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ABSTRACT

We investigate the evolution of passive continental margin sedimentary basins that contain salt
through two-dimensional (2D) analytical failure analysis and plane-strain ¢nite-element modelling.
We expand an earlier analytical failure analysis of a sedimentary basin/salt system at a passive
continental margin to include the e¡ects of submarine water loading and pore £uid pressure. Seaward
thinning sediments above aweak salt layer produce a pressure gradient that induces Poiseuille £ow in
the viscous salt.We determine the circumstances under which failure at the head and toe of the
frictional^plastic sediment wedge occurs, resulting in translation of the wedge, landward extension
and seaward contraction, accompanied by Couette £ow in the underlying salt.The e¡ects ofwater:
(i) increase solid and £uid pressures in the sediments; (ii) reduce the head to toe di¡erential pressure
in the salt and (iii) act as a buttress to oppose failure and translation of the sediment wedge.The
magnitude of the translation velocity upon failure is reduced by the e¡ects of water.
The subsequent deformation is investigated using a 2D ¢nite-element model that includes the

e¡ects of the submarine setting and hydrostatic pore pressures.The model quantitatively simulates a
2D approximation of the evolution of natural sedimentary basins on continental margins that are
formed above salt. Sediment progradation above a viscous salt layer results in formation of landward
extensional basins and listric normal growth faults as well as seaward contraction. At a later stage, an
allochthonous salt nappe overthrusts the autochthonous limit of the salt.The nature and distribution
of major structures depends on the sediment properties and the sedimentation pattern. Strain
weakening of sediment favours landward listric growth faults with formation of asymmetric
extensional depocentres. Episodes of low sediment in£ux, with partial in¢ll of depocentres, produce
local pressure gradients in the salt that result in diapirism. Diapirs grow passively during sediment
aggradation.

INTRODUCTION

Salt tectonics occurs in several passive continental margin
sedimentary basins, for instance the US Gulf of Mexico
(e.g.Worrall & Snelson, 1989; Wu et al., 1990; Diegel et al.,
1995; Peel et al., 1995; Trudgill et al., 1999; Rowan
et al., 2000), the margin o¡shore Brazil (e.g. Demercian
et al., 1993; Cobbold et al., 2001b; Modica & Brush, 2004),
margins o¡shore west Africa (e.g.Duval etal.,1992;Marton
etal., 2000;Tari etal., 2002) and theAtlanticCanadian mar-
gin (e.g.Wade & MacLean, 1990; Yassir & Bell, 1994; Kid-
ston et al., 2002, Shimeld, 2004). These provinces are
characterised by salt overlain by seaward thinning sedi-
ment layers resulting from seaward progradation of sedi-
ments from adjacent onshore regions (e.g. Fig. 1). The
sediments are characterised by regions of landward exten-

sion beneath the shelf and seaward contraction (e.g. Tari
et al., 2002).This con¢guration has been attributed to dif-
ferential sediment loading of a viscous salt layer, which
leads to seaward £ow of the salt and in many instances the
overlying sediments (e.g. Worrall & Snelson, 1989). The
timing of salt deposition relative to rifted margin forma-
tion, sedimentation patterns, and the e¡ects of regional
tectonic events are highly variable from province to pro-
vince (e.g. Tari et al., 2002). Figure 1 shows an interpreted
seismic section from the Santos Basin on the margin o¡-
shore Brazil (modi¢ed after Modica & Brush, 2004) where
salt tectonics has signi¢cantly a¡ected the structural evo-
lution. Following deposition of Aptian salt, sediment pro-
gradation lead to seaward salt evacuation,which caused the
formation landward extensional faults and seaward broad
salt diapirs and salt-cored folds at the toe of the slope.

Previous models have investigated the distribution of
major tectonic structures in passive margin salt basins.
Lehner (1977, 2000) used an analytical model to investigate
systems in which the pressure gradient in the viscous salt
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drives deformation under a passive overburden and he
subsequently considered the stability of the overburden
treated as a frictional^plastic material. For given overbur-
den and salt geometries, the overburden is just below the
frictional yield limit for a certain choice of overburden
strength. Any reduction of the overburden strength below
this value results in overburden failure, leading to seaward
£ow of the overburden and regions of extension and con-
traction bounding the overburden slope.The deformation
of the system during overburden £ow has been investi-
gated through analogue (e.g. Vendeville & Jackson, 1992;
Koyi, 1996; Ge et al., 1997; Cotton & Koyi, 2000) and nu-
merical models (e.g. Last, 1988; Cohen & Hardy, 1996) of
viscous material beneath a brittle overburden.These mod-
els have demonstrated the general pattern of landward ex-
tension and seaward contraction in systems that undergo
sediment progradation and aggradation over a viscous salt
substratum.

Although most passive margin salt basins evolve in a
submarine environment, few modelling studies consider
the e¡ects of the water on the evolution of the margin sys-
tems (e.g. Fletcher et al., 1995; Cobbold et al., 2001a; Mour-
gues & Cobbold, 2003; Vendeville & Gaullier, 2003).
Cobbold et al. (2001a), Mourgues & Cobbold (2003) and
Vendeville & Gaullier (2003) used analogue models to in-

vestigate the e¡ects of pore £uid pressures in the sedi-
ments and showed that pore overpressures may have
signi¢cant e¡ects on slope stability and hence on the dy-
namics of continental margin sedimentary basins.

Gemmer et al. (2004) used an analytical model and two-
dimensional (2D) plane-strain ¢nite-element experi-
ments to study a uniform thickness linear-viscous layer
overlain by a frictional^plastic sedimentary overburden
that decreases in thickness from the proximal to distal
limits of the salt (i.e. a progradational wedge con¢gura-
tion).They used thin-sheet horizontal force balance analy-
sis to predict the circumstances under which the
sedimentary overburden would fail and estimated the in-
itial velocities of the failing overburden. In this paper, we
expand the analysis to include the e¡ects of water load
and sediment pore £uid pressures. In addition, we use ¢ -
nite-element experiments that include water loading and
hydrostatic pore £uid pressures in the sediments to inves-
tigate the ¢nite deformation of the system.

Gemmer et al. (2004) investigated the sensitivity of the
systems to the width of the salt layer and the role of sedi-
mentation and sediment progradation rate. Ings et al.
(2004) expanded on this work and investigated the roles
of a regional seaward tilt of the salt layer, isostatic adjust-
ment under the prograding sediment load and the e¡ects

Fig.1. Interpreted seismic section across the Central Santos Basin, o¡shore Brazil showing some of the typical salt tectonic structures
observed on passive continental margins (afterModica & Brush, 2004). Seaward evacuation of Aptian salt has lead to extensional faults
in the landward region and broad salt diapirs and salt cored-folds at the toe of the slope. Extension localised on the Cabo Frio Fault
resulted in a broad zone of rollover (Albian Gap).
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of salt buoyancy. Here we analyse the e¡ects of sediment
properties and show how strain-dependent weakening of
the sediments a¡ects the system. In additionwe investigate
the e¡ects of more complicated sedimentation patterns,
such as periods of low sediment in£ux, sediment aggrada-
tion and sediment bypass of depocentres. All models con-
sidered in this study are 2D plane-strain models and it
should be emphasised that this limits us to investigate sys-
tems where no out-of-plane deformation occurs.

FAILURE ANALYSIS

When a viscous substrate is overlain by a frictional^plastic
overburden of laterally varying thickness the di¡erential
load of the overburden causes a pressure gradient and Poi-
seuille £ow in the viscous material (Fig. 2a). Under some
circumstances the overburden reaches its yield limit and
fails by landward extension and seaward contraction and
the overburden translates in the seaward direction (Fig.
2b). In this case, both Poiseuille and Couette £ow occur in
the viscous channel and the relative amplitudes of the two
£ow types determine the dominant style of viscous £ow.
For cases with very unstable overburden, Couette £owwill
dominate in the viscous channel (Fig. 2b). For mildly un-
stable systems the Couette velocity may be smaller than
or of the same order of magnitude as the Poiseuille velocity
and a combination of the two £ow types will characterise
the deformation.

Lehner (2000) andGemmer etal. (2004) investigated the
circumstances under which the overburden will fail and
the initial velocities of the failing overburden for plane-
strain systems. Here we summarise these derivations and
then show how they can be expanded to take into account
the e¡ects ofwater loading and pore £uid pressures.To re-
present a simple passive continental margin sedimentary
basin with a salt layer overlain by a seaward thinning sedi-
ment wedge, we consider 2D vertical plane-strain initial
con¢gurations, like those of Fig. 2.The base is horizontal
and a linear viscous layer has a uniform thickness beneath

a variable thickness frictional^plastic overburden. For this
simple system, no consideration is given to the way in
which the geometry was created.

