal rupture.

Prior to frontal rupture, the sand layer at deforming system
front underwent thrusting and folding, giving a complex
imbrication of sand and silicone (72 h in Figure 5). This frontal
shortening ultimately lead to the emergence at surface of a
continuous silicone layer that allowed acceleration of the process
(i.e., “Frontal rupture” at 144 h in Figure 5). During this first
period shelf break migration was faster where sedimentation rate
was higher (red dots al to a4 in Figure 8B). An acceleration of
shelf break migration in both model sides (red and yellow dots)
occurs during frontal rupture.
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Frontal displacement being limited by the apparatus length,
it is unfortunately not possible to follow shelf growth long
after frontal rupture. However, on model right side (red dots)
shelf break continued to migrate, even faster than before frontal
rupture. This intriguing effect results from the interaction
between high sedimentation rate and stop of model front
displacement that inhibits silicone flow (see last sub-section of
section Deformation History). Interestingly, this shows that if salt
is still present but unable to flow due to boundary conditions a
shelf can stabilize and grow.

Progressive Rotation of the Overall Shelf

Envelope

The shelf started to develop prior to frontal rupture (96 h
—144h in Figure 5) but it is only after this major change in
the system dynamics that shelf growth became really significant.
The overall shelf envelope that integrates both normal faults and
transfer zones displays a trend that started parallel to the mean
trend of normal faults and that progressively rotated counter-
clockwise to become almost perpendicular to the direction
of sediment supply-i.e., parallel to the front of synkinematic
sedimentary wedge (see the progressive evolution from 144 to
215h in Figure5). This indicates (i) that deformation played
a major role on shelf development at early stages when the
gravity potential driving salt tectonics was maximum and (ii)
that, as the gravity potential progressively reduced, salt flow
velocity progressive decreased, whereas the rate of sedimentation
remained constant. In other words, the shelf envelope trend
became progressively more influenced by the direction of
sediment supply. However, even at the latest stages (e.g., 187-
215h in Figure 5), when the influence of sedimentation became
stronger, transfer faults still remained parallel to salt flow
direction.

TRANSFER ZONES: A TOOL FOR
KINEMATIC ANALYSIS IN SALT
TECTONICS

The laboratory experiment presented in this paper provides, for
the first time, a mechanical basis to explain how transfer zones
develop during the growth of a continental shelf at a salt margin.
The experimental model confirmed the conceptual model of Fort
and Brun (2012) that was developed only from available data sets
in the northern Gulf of Mexico (Figure 1C).

It is interesting to compare the transfer zones that develop
during shelf growth in a salt basin to transform faults that
offset oceanic spreading centers (Figure 9). At a spreading center,
the transform fault whose active part is located between two
oceanic rifts provides the direction of displacement between
the two separating plates (Wilson, 1965; Morgan, 1968). The
segments of transform faults that became inactive are recorded
in the oceanic crust outside the active ridge. Their changes of
direction are records of previous directions of plate displacement.
Similarly, in salt tectonics, the transfer zones offset the shelf
break that separates an active domain where salt is still flowing
from a stable shelf domain below which salt has stopped
flowing. Like transform faults in plate tectonics, the transfer
zones that develop during shelf growth give the direction of
displacement between the inactive and active domains-i.e., the
direction of salt flow. The transfer zones that became inactive
are fossilized in the continental shelf and therefore provide a
record of changes in the direction of salt flow during shelf break
migration.

In conclusion, the transfer zones that participate to the
shaping of a continental shelf provide a precious tool for mapping
the direction of salt flow and its variations in space and time at
basin scale.
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DISCUSSION: COMPARISON BETWEEN
MODEL AND NORTHERN GULF OF
MEXICO

Whereas, the model presented above did not intend to directly
model the northern Gulf of Mexico, several structural and
kinematic features of the model are directly comparable to the
tectonic evolution of the northern Gulf of Mexico. They can be
summarized in three main points.

Transfer Zones in the Shelf as Markers of

the Salt Flow Direction

As exemplified by the model and already mentioned in the
previous section, transfer zones that develop during shelf growth
are excellent markers of the salt flow direction that can be used
for kinematic analysis in salt tectonics.

Fort and Brun (2012) interpreted the irregular contours of
the depositional episodes mapped in the continental shelf of the
northern GoM (Galloway et al., 2000) as a shelf break offset by
transfer zones indicating a regional NE-SW trending direction of

salt flow (Figures 1, 2). This interpretation is supported by the
similar NE-SW trend of the stretching directions deduced from
the kinematic analysis of structures observed on the bathymetric
map in the nearby slope and deep basin.

Frontal Rupture at Salt Basin Edge and
Onset of Fast Shelf Growth

The model exemplifies that fast shelf growth started after frontal
rupture and subsequent formation of a salt nappe close to the
downdip salt pinchout (Figures5, 7c, 8). With the release of
salt flow at basin front, the whole salt basin became submitted
to extension creating favorable conditions, through salt flow
and thinning, to stabilize synkinematic sediments and shelf
growth.