Case 1.Nowater loading

In this sectionwe consider the case where nowater loading
or pore £uid pressure e¡ects are taken into account (Leh-
ner, 2000; Gemmer et al., 2004). Consider the horizontal
forces that act on the overburden transition zone outlined
by the thick line (Fig. 3a).The upper surface is stress free
and the forces F1 and F2 result from the vertically inte-
grated horizontal stresses in the frictional overburden.
The pressure-driven Poiseuille £ow in the viscous layer
produces shear traction on the base of the overburden re-
sulting in the horizontal force Fp. In addition, the Couette
£ow causes a basal traction force, Fc, when the overburden
fails and moves horizontally. When the overburden is at
yield, these horizontal forces must balance

F1 þ F2 þ Fp þ Fc ¼ 0: ð1Þ

F1 and F2 are the forces that result from the landward ten-
sional and seaward compressional horizontal stresses in
the yielding plastic overburden, above locations x1 and x2.
The Mohr^Coulomb criterion is used to represent
the noncohesive frictional^plastic behaviour of the over-
burden

szz � sxx ¼ ðsxx þ szzÞ sin f ðextensionÞ ð2aÞ

szz � sxx ¼ �ðsxx þ szzÞ sin f ðcontractionÞ ð2bÞ

wheres is stress andf is the internal angle of friction.We
assume that the principal stresses in the overburden are
horizontal (sxx) andvertical (szz) and thatszz is the weight
sz of the overburden (Dahlen, 1990), which gives

sxx; extension ¼ �rgd
ð1� sin fÞ
ð1þ sin fÞ ð3aÞ

sxx; contraction ¼ �rgd
ð1þ sin fÞ
ð1� sin fÞ ð3bÞ

where r is density, g is gravitational acceleration and
d5 (hc1h(x)� z) is depth below the surface.The resulting
forces in the yielding overburden are

F1 ¼ �
Zhcþh1
hc

sxx; extension dz ¼ 1
2rgh

2
1k ð4Þ

F2 ¼
Zhcþh2
hc

sxx; contraction dz ¼ �1
2rgh

2
2k
�1 ð5Þ

where k5 (1� sinf)/(11sinf). By assuming that the to-
pography changes slowly with position, the thin sheet ap-
proximation (Lobkovsky & Kerchman, 1991) gives the

(a)

(b)

Fig. 2. Deformation styles. (a) Overburden below yield.
Poiseuille £ow in viscous channel. (b) Overburden at yield.
Couette £ow and Poiseuille £ow in viscous channel.
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velocity distribution in the viscous substratum subject to
variations of pressure as

vp ¼ �
rg
2Z

qhðxÞ
qx

zðhc � zÞ ð6Þ

where Z is the viscosity. Integration over the width of the
sediment wedge gives

Fp ¼ �
Zx2
x1

tp dx

¼ �
Zx2
x1

Z
qvp
qz

����
z¼hc

dx ¼ hc
2
rgðh1 � h2Þ ð7Þ

which is independent of the viscosity.The velocity ¢eld in
the substratum, vc, caused by horizontal motion of the
upper boundary of the viscous substratum increases line-
arly with distance from the viscous channel base, z

vc ¼
z
hc
Vc ð8Þ

whereVc is the uniform rate of translational motion of the
unstable overburden. The basal traction associated with
Couette £ow can be estimated as

Fc ¼ �
Zx2
x1

tcdx

¼ �
Zx2
x1

Z
qvc
qz

����
z¼hc

dx ¼� Z
Vc

hc
ðx2 � x1Þ: ð9Þ

Substitution of Eqns (4), (5), (7) and (9) into Eqn. (1) gives

rgh21k� rgh22k
�1 þ hcrgðh1 � h2Þ

� 2Z
Vc

hc
ðx2 � x1Þ ¼ 0:

ð10Þ

Dividing this relation by a reference force,Fs5 rghc
2, re-

sults in the nondimensional equation

ðh�1Þ
2k� ðh�2Þ

2k�1 þ h�1 � h�2 � 2V �c l
� ¼ 0 ð11Þ

inwhich h�1; h
�
2and l

�are the nondimensional length scales
h�1 ¼ h1=hc; h�2 ¼ h2=hc; l� ¼ ðx2 � x1Þ=hc, and V �c ¼
Vc=VswhereVs is the scaling velocity, Vs ¼ rgh2c=Z. Eqn.
(11) relates the relative overburden thicknesses, h�1 and
h�2, the overburden strength, expressed by k, the transition
zone width, l�, and the overburden velocity, V �c , for a sys-
temwhere the overburden is onyield. Belowyield the force
balance is given by Eqn. (11) or equivalently Eqn. (1) in
whichV �c ¼ 0(Fc5 0) andF1andF2 are the below-yieldva-
lues of these forces.

In the force estimations presented above, no considera-
tion is given to the e¡ects of pore £uid pressure on the
overburden strength. A frequently used approach in mod-
elling of sedimentary systems (e.g. Gemmer et al., 2004;

Ings et al., 2004) is to take into account the reduction in
the e¡ective pressure from p to p� pf, where pf is the pore
£uid pressure, by de¢ning an e¡ective internal angle of
friction, fe¡, that is lower than the angle of friction for
the dry sediment material,f above.fe¡ is de¢ned by

p sin feff ¼ ðp� pf Þ sin f ¼ p 1� lð Þ sin f ð12Þ

where the pore pressure ratio, l5 pf/p, is the ratio between
the £uid pressure and the solid pressure (mean stress), p.
Note that the internal angle of friction of the sediment is
not reduced tofe¡; it is just that sedimentwith pore pres-
surepf5 l � p, acts as though it has ayield strength that is
the same as the dry systemwithf5fe¡.This approach is
correct for systems where the pore £uid pressures are pro-
portional to the solid pressure. Although similar, aswewill
show in the next sections, this approach di¡ers from the
de¢nition of the Hubbert^Rubey pore pressure ratio in
which p5sz is the weight of the overburden. In regions
that are under deviatoric tension or compression the true
solid pressure deviates from the weight of the overburden.

Case 1with water loading, but no pore fluid
pressure effects

The e¡ects of submarine water loading may be added to
the Case 1 system described above by assuming that the
water load a¡ects the solid pressure in the sediments, but
the sediment is dry and una¡ected by the pore £uid pres-
sures within the sediments.This corresponds to a system
where an impermeable barrier exists between water and
the underlying sediment. For simplicity, we assume that
the water level is the same as the level of the surface of the
landward overburden (Fig. 3b), but similar calculations
could be made for the case where the water level is arbi-
trary.

The water, density rw, acts as a load that increases the
pressure and therefore the strength of the seaward over-
burden, which modi¢es the force F2 to F2

0

F02 ¼ � 1
2rgh

2
2 þ rwgðh1 � h2Þh2

�
k�1:

�
ð13Þ

In addition, the vertical component of the water load
counteracts the sediment-induced di¡erential pressure in
the viscous layer and the basal traction force caused by the
Poiseuille £ow, Fp, is reduced to

F0p ¼
hc
2
ðr� rwÞgðh1 � h2Þ: ð14Þ

Finally, because the water acts as a pressure that is nor-
mal to the surface, the horizontal component creates a
buttress force that acts horizontally on the sloping over-
burden (Fig. 3b)

Fw ¼ �
Zh1
h2

rwgz dz ¼ �1
2rwgðh1 � h2Þ2: ð15Þ
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The horizontal force balance equation is thus

F1 þ F02 þ F0p þ Fw þ Fc ¼ 0 ð16Þ

which after inserting Eqns (4), (13), (14), (15) and (9) gives

rgh21k� rgh22 þ 2rwgðh1 � h2Þh2
� �

tk�1

þ hcðr� rwÞgðh1 � h2Þ � rwgðh1 � h2Þ2

� 2Z
Vc

hc
ðx2 � x1Þ ¼ 0: ð17Þ

Using the scaling force,Fs5 rghc
2 to nondimensionalise

this equation gives

ðh�1Þ
2k� ðh�2Þ

2 þ 2r�wðh�1 � h�2Þh�2
h i

k�1

þ ð1� r�wÞðh�1 � h�2Þ � r�wðh�1 � h�2Þ
2

� 2V �c l
� ¼ 0 ð18Þ

where the nondimensional parameters are h�1 ¼ h1=hc;
h�2 ¼ h2=hc; r�w ¼ rw=r; l

� ¼ ðx2 � x1Þ=hc, and V �c ¼
Vc=Vswhere Vs is the scaling velocity, Vs ¼ rgh2c=Z and
k5 (1� sinf)/(11sinf).

Case 2, water loading and pore fluid pressure
effects

In Case1, the e¡ects of sediment pore £uid pressures were
ignored. However, in most cases, particularly submarine
passive margins, sediments contain pore £uids.The water
above the sediments is connected to these pore £uids in
the sediments and the pore £uid pressure is sensitive to
the overlying water depth, whichvaries signi¢cantly across
most continental margins. There is therefore a corre-
sponding variation in e¡ective sediment strength in

response to the spatial change in pore £uid pressure. In
this section we expand the theory from Case 1 to incorpo-
rate the e¡ects of the water load on the £uid pressures
within the sediments on the assumption that pore £uid
pressures are static and directly related to the weight of
the overburden.

A ¢rst approximation to the pore £uid pressure may be
calculated by using the Hubbert^Rubey pore pressure ra-
tio, lHR (Hubbert & Rubey, 1959)

lHR ¼
pf
sz

ð19Þ

where pf is the pore £uid pressure and sz is the weight of
the overburden. The failure analysis and velocity deriva-
tion parallels Case 1.The £uid pressures reduce the e¡ec-
tive stress in the sediments (vonTerzaghi, 1923; Mourgues
& Cobbold, 2003). By taking into account the £uid pres-
sure in the sediment but not including the weight of the
water column above the sedimentary overburden, the fric-
tional^plastic yield criterion (Eqn. (2)) therefore becomes

szz � sxx ¼� ðsxx þ szzÞ

1� 2lHRsz

sxx þ szz

� �
sin f: ð20Þ

In this case, Eqn. (3) is modi¢ed such thatsxx under ex-
tensional yield is

sxx ¼ �rgd
1� ð1� 2lHRÞ sin f

1þ sin f

� �
ð21aÞ

and under contraction, the yield value ofsxx is

sxx ¼ �rgd
1þ ð1� 2lHRÞ sin f

1� sin f

� �
ð21bÞ

(a)

(b)

Fig. 3. Horizontal forces acting on the overburden transition zone. (a) Nowater loading. (b)Water loading. Overburden is white and
underlying salt is grey.
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where d5 (hc1h(x)� z) is depth below the sediment sur-
face and modi¢ed k’s can be de¢ned as

kw ¼
1� ð1� 2lHRÞ sinf

1þ sinf
and

k0w ¼
1þ ð1� 2lHRÞ sinf

1� sinf
: ð22Þ

In the case where the sediments are submerged under
water, the weight of the water column modi¢es the yield
criterion to

szz � sxx ¼ðsxx þ szzÞ 1� 2lHRsz

sxx þ szz

�

� 2rwghw
sxx þ szz

�
sin f ðextensionÞ ð23aÞ

szz � sxx ¼� ðsxx þ szzÞ 1� 2lHRsz

sxx þ szz

�

� 2rwghw
sxx þ szz

�
sinf ðcontractionÞ ð23bÞ

where hw is the water depth. The seaward section in our
system is submerged under water and the horizontal con-
tractional yield stress, sxx, must therefore be estimated
from Eqn. (23b)

sxx ¼� rgd
1þ ð1� 2lHRÞ sin f

1� sin f

� �
� rwgðh1 � h2Þ: ð24Þ

The force corresponding to the landward horizontal
stresses in the sedimentary overburden (Eqn. 4) when hy-
drostatic pore £uid pressure is taken into account becomes

F01 ¼ �
Zhcþh1
hc

sxx; extensiondz ¼ 1
2rg h

2
1kw ð25Þ

and the force, F002 ;(Eqn. 5) becomes

F002 ¼
Zhcþh2
hc

sxx; contraction dz ¼ �1
2rgh

2
2k
0
w

� rwgðh1 � h2Þh2 ð26Þ

The force balance equation for a system with yielding
sedimentary overburden is thus

F01 þ F002 þ F0p þ Fc þ Fw ¼ 0 ð27Þ

which when inserting Eqns (25), (26), (14), (9) and (15) re-
sults in

rgh21kw � rgh22k
0
w � 2rwgðh1 � h2Þh2

þ hcðr� rwÞgðh1 � h2Þ � 2Z
Vc

hc
ðx2 � x1Þ

� rwgðh1 � h2Þ2 ¼ 0: ð28Þ

Using the scaling force, Fs5 rghc
2 to nondimensiona-

lise, the force balance equation gives, in the case of water
loading

ðh�1Þ
2kw � ðh�2Þ

2k0w � 2r�wðh�1 � h�2Þh�2
þ ð1� r�wÞðh�1 � h�2Þ � r�wðh�1 � h�2Þ

2

� 2V �c l
� ¼ 0 ð29Þ

where the nondimensional parameters are

h�1 ¼ h1=hc; h�2 ¼ h2=hc; r�w ¼ rw=r; l
� ¼ ðx2 � x1Þ=hc

and V �c ¼ Vc=Vs;where Vs is the scaling velocity,
Vs ¼ rgh2c=Z.

In the special case of hydrostatic pore pressure this re-
duces to

ðh�1Þ
2k� ðh�2Þ

2k�1 þ h�1 � h�2
h i

1� lHRð Þ

� 2V �c l
� ¼ 0 ð30Þ

which is the same as that for the dry system, Case 1 (Eqn.
(11)), except for the term containing the pore pressure ra-
tio.This simpli¢cation occurs because the e¡ective stress
in the sediment is everywhere reduced by an amount equal
to hydrostatic £uid pressure acting in the sediment alone.
The overlying water has no additional e¡ect on the over-
burden but the di¡erential pressure driving the Poiseuille
£ow in the salt is reduced. The horizontal buttress force
disappears because it is balanced by the hydrostatic £uid
pressure in the sediment.

Depending on the circumstances, taking into account
the e¡ects of pore pressures in the sediments using the
Hubbert^Rubey pore pressure ratio may provide a more
accurate representation of the sediment properties in sys-
tems submerged under water than a method based on
l5 pf/p (Eqn. (12)). In open systems where the pore £uid
pressures are directly connected to the surface and not
con¢ned, the pore £uid pressure will be close to hydro-
static and is best approximated by pf5 lHR� sz, where
lHR takes the hydrostatic values. However, in a closed sys-
tem pore £uids will experience pressures that are propor-
tional to p (the solid pressure) and, therefore, the
alternative de¢nition of l is more appropriate, such that
pf5 l � p. In this circumstance the £uids have no sense
of the weight of the overburden, sz. Both approaches
are, at best, approximations to the pore £uid pressures.
Overpressures are commonly observed and attributed
to compaction disequilibrium, hydrocarbon generation,
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diagenetic reactions and £ow focusing along faults (Hart
et al., 1995; Dugan & Flemings, 2000; Flemings et al.,
2002; Lupa etal., 2002;Mourgues&Cobbold, 2003;Vende-
ville & Gaullier, 2003). Each of these requires a particular
calculation of the associated £uid pressures, which is be-
yond the scope of this paper. Here, we will focus on the
simple, but equally important case where pore £uid pres-
sures are hydrostatic andwe will use pf5 lHR� sz.

Subaerial versus submarine systems

The force balance equations (Eqns (11), (18) and (29)) de¢ne
the horizontal overburden velocities when the sediments
are on yield in the initial con¢guration. By considering the
case where the velocity, V �c , is zero, these equations can be
used to estimate the situation where the system is on the
verge of failure and F1 and F2 attain their limiting values.
Figure 4a shows this failure limit for the speci¢c case where
the landward overburden thickness is constant (h�1 ¼ 4:5),
which, for instance, corresponds to a systemwith a 1000m
thick salt layer overlain by 4500-m sediments in the land-
ward region. For increasing overburden strength (here ex-
pressed by the increasing values of the internal angle of
friction, f) the thickness, h�2, at the failure limit decreases.
A comparison of the failure limits for Case1with andwith-
out water loading (Fig. 4a) emphasises that the water load
has a signi¢cant stabilising e¡ect on the system. As ex-
pected from Eqns (11) and (30) the failure limit for Case 2
at hydrostatic pore pressure and Case1withoutwater load-
ing coincide.This is because the hydrostatic £uid pressure,
when Vc5 0, a¡ects all the terms in the force balance
equally (Eqn. (30)). Therefore for a given internal angle of
friction,f, failurewill occur for the same overburden thick-
ness, h�2, for both cases. It should be emphasised however,
that the failure limits will not be the same for systems with
nonhydrostatic pore pressures (Eqn. (29)).