A very similar sequence of events occurred in the northern
GoM. The onset of fast shelf break migration that occurred
around the Oligocene-Miocene boundary (Figure3) was
contemporaneous to the formation of a salt nappe (in Keathley
Canyon; KC in Figure 2) displacing toward the SW (Fort and
Brun, 2012).

Interaction Between Sedimentation and
Salt Flow

The model shows that the migration rate of the shelf break is a
direct function of synkinematic sediment accumulation: faster in
areas of thick sedimentation than in areas of thin sedimentation.
As a direct consequence, the overall envelope of the shelf contour
underwent a counterclockwise rotation from perpendicular to
strongly oblique to the direction of salt flow at early stages toward
perpendicular to the direction of sediment supply at late stages
(Figure 5).

The step-by-step evolution of the shelf break migration in
the GoM displays a comparable kinematic pattern (Figure 3).
The overall envelope of the shelf contour that was trending
WNW-ESE trend, strongly oblique to the mean NE-SW salt
flow direction, at 12 Ma progressively rotated toward an EW
trend, almost perpendicular to the direction of sediment supply
at 3.1 Ma (Figure 10). In the GoM, like in the model and like in
almost all salt tectonic systems, the gravity potential progressively
reduced with time. But, at variance with the model, the flux
of sediments in the GoM did not remain constant but even
significantly increased since late Miocene-Pliocene (Galloway
et al., 2000) increasing the effect of sediment supply in the
observed rotation of the shelf break envelope.

In both model and GoM, even at late stages of shelf growth,
the transfer zones are still controlled by the direction of salt
flow. This indicates that in the GoM like in the model, even
if the accumulation of sediments strongly influences the system
response, the main driving force remains the salt flow.

Applicability to Other Salt Margins

It is the obliquity between trends of salt flow and sediment supply
observed in the GoM (Fort and Brun, 2012) that motivated the
experimental approach presented here. In other salt margins of
our knowledge, salt flow and sediment supply are in general
parallel or close to parallel as in salt margins of South Atlantic
(e.g., Angola: Fort et al., 2004a; Hudec and Jackson, 2004; Brazil:
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time, transfer zones remain parallel to salt flow.

Mohriak et al., 2012; Kukla et al,, 2018). In these margins,  show that in the North, in the Espirito Santo Basin, the shelf
some geological features indicate significant amounts of shelf  break, whose location is controlled by a basement fault, has not
break migration controlled by salt tectonics but no specific =~ migrated whereas southward, in the southern Campos Basin and
study of shelf growth in relation with salt tectonics is available.  central Santos Basin, the shelf break has migrated between 50 and
The inner Kwanza basin of Angolan margin shows that the 100 km.

coastline displaced seaward of up to 130 km (see map of Figure Even if salt flow and sediment supply are parallel, it
1, Hudec and Jackson, 2004) since middle Miocene (see cross-  cannot be excluded that in such margins transfer zones
section restoration in Figures 9F-I1, Hudec and Jackson, 2004)  could develop during shelf migration due lateral variations in
during an extreme thinning of the basal salt layer. Along the the rock pile like, for example, variations of salt thickness
Brasil margin, cross sections (Figure 6 in Kukla et al., 2018)  along margin strike that can be responsible for lateral
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differences in rates of salt flow. But this remains to be
documented.

To our knowledge the dynamics of shelf growth in salt basins
has never been considered to bring an additional understanding
of salt tectonics. The GoM as well as the above lines of evidence
suggest that it could be extremely informative to systematically
carry out an analysis of shelf growth in salt margins as it provides
a fine recording of the history of salt basin dynamics.

CONCLUSIONS

Laboratory modeling of shelf growth at a salt margin and
comparison with the northern Gulf of Mexico leads to the
following conclusions:

1. Inabasin affected by salt tectonics, the growth of a continental
shelf is controlled by salt layer thinning that strongly reduces
with ongoing basin updip extension and can even stop further
salt flow.

The shelf break corresponds to a normal fault or a series of
normal faults trending perpendicular to the direction of salt
flow. It separates an updip domain in which salt has stopped
flowing, or that still flows but at very low strain rates, from a
downdip domain of active salt tectonics. The migration of a
shelf break records the overall downdip flow of salt at basin
scale.

In salt tectonic systems, in which the direction of sediment
supply is oblique to the salt flow direction, the shelf break is
offset by transfer zones parallel or close to parallel to salt flow.
Therefore, transfer zones that participated to the shaping of a
continental shelf provide a precious tool to map the direction
of salt flow and its variations in space and time.

During long-term growth of a continental shelf, in a basin
where sediment supply is oblique to salt flow, the overall shelf
envelope undergoes a rotation from almost perpendicular to
the direction of salt flow at early stages toward perpendicular
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