The e¡ect of using theHubbert^Rubey £uid pressure ra-
tio in Case 2 is illustrated in Fig. 4b which shows the failure
limit as a function of the pore pressure ratio, lHR.The in-
ternal angle of friction is,f5 301 and the density ratio be-
tween the water and the overburden is r�w ¼ 1=2:3. A
decrease in the pore pressure ratio increases the overburden
strength, and reduces the values of h�2 at the limit of over-
burden failure. Case1withoutwater loading, is signi¢cantly
more unstable than the same model with water loading, il-
lustrating that the buttress force, the reducedPoiseuille £ow
and the increased seaward overburden strength caused by
the water signi¢cantly a¡ect the system.The result (Fig. 4b)
also shows that there is a signi¢cant di¡erence in the failure
limit between Case 1with water loading and l and fe¡ de-
¢ned by Eqn. (12) and Case 2 with l5lHR.

Examples of the variation of Couette velocity with sea-
ward overburden thickness, h�2, are shown in Fig. 5.The ve-
locities are for systems with constant transition zone
width, l� ¼ 400; and landward overburden thickness,
h�1 ¼ 4:5. ForCase1, velocities are shownwith andwithout
water loading. In addition, velocities are shown for a sys-
tem with dry-sand rheology (fe¡5 301) and for a system

inwhich the e¡ective internal angle of friction approximates
sediments under hydrostatic pore pressure (Eqn. (12))
(fe¡5 16.421; density,r5 2300kgm� 3).The velocities de-
crease for increasing values of h�2 , and for large values of h�2
the overburden is belowyield and the overburdenvelocity is
zero. The velocities are lower for dry sediments (Case 1;
fe¡5 301) than for wet sediments (Case 1; fe¡5 16.421).
In addition, the water load signi¢cantly decreases the over-
burden velocities and for the system considered here,

(a)

(b)

Fig.4. Failure limit of overburden. (a) Failure limit as a function
of the internal angle of friction,f, and seaward overburden
thickness, h�2, for h

�
1 ¼ 4:5. Solid line: Case1without water

loading and Case 2 (water loading and hydrostatic pore pressure
in the frictional^plastic overburden). Dotted line: Case1with
water loading. (b) Failure limit as a function of the pore pressure
ratio. Internal angle of friction,f5 301. Solid line: Case1
without water loading (the pore pressure ratio l determines the
e¡ective angle of friction,fe¡). Dotted line: Case1withwater
loading (the pore pressure ratio l determines the e¡ective angle
of friction,fe¡). Dashed line: Case 2. Hubbert^Rubey pore
pressure ratio, lHR, is used.
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a model with water load and fe¡5 301 will have sediments
below the yield limit even for small values of h�2 and will be
characterised entirely by Poiseuille £ow.

The di¡erence between the two de¢nitions of the pore
£uid pressure may be assessed by comparing the velocities
for Case 2 with the velocities for the Case 1 model with
water load andwet sediments (fe¡5 16.421).The faster ve-
locities for Case 2 occur because the solid pressure (mean
stress) deviates from the weight of the overburden. This
analysis shows that water load and pore £uid pressures
have signi¢cant e¡ects on passive margin salt^sediment
systems. In the following we present ¢nite-element ex-
periments, which include water loading and hydrostatic
pore £uid pressures.We use pf5 lHR� sz, which is the
most appropriate choice of the de¢nition of l when the
system is open and pore £uid pressures are hydrostatic.

NUMERICAL MODEL

We use a 2D plane-strain ¢nite-element model to investi-
gate the evolution of the salt tectonic systems.The model
is a velocity based viscous-plastic model (Fullsack, 1995;
Willett, 1999) that is designed for large deformation £uid
Stokes £ows and solves the equations for conservation of
momentum and mass. The model uses an Arbitrary La-
grangian^Eulerian (ALE) method in which computations
are made on an Eulerian grid that adapts to the evolving
model domain. The material properties are tracked and
updated using a set of Lagrangian nodal points.This ap-
proach allows calculations to be made for large strains.
Water loading is included as a boundary load, which in-
creases the solid and £uid pressures of material in the

model according to the overlying water column. We use
linear viscosity to represent viscous salt

s0 ¼ 2Z _e ð31Þ

where s0 , is the deviatoric part of the stress tensor, Z is
viscosity and _e is the strain rate. Plasticity is modelled by
the Drucker^Prager yield criterion, which is equivalent to
the Mohr^Coulomb criterion for incompressible, plane-
strain deformation

ð J 02Þ
1=2 ¼ p sin f ð32Þ

where J 02 is the second invariant of the deviatoric stress and p
is the solidpressure.No sediment compaction is considered.

In this study we consider a 1000-m thick viscous salt
substratum (hc) that is overlain by a frictional^plastic over-
burden wedge of laterally varying thickness. The total
model thickness, h, varies from h11hc to h21hc following
the half-Gaussian function

hðxÞ ¼ hc

þ
h1 if x < x1

h2 þ ðh1 � h2Þ exp � ðx�x1Þ
2

w2

� �
if x � x1

(
ð33Þ

whereh1and h2 are the landward and seaward limiting over-
burden thicknesses.This smooth surface is used to avoid
potential numerical e¡ects related to abrupt changes in se-
diment geometry and to approximate the gradual change
in sediment thickness observed in nature. The width of
the transition region (Fig. 6), l, is determined by the value

Fig. 5. Initial velocities of the overburden transition zone for varying overburden thickness, h�2. l
� ¼ 400; h�1 ¼ 4:5. Solid line: Case1

without water loading,fe¡5 16.421. Dashed line: Case1without water loading,fe¡5 301. Dotted line: Case1withwater loading,
fe¡5 16.421.Thick solid line: Case1withwater loading,fe¡5 301. Dash^dotted line: Case 2,f5 301. Squares, crosses and circles:
corresponding initial overburden velocities predicted by the numerical model.
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of w5 200 km (l approximately equals 2w) and the transi-
tion starts at x5x1.

TheEulerian andLagrangian grids consist of 88vertical
by 800 horizontal elements that are adjusted vertically to
form theGaussian-shaped topography (Fig. 6).The upper
model surface is loaded in the normal direction by the
weight of the current water column. All other boundaries
have zero velocity parallel and perpendicular to the
boundaries. The density di¡erence between the overbur-
den and the salt layer is �100 kgm� 3 (rsediment

2300 kg m� 3, rsalt5 2200 kg m� 3) and the salt viscosity is
constant at 1018 Pa s. For simplicity, the water level is kept
constant at 5500m (h11hc) in all models and awater density
of rw51000 kg m� 3 is used.

COMPARISON OFANALYTICAL AND
NUMERICALOVERBURDEN VELOCITIES

To compare the numerical model with the analytical theo-
ry, we analyse the calculated overburden velocities at the
earliest timesteps (before any signi¢cant change in model
geometry has occurred) for a set of numerical models. In
these models the salt layer is much wider (1000 km) than
the overburden transition zone (400 km; thewidth l shown
in Fig. 6) to prevent the predicted velocities from being af-
fected by the ¢nite width of the salt layer.Models were run
using the water loading cases described in the failure ana-
lysis section and with varying seaward overburden thick-
ness, h�2.The calculated initial overburden velocities (Fig.
5) agree with the analytical predictions for larger values of
h�2, that is, when the overburden is below yield or at yield,
but close to the yield limit. For small seaward overburden
thicknesses, the deviation between the analytical and nu-
merical results may be due to inaccuracy in the simpli¢ed
horizontal force balance from the thin-sheet approxima-
tion assumed in the analytical theory.

DYNAMICAL MODELS OF SEDIMENT
PROGRADATION OVER SALT

Model set-up

In this section we investigate the deformation resulting
from sediment progradation above salt. The total model

length is 500 km, the salt layer is 300 km wide and 1km
thick, andw is 200 km,which results in an upper bound es-
timate of the width of the overburden transition zone that
is about 400 km (Fig. 6), but most of the transition occurs
in a 300 kmwide zone.The width of the transition zone is
at the upper end ofwhat has been observed on typical pas-
sive continental margins (Demercian et al., 1993;Tari et al.,
2002), which range from 200^450 km o¡shore Brazil (De-
mercian etal.,1993;Cobbold etal., 2001b), through approxi-
mately 250 km in the US Gulf of Mexico (Peel et al., 1995;
Trudgill et al., 1999) to 100^200 km on many west African
margins and o¡shore Nova Scotia (Wade & MacLean,
1990; Tari et al., 2002). Zones of deformable material with
the same properties as the overburden are included at the
landward and seaward ends of the model.These zones re-
present regions beyond the limits of the salt deposition
and also act as bu¡er zones that are su⁄ciently wide to
prevent e¡ects from the lateral model boundaries. Other
model properties are the same as those described in the
NumericalModel section.

Six models are investigated.Model1shows the evolution
of a simple systemwith constant rate of sediment prograda-
tion.The e¡ects ofwater loading and hydrostatic pore pres-
sure (lHR51/2.3, Case 2 in the failure analysis section) are
included and the internal angle of friction of the overbur-
den isf5 301.Model 2 is the same asModel1exceptwater
loading and pore pressure e¡ects are omitted.We then in-
vestigate how sediment properties (strain softening;Model
3) and sedimentation patterns of increasing complexity
(Models 4^6) can a¡ect theModel1 system.

Sediment progradation above salt (Model 1)

The evolution of a systemwhere sediments prograde over
salt (Model 1) is illustrated in Fig. 7. Initially, the sediment
transition zone is landward of the salt basin (x1 in Eqn. (33)
is � 350 km), and the sedimentary overburden is h2510m
thick above most of the salt layer (Fig. 7a). Sediment pro-
gradation is modelled by translating the sediment pro¢le
function (Eqn. (33)) from landward to seaward at the pro-
gradationvelocity,Vsp5 0.5 cmyr�1.Newoverburdenma-
terial that ¢lls the region between the current model
surface and the prograding surface is added to the model
calculations. Where the current model surface is above

Fig. 6. Numerical model set-up.The model domain is 500 km long.The salt layer is 1000m thick and the overburden thickness varies
from h1 to h2 over a length, l �2d. Light grey region: Frictional^plastic sediment material, density roverburden5 2300 kg m� 3, internal
angle of frictionf. Medium grey region: linear viscous material, density rviscous 5 2200 kg m� 3, viscosityZ. Fish indicates overlying
water column.Vertical exaggeration5 28.
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the prograding pro¢le, material is neither added nor re-
moved.The sediment material that is added during pro-
gradation has the same properties as the pre-existing
sediment, and the greyscales (Fig. 7) represent the strati-

graphic layering.Thewater load is adjusted for the current
con¢guration of the sediment pro¢le.

As the sediment wedge progrades onto the salt, the dif-
ferential sediment load initiates a combinedPoiseuille and

(a)

(b)

(c)

(d)

(e)

(f)

Fig.7. Model1. Dynamical model of sediment progradation above salt. Sediment progradation rate,Vsp5 0.5 cmyr�1. Salt is medium
grey. Sedimentary overburden is light grey. Deposited sediment is dark to light grey. Each colour corresponds to deposition during
5Myr. (a)Model set-up. Each cell on the ¢gure corresponds to 4 � 4 elements in the Lagrangian grid. (b)Model after 25Myr. (c)Model
after 50Myr. (d)Model after 75Myr. (e)Model after 95Myr.Vertical exaggeration in (a^e)5 15. (f) Close-up of minibasins after 50Myr.
Vertical exaggeration5 3 (for link to colour animation, see end of paper).
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Couette seaward salt £ow, which deforms the distal part of
the sediment wedge and initiates depocentres that evolve
into minibasins (Fig.7b,x5150^200 km).The salt beneath
the minibasins is evacuated whereby accommodation
space is continuously created allowing the minibasins to
grow.The evacuated salt accumulates and initiates diapirs
that separate the minibasins. Sediment progradation
causes the region of overburden shortening to move sea-
ward and the minibasins to get progressively younger in
the seaward direction. At 50Myr (Fig. 7c) the region of
shortening has progressed tox5 300 km.Landward of this
contractional region, the sediments fail by extension as a
consequence of the di¡erential sediment load (Fig. 7f)
and the viscous £ow is dominated by Couette £ow (cf. Fig.
2). Extension is localised above the pre-existing salt dia-
pirs where the system is weakest. Continued sediment ¢ll-
ing of the extensional depocentres, however, prevents the
development of local di¡erential pressures and, therefore,
inhibits salt diapirism in the extending regions.The dia-
pirism that does occur in these regions is driven by buoy-
ancy of the salt. The minibasins that formed during the

earlier model stages now become part of the rafts that are
located between the necking regions and are inverted to
form turtle structures (Fig. 7f).

At 75Myr (Fig. 7d) the salt £ow has reached its seaward
autochthonous limit and a salt nappe has started to form.
The net horizontal andvertical £ux of salt and sediment is
greater than the sediment progradation rate and beyond
x5 250km (Fig. 7d) the distal material moves, shortens
and thickens ahead of the kinematically speci¢ed sediment
pro¢le, which descends below the sediment surface land-
ward of the small surface topographic bump.Owing to our
choice of sedimentation model, this seaward part of the se-
diment surface no longer receives additional sediment and
consequently no newminibasins are formed in this region.
Instead, the existing minibasins are carried passively on
top of the advancing system.Uplift of the sediment surface
above the sedimentation pro¢le also allows surface irregu-
larities to develop and the associated local di¡erential
pressures enhance the buoyancy driven salt diapirism,
and a salt diapir has started to pierce the overburden
(x5 235 km).

(a)

(b)

(c)

(d)

Fig. 8. Model 2. Same asModel 1 (Fig. 7) but no water loading or pore £uid pressures included. E¡ective internal angle of friction
f5 301. (a)Model at 25Myr. (b)Model at 50Myr. (c)Model at 95Myr.Vertical exaggeration in a^c515. (d) Close-up of rafts at 50Myr.
Vertical exaggeration5 3 (for link to colour animation, see end of paper).
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After 95Myr (Fig. 7e) the salt nappe has advanced 50km
beyond the autochthonous limit of the salt and is still
above the prograding sedimentary wedge. However, the
kinematically prograding sediments have started to over-
take the salt nappe at its seaward end (x5 400 km) forcing
the salt nappe to climb up the stratigraphy section. This
distal sedimentation may eventually lead to reduced £ow
velocities and burial of the salt nappe.The salt diapir that
had formed by 75Myr has been carried with the overbur-
den about 60 km seaward. It is bounded by two asymmetric
normal growth shear zones, which develop because the

weak salt localises deformation along the sediment-salt
diapir interface.

Subaerial versus submarine systems
(Model 2)

The importance ofwater loading and pore pressure e¡ects
may be assessed by comparing a model where no water
loading or pore pressure e¡ects are included (Model 2;
Fig. 8) withModel 1 (Fig. 7). InModel 2 the internal angle
of friction of the sediments is, f5 301, which approxi-

(a)

(b)

(c)

(d)

(e)

Fig.9. Model 3. Strain softening of the sedimentary overburden.Model set-up is the same as forModel1 (Fig.7) except that the internal
angle of friction,f, of the sediments is reduced from 301 to101 as the strain increases from 0.5 to1. Salt is medium grey. Sedimentary
overburden is light grey. Deposited sediment is dark to light grey. Each colour corresponds to deposition during 5Myr. (a)Model after
25Myr. (b)Model after 50Myr. (c)Model after 75Myr. (d)Model after 95Myr.Vertical exaggeration in (a^e)5 15. (e) Close-up of
asymmetric extensional basins after 95Myr.Vertical exaggeration5 3 (for link to colour animation, see end of paper).
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mates dry sand. Although the overburden is stronger, the
lack of water load leads to overburden velocities that are
about twice as high as those forModel1 (Fig. 5).This leads
to a more signi¢cant component of Couette £ow already at
early model stages (25Myr; Fig. 8a) and early extensional
failure of the relatively thin overburden, which causes in-
version of the minibasins and shorter landward rafts be-
tween the extensional basins (Fig. 8b, d).

The higher velocities also lead to more e⁄cient salt eva-
cuation, suppress salt diapirism beneath the shelf (Fig. 8c)
and cause the salt to £ow further ahead of the prograding
sedimentwedge.At 95Myr the salt nappe has moved about
30 km further seaward than forModel 1. Only one miniba-
sin exists on top of the salt nappe, because most of the
minibasins that formed during the early stages were in-
verted and became part of the extensional system. This
shows that although the ¢rst-order pattern of landward ex-
tension and seaward contraction also characterise a dry-
system model, the formation and evolution of secondary
structures, such as minibasins, are sensitive to the over-
burden velocities and thereby to the e¡ects of water load
and pore £uid pressures.

Strain softening of the overburden (Model 3)

Deformation may lead to weakening of the frictional sedi-
ments due to, for instance, grain size reduction, fault and
fracture development (Kirby, 1985), and increase in pore
£uid pressure (e.g. Flemings et al., 2002; Lupa et al., 2002).
In this section, the e¡ects of strain softening are investi-
gated through a model in which the internal angle of fric-
tion,f, of the sediment is reduced linearly from 301 to 101
as the local strain, measured by the second invariant, in-
creases from 0.5 to 1 (Model 3; Fig. 9). All other model
parameters are the same as for theModel1 (Fig.7), includ-
ing the hydrostatic pore £uid pressure in the sediments.

During the early model stages, the e¡ects of strain soft-
ening are minor because the strain of the sediment is small.
At 25Myr (Fig. 9a) the main di¡erence between Models 1
and 3 is that only two minibasins have developed in the
model with strain softening, whereas three basins had
formed in the model without strain softening. This result
illustrates the tendency for the deformation localised by
strain softening to persist at a particular location, at the ex-
pense of the development of newdeformation zones (mini-
basins in this case). The localisation e¡ects of strain
softening aremore signi¢cant during the subsequent exten-
sional failure of the landward region, which is localised
along seaward dipping listric shears and leads to the devel-
opment of asymmetric depocentres (i.e. half grabens) in the
landward region (Fig. 9b, c). Strain softening leads to fewer
extensional basins. At 95Myr (Fig. 9d, e) only two listric
shears characterise the region x5120^300 km by compari-
son with 4 inModel1.This persistence of active strain-sof-
tened listric shears leads to the primary di¡erence between
Models 1 and 3 in which �80kmwide regions of sediment
accumulation and rollover develop inModel 3 in the hang-
ing wall of the two longest lived listric normal faults (at 110

and 210km, Fig.9d, e) as these regions are transported sea-
ward on top of the mobile salt. Natural equivalents of this
type of sedimentary structure could be misinterpreted to
imply sediment progradation from seaward to landward
and not the progressive wholesale seaward translation of
the hanging wall as a component of the unstable £ow of
overburden above the salt.

In the seaward region, the di¡erence between Models 1
and 3 is less remarkable because the system is dominated
by the salt which does not strain soften in either model.
Strain softening leads to overall weaker overburden, which
results in somewhat larger velocities than forModel1.How-
ever, the overall development of the system has lead to a si-
milar size salt nappe to that ofModel1 (cf. Figs 9c, d and 7d,
e).This result indicates that the strain softeningdoes not in-
crease the post-yield velocity of the overburden signi¢ -
cantly and, therefore, that the Couette viscous drag (Eqns
(28) and (29)) exerts a strong control on the velocity of the
system. For lower salt viscosities the velocities would be
more sensitive to the strain softening. At 95Myr (Fig. 9d)
the minibasins on top of the salt nappe have been translated
passively with the salt nappe indicating that this part of the
system is also insensitive to strain softening of the overbur-
denwhile it is not receiving sediment (cf. Figs 9d and 7e).

Transition from sediment progradation to
sediment starvation (Model 4)

The models investigated so far assume a constant sedi-
ment progradation rate (Vsp5 0.5 cmyr�1). However, in
nature the sedimentation rate often varies, for instance,
owing to climate variations or variations in sediment
source area or sediment transport direction. In this section
we investigate the e¡ects of a period of sediment starva-
tion. Model 4 (Fig. 10) has the same initial model set-up
asModel1 (Fig.7) and sediments prograde into the system
at a sediment progradation rateVsp5 0.5 cmyr�1 during
the ¢rst 50Myr. At 50Myr, sedimentation ceases and the
system continues to evolve as a consequence of the in-
stability caused by the existing model geometry.

Only 5Myr after sedimentation has terminated (55Myr;
Fig.10b) the e¡ect of sediment starvation is remarkable. In
the landward section, faulting and sediment thinning ow-
ing to extension result in the development of troughs at the
sediment/water interface. This bathymetric variation
causes local di¡erential pressures at the level of the salt
forcing it to £ow upward into the necking low-pressure re-
gions and salt diapirs/walls to develop. The diapirism is
certainly aided by the buoyancy of the salt but the local dif-
ferential pressure is essential for diapirs to reach the sedi-
ment surface as can be demonstrated by comparison with
Model 1where the diapirs do not reach the surface.

Salt diapirism is most signi¢cant in the region x5100^
150km where the salt layer is still relatively thick and the
Couette velocities and extension rates are fastest. Land-
ward of this region, less salt is available to form diapirs
and the thinner salt channel results in smaller velocities
and less extension. Seaward of the extending region
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(x4200 km) the system is less a¡ected at this stage by the
termination of sedimentation.The minibasins that had al-
ready formed in this region, are passively translated sea-
ward on top of the salt without any signi¢cant internal
deformation, demonstrating that additional sedimenta-
tion is required if the minibasins are to grow.

At 75Myr, 25Myr after sedimentation has terminated
(Fig. 10c) landward extension has caused signi¢cant sedi-
ment thinning, most of the salt has been evacuated and
several diapirs now penetrate the sedimentary overbur-
den.The continued seaward salt evacuation results in a salt
thrust at the seaward depositional limit of the salt.The salt
level is close to constant at 1.5 km across the model, which
indicates that it is approaching its gravitational equili-
brium. A comparison of Models 1 and 4 (Figs 7d and 10c)
at 75Myr shows that the reduced sediment input inModel
4, as expected, results in less salt evacuation and a less de-
veloped salt nappe.There is also a corresponding distinct
di¡erence in the gravitationally adjusted surface level of
the distal evacuated salt between Models 1 and 4. Clearly,

the salt has been pumped to a higher level by the contin-
ued sediment progradation inModel 1.

Transition from sediment progradation to
aggradation (Model 5)

Although complete termination of sedimentation may
occur in nature, a more likely process is, for instance, a
transition from an environment dominated by sediment
progradation to a setting with lower sediment input from
the onshore regions, sediment bypass of the shelf andupper
slope and an aggradational pattern on the lower slope and
rise. InModel 5 (Fig.11) we investigate the e¡ects of such a
transition.During the ¢rst 50Myr, this model is the same as
Model1 (Fig.7) and sediments prograde into the system at a
progradation rate,Vsp5 0.5 cmyr�1. At 50Myr the height
of the sediment pro¢le (h1) is reduced to 2500m, the width
of the overburden transition zone is increased to l5 600 km
(w5 300 km,Eqn. (33)) andx1is reset to � 400 km.This cre-
ates a new sediment pro¢le that is lower andwider than the

(a)

(b)

(c)

(d)

Fig10. Model 4. Sediment starvation. Same asModel 1 (Fig. 7) except that sedimentation terminates at 50Myr. Salt is medium grey.
Sedimentary overburden is light grey. Deposited sediment is dark to light grey. Each colour corresponds to deposition during 5Myr.
Each cell on the ¢gure corresponds to 4 � 4 elements in the Lagrangian grid. (a)Model at 50Myr (just before sedimentation
terminates). (b)Model at 55Myr (5Myr after sedimentation has terminated). (c)Model at 75Myr.Vertical exaggeration in (aFc)5 15.
(d) Close-up of salt diapirs and sediment rafts after 75Myr.Vertical exaggeration5 3 (for link to colour animation, see end of paper).
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initial one and results in no sedimentation on the existing
shelf and most of the slope.The lower slope and more sea-
ward parts of the model experience sedimentation that has
amore aggradational character, owing to thewider sediment
transition zone. The sediment progradation rate, Vsp, re-
mains constant at 0.5 cmyr�1.

This model also responds quickly to the change in sedi-
mentation pattern and develops local di¡erential pres-
sures and salt diapirs in the landward region. The salt
diapirs grow passively with the aggrading sedimentation,
and at 75Myr this has lead towell-developed proximal salt
diapirs (x5100, 130, 170 km; Fig. 11a, c). The diapirs are
best developed in the seaward direction (Fig. 11c) because
the salt supply is limited at the landward end of the pro¢le
where signi¢cant amounts of salt were already evacuated
during the ¢rst progradation phase (0^50Myr) (Fig. 11a).
Furthermore, the sedimentation rates increase toward the
landward region (x5100^150km) where they eventually
exceed the rate atwhich the salt can rise and the diapirs be-
gin to become buried (Fig. 11c). At the distal end of the

model, the aggrading sedimentation style prevents the salt
from overthrusting its depositional limit, partly because
the subhorizontal sediment surface produces only a small
regional di¡erential sediment load, which diminishes the
overall seaward salt evacuation.

At125Myr, the landward diapirs have all been buried be-
neath the aggrading sediment, because the sedimentation
rates exceed the rate ofdiapirism owing to the paucity of salt
supply and the near horizontal sediment surface (Fig.11b, d)
which results in limited di¡erential pressures in the salt.No
further movements occur in this region even though the
salt is buoyant. Seaward progradation of the sediment tran-
sition zone causes the distal diapirs to grow passively with
the aggrading sediments.At the seaward autochthonous salt
limit, a massive block of salt has accumulated because distal
sedimentation prevents further lateral £ow. Further pro-
gradation of the sediment pro¢le would also reduce the dif-
ferential pressures in this region, and eventually this
massive salt structure will stop growing and become buried
beneath the aggrading sediment.

(a)

(b)

(c)

(d)

Fig11. Model 5. Sediment aggradation. Same asModel 1 (Fig. 7) except that sedimentation changes from progradation to aggradation
at 50Myr. Salt is medium grey. Sedimentary overburden is light grey. Deposited sediment is dark to light grey. Each colour corresponds
to deposition during 5Myr. Each cell on the ¢gure corresponds to 4 � 4 elements in the Lagrangian grid. (a) Model at 75Myr (25Myr
after sedimentation pattern has changed). (b)Model at 125Myr.Vertical exaggeration in (a) and (b)5 15. (c) Close-up of salt walls and
sediment rafts after 75Myr. (d) Close-up of distal diapirs after 125Myr.Vertical exaggeration in (c) and (d)5 3 (for link to colour
animation, see end of paper).
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Sediment bypass (Model 6)

The previous models speci¢ed complete sedimentation
up to a prescribed pro¢le level.Where these pro¢les pro-
duce smoothly varying bathymetry local pressure gradi-
ents did not develop even though the underlying
overburden may have been unstable and was extending
(e.g. Model 1; Fig. 7c, d). Hence, it is only when this kine-
matically speci¢ed sedimentation terminates or the sedi-
ment progradation pro¢le is changed (Models 4 and 5)
that extension can create local bathymetric variations (ba-
sins) and the consequent local pressure variations will

force salt diapirism. In nature, these basins may only be
partially ¢lled by sediment as a consequence of the plan-
form routing of sediment dispersal systems (e.g. out of
plane sediment transport, in which sediment bypasses
the basins through strike incised channel/levee complexes
(£ow bypass; Sinclair & Tomasso, 2002) or ¢ne-grained
material in suspension escaping the basins (£ow stripping;
Sinclair & Tomasso, 2002). Such processes are simulated
in Model 6 (Fig. 12) where a simple model of partial sedi-
mentation in the basins is used.

Model 6 is the same as Model 1 except that sediment
is added at a speci¢ed rate from a landward source and is

(a)

(b)

(c)

(d)

(e)

Fig.12. Model 6. Partial in¢ll of depocentres and reduced sediment input at late stages. Salt is medium grey. Sedimentary overburden
is light grey. Deposited sediment is dark to light grey. Each colour corresponds to deposition during 5Myr. Each cell on the ¢gure
corresponds to 4 � 4 elements in theLagrangian grid. (a)Model at 35Myr. (b)Model at 50Myr. (c)Model at 75Myr.Vertical exaggeration
in (a^c)5 15. (d) Close-up of proximal salt walls and sediment rafts after 75Myr. (e) Close-up of distal diapirs after 75Myr.Vertical
exaggeration in (d) and (e)5 3 (for link to colour animation, see end of paper).
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distributed such that shelf and slope basins are sequen-
tially ¢lled to a level that is 500m below their spill level,
the barrier height on the seaward side of the local basin.
Only basins that have a spill level higher than 2500m are
¢lled in this manner. Sediment deposited in the basins is
subtracted from the budget and any residual sediment is
deposited as a prograding wedge seaward of the last par-
tially ¢lled basin.This wedge has a pro¢le that follows the
same half-Gaussian function as the previous models (Eqn.
(33)). h1 is the height of the last basin barrier and x1 is cho-
sen so that the total sediment budget is constant at
12.5m2 yr�1 per unit strike length of the model. At
30Myr this sediment budget is reduced to 2.5m2 yr�1 to
simulate a period of low sediment £ux.

At 35Myr (Fig. 12a) the landward extensional depocen-
tres start to develop seaward bathymetric barriers and
small, under¢lled troughs develop where the surface is
subsiding.The sediment budget model causes faster pro-
gradation during early model stages and a steeper overbur-
den transition zone than for the previous models, which
suppresses the development of minibasins. In this model,
the landward salt diapirism arising from the local di¡eren-
tial pressures also becomes increasingly pronounced in
the seaward direction where the salt layer remains su⁄ -
ciently thick to feed the diapirs (Fig. 12b; x5100^
150km). Continued extension complemented by growth
of the diapirs (75Myr; Fig. 12c, d) leads to partially ¢lled
basins overlying salt diapirs. Diapir growth is limited by
the supply of salt to the diapirs and the di¡erential pres-
sures which both decrease with time and lead to reduced
velocities. The main di¡erence between this model and
the model with sediment aggradation (Model 5) is that
the partially ¢lled landward basins maintain local di¡eren-
tial pressures, thereby causing continued diapirism in-
stead of falling of the diapirs at late model stages.

In the seaward region, the low progradation pro¢le
(smaller h1 compared with Model 1, for example) results in
an aggradational sedimentation pattern, which allows salt
diapirs to grow with the aggrading sediment in between
the already existing minibasins (Fig.12b, x5 240 km).The
rising salt acts as a weak zone along which listric growth
faults form (Fig. 12e, x5 280 km). Distal sedimentation
prevents the development of a large salt nappe and, in-
stead, causes the evacuated salt to move subvertically at
its seaward depositional limit in the same way asModel 5.

DISCUSSION

Effects of water loading and pore fluid
pressures in nature, and in numerical and
analoguemodels

Analytical and numerical models are useful in the investi-
gation of processes that determine the evolution of passive
continental margin sedimentary basins that contain salt.
Di¡erential sediment loading pumps the salt seaward,
and under some circumstances the sedimentary overbur-
den fails by landward extension and seaward contraction.

The failure analysis emphasises the need to take into ac-
count the e¡ects ofwater loading and pore- £uid pressures
when quantifying the failure limit and the post-failure ve-
locities of these systems.The water column increases the
solid and £uid pressures in the sediments and reduces
the di¡erential pressure in the salt caused by prograding
sediments. In addition, thewater applies a horizontal force
that buttresses and helps stabilise the sloping overburden.

Most published numerical models of salt tectonics (e.g.
Gemmer et al., 2004) approximate the e¡ects of pore £uid
pressure by using an e¡ective angle of friction of the sedi-
mentary overburden that is lower than the internal angle
of friction for dry sediment material. Considering the un-
certainties in nature in regard to sediment properties, in-
itial geometry of the system, and the e¡ects of
sedimentation and permeability and associated seepage
£ow on pore- £uid pressures, this approach may be a use-
ful ¢rst approximation to investigate the sensitivity of the
system to £uid pressures. In addition, as shown in Figs 4
and 5, the failure limit andvelocities of continental margin
salt tectonic systems investigated in this paper depend sig-
ni¢cantly on whether the basin is subaerial or submarine.
In particular, the marine buttress force acting on the
water-sediment interface acts on the overburden transi-
tion zone, stabilises the system, and reduces the post-fail-
ure velocities. The seaward £ow of overburden and salt
may be overestimated by about a factor of three in models
that do not consider the e¡ects of the water column (Fig. 5;
cf. Case1, no water load,fe¡5 16.421 with Case 2).

Similar problems existwith analogue models.Although
pore £uid pressure e¡ects have been included in some ex-
periments (Cobbold et al., 2001a; Vendeville & Gaullier,
2003),most analogue models of salt tectonics use materials
like dry sand to approximate Coulomb-type overburden
and do not include water loading. A comparison of Model
1 (submarine) andModel 2 (subaerial) shows that the high-
er velocities of the subaerial model lead to overburden ex-
tension even for small overburden thicknesses and
suppress the formation of minibasins.Thus, although the
overall pattern of landward extension and seaward salt eva-
cuation characterises both systems, the dry system fails to
develop some of the local salt tectonic structures, such as
minibasins in the seaward region.

Insight gained from the numericalmodels

Model 1 shows that a simple 2D model of smoothly pro-
grading sediments above a rectangular 2D cross section
salt layer produces manybasic features observed in natural
salt tectonic systems. Models with more complex geome-
tries can easily be designed but the intention here has been
to focus on some of the basic physical processes and to ask
which of these result in signi¢cant salt structures without
appealing to complex initial geometries. For example, in
Model 1 smooth sediment progradation above a uniform
thickness viscous salt layer ¢rst results in minibasin for-
mation. No appeal to irregularities in sedimentation pat-
tern or salt geometry is required. Continued sediment
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progradation leads to extensional failure of the landward
section and the minibasins formed during the early stages
become part of the rafts located in between the extensional
depocentres. The development of minibasins depends,
among other things, on the initial thickness of the sedi-
mentary overburden, the sediment progradation rate and
the component of sediment aggradation. In a previous
study Gemmer et al. (2004) used a relatively thick (500m)
initial sedimentary overburden and a more aggressive se-
diment progradation model (faster progradation rate and
a narrower overburden transition zone). These models
produced seaward contractional salt-cored folds, not
minibasins, indicating that the formation of minibasins is
favouredwhen the initial sediment thickness and the sedi-
ment progradation rates are small.

Strain-dependent sediment weakening localises the
landward deformation along asymmetric listric normal
faults, increases the post-failure velocities and leads to fas-
ter development salt tectonic structures. The seaward re-
gion is less signi¢cantly modi¢ed by strain softening
during the earlier phases of model evolution because the
strain, and hence the e¡ect of strain-dependentweakening
is smaller here. The strain-softening model presented in
this paper is only one example of strain-dependent sedi-
ment weakening. The absolute amount of weakening and
the strain interval over which weakening occurs in sedi-
mentary basins may vary.We tested the sensitivity of the
system to the amount of strain dependent weakening as
well as to the strain interval over which strain softening oc-
curs. In general, a smaller amount of strain weakening
leads to less localisation.However, the system is less sensi-
tive to, e.g. a doubling of the strain interval over which
weakening occurs; once localisation is initiated along a
shear zone, the strain increases rapidly and full sediment
weakening is obtained over a short time interval as a
consequence of the strong positive feedback between
localisation and softening. Although variations occur,
the asymmetric landward extensional basins and enhanced
velocities are general characteristics of systems with
strain softening of the sediments. The number of
listric faults developed in the numerical model is smaller
than is observed in typical continental margin basins
(e.g. Fig. 1). This di¡erence is due, among other things,
to the simple sedimentation model, which only includes
one progradation phase and a smooth progradation
pro¢le.

The simple smooth sediment progradation used in
Models 1^3 lacks the natural complexity associated with
clastic sedimentation on typical rifted continental mar-
gins over intervals of more than100Myr (e.g. Fig.1).Mod-
els 4^6 show how salt tectonics may be modi¢ed by simple
time-space variations in sedimentation. Regional di¡er-
ential pressures caused by the overburden are the primary
cause of lateral long-range salt £ow leading to evacuation
of the landward region and accumulation and thickening
of the salt in the seaward region. Situations where sedi-
ment progradation only creates a long-range pressure gra-
dient (e.g. Model 1) lead to some salt diapirism but, as

demonstrated inModels 4^6, the diapirism is signi¢cantly
enhancedwhen local pressure gradients occur.

Although our current 2Dmodels cannot reproduce the
complexity of planform sediment routing and dispersal,
we can infer that diapirism is likely enhanced during peri-
ods of low sediment in£ux and when the overburden
remains unstable, if these factors combine to give bathy-
metric variability that creates local pressure gradients that
act on the salt. Total sediment starvation also limits the
growth potential of the diapirs but slow sedimentation
rates comparable to rates of vertical salt movement can
maximise passive salt diapirism. The timing of intervals
of slow sedimentation in relation to salt evacuation is cru-
cial. If the salt has already been evacuated by the regional
pressure gradient during earlier phases of large-scale se-
diment progradation only salt pillows may remain and sig-
ni¢cant newdiapirism is precluded.

The sediment bypass model presented in this paper pre-
scribes the ¢lling of the proximal depocentres up to 500m
below the barrier height, which results in relatively limited
sedimentation in the depocentres. A 500-m deep depocen-
tre may be reasonable if bypass is attributed to e⁄cient
transport through incised canyons and levee complexes.
However, if sedimentbypass is associatedwith ¢ll-and-spill
systems (e.g. Sinclair & Tomasso, 2002) ¢lling to within
100m of the barrier height may be more realistic.This more
complete ¢lling would reduce the local di¡erential pres-
sures and thereby reduce the rate of diapir growth, but may
lead to signi¢cant passive growth if the sedimentation rates
are less than the diapir growth rates. It may only be neces-
sary for there to be a relatively short interval of signi¢cant
under¢lling of an extensional basin to initiate diapirism
(cf.Model4;Fig.10b).Once initiated by local pressure gradi-
ents the e¡ect of buoyancy becomes more signi¢cant as the
height of the diapir increases. Later diapiric growth may be
entirely driven by buoyancy, in which no local variations in
sedimentation are required for diapirism to continue.

The models presented in this paper showhow the evolu-
tion of passive margin salt tectonic systems depends on se-
diment properties and sedimentation patterns. The
parameters investigated here represent only a small fraction
of the range of salt tectonic systems that may be observed in
nature. In previous studies (Gemmer et al., 2004; Ings et al.,
2004) we showed how other parameters, e.g. sediment pro-
gradation rate, width and thickness of the salt layer, density
distribution as well as regional tectonic processes such as
thermal subsidence following rifting and isostatic compen-
sation of the sediment column may have a signi¢cant im-
pact on the evolution of the system. Other factors that may
a¡ect the systems are a superimposed regional stress ¢eld,
variations in basement and salt geometry, sediment com-
paction, and the rheology of the salt.We aim to assess e¡ects
of some of these parameters in later studies.

CONCLUSIONS

The structural evolution of passive continental margin se-
dimentary basins that contain salt has been investigated
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using analytical and numerical models of a viscous salt
layer overlain by a frictional^plastic sedimentary overbur-
den of laterally varying thickness. Di¡erential sediment
load on the viscous salt layer leads to a pressure-driven
Poiseuille £ow, and under some circumstances results in
failure of the sedimentary overburden by landward exten-
sion accommodated by seaward contraction.We have esti-
mated the failure limit and post-failure velocities of the
system from analytical thin sheet calculations that take
into account the e¡ects of water loading and pore £uid
pressures in the sediments.The overburden velocities de-
pend on the overburden strength, the thicknesses of the
overburden and the viscous layer and on the width of the
transition zone over which the overburden thickness var-
ies.Water loading increases the solid and £uid pressures
of the sedimentary overburden and reduces the di¡eren-
tial pressure in the salt. In addition, thewater exerts a pres-
sure that is normal to the sediment surface.This leads to
velocities of the submarine systems that are about a factor
2 smaller than for the equivalent subaerial system.

The ¢nite-element model reproduces the pattern of
landward extension accommodated by seaward contraction
observed in numerous sedimentary basins on continental
margins.When the sedimentary overburden is thin, sedi-
ment progradation above a viscous salt layer initially leads
to minibasin formation. Continued sediment prograda-
tion results in the formation of landward extensional ba-
sins and seaward contraction, and the development of salt
diapirs with intervening minibasins. The tectonic struc-
tures depend on the sediment properties and the sedi-
mentation patterns. Strain-dependent weakening of the
frictional sedimentary overburden leads to localisation of
deformation along shear zones and causes landward asym-
metric extensional depocentres bounded by listric growth
shears. Periods of sediment starvation and sediment by-
pass result in local di¡erential pressures that force salt dia-
pirism in the shelf region. Sediment aggradation allows
for salt diapirs to grow passively with the aggrading sedi-
ment. Such investigations of the dynamics of salt tectonics
at passive continental margins may improve data interpre-
tations and basin analysis, and hence advance our quanti-
tative understanding of these systems.
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