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a b s t r a c t

The influence of four parameters (sedimentation rate, viscosity of salt, stratigraphic location of the an-
hydrite layer within the salt layer, and the perturbation width) on salt supply to down-built diapirs and
its entrainment capacity are studied systematically in numerical models. Model results show that these
four parameters affect salt supply, and the evolution history of a salt diapir. As such, these parameters
strongly influence the style and the amount of entrainment of dense inclusions into a diapir. In active
diapirs (i.e. unburied diapirs), salt supply increases with increasing sedimentation rate whereas it de-
creases with an increase in salt viscosity. Diapirs initiating from wide perturbation provide more salt
supply to feed the diapir. Presence and initial stratigraphic location of any denser layer (e.g. an anhydrite
layer) within a salt layer also affects salt supply. When lateral forces are negligible, salt supply into
a diapir depends on these four parameters, which directly control the entrainment of any embedded
anhydrite layer into the diapir.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Salt in structures like pillows and diapirs are common features
in many sedimentary basins (e.g. Jenyon, 1986). These structures
form from initially sub horizontal or slightly inclined layers. Salt
structures are defined as tectonically active when they rise due to
differential loading created by the overburden layers and/or by
regional tectonics (Koyi, 1988; Jackson et al., 1994; Koyi, 1998;
Hudec and Jackson, 2007). A diapir may become inactive (and stops
rising) when the driving forces (differential loading, regional tec-
tonics) cease, the source layer is depleted or a strong lid covers the
diapir and prevents it from further rise.

The geometry of an active diapir is moulded by six parameters:
rate of salt supply, dissolution, sediment accumulation, erosion,
extension, and shortening (Koyi, 1998). The rate of salt supply is
the rate at which salt flows from the source layer into the diapir
and contributes to its growth. In a system where lateral move-
ment (extension and shortening) is insignificant, salt supply and
sedimentation rate govern the evolution of a down-built diapir
(Vendeville et al., 1993; Koyi, 1998). If the rate of salt supply is less
than the rate of sediment accumulation, upward-narrowing
diapirs form. In contrast, upward-widening diapirs form when the
salt supply is greater than the rate of sediment accumulation and
ia).

All rights reserved.
columnar diapirs form when the rate of salt supply is equal to the
rate of sediment accumulation (Jackson and Talbot, 1991; Ven-
deville and Jackson, 1993; Vendeville et al., 1993; Jackson et al.,
1994; Talbot, 1995; Koyi, 1998).

Inclusions of denser rocks are common in salt diapirs. The size
and lithology of such entrained inclusions varies from place to
place. Sedimentary, volcanic and even some plutonic inclusions
(several kilometres in diameter) characterize many of the diapirs in
the Zagros fold-thrust belt (Kent, 1979). Many of the inclusions are
related to the original salt deposits or are older (Gansser, 1992). On
Hormuz island, inclusions of white rhyolites and trachytes fre-
quently occur as irregular masses up to 1 km long while a few are
more plug-like (Gansser, 1992). Many salt diapirs contain varying
amounts of other evaporite rocks, especially anhydrite or its
hydrated form, gypsum, and/or non-evaporite rocks. Most non-
halite inclusions in salt are originally interbedded with the salt (e.g.
Zechstein formation). The Gorleben salt diapir in Germany carried
large blocks of an anhydrite. The internal structure of the Gorleben
diapir includes vertical or steeply inclined fold axes (Zirngast,
1996). The Main Anhydrite from the Gorleben diapir is a very im-
portant layer with respect to nuclear waste storage (Bauerle et al.,
2000; Koyi, 2001).

Analogue and numerical models confirm that denser block can
be entrained by diapiric flow if the rate of diapiric rise is greater
than rate of decent of the denser entrained blocks (Weinberg, 1993;
Koyi, 2001; Chemia et al., 2008). The results of numerical models
have shown that most power-low salt diapirs would be capable of
lifting inclusions up to 3–6 km2 (a horizontal cross-sectional area) if
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Fig. 1. Initial condition and parameters used in the models. The box has no-slip at the
bottom, free-slip at the top and reflective side boundaries. The box can be considered
as showing the right hand half of a symmetric structure.
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these rise at geological reasonable velocities (Weinberg, 1993).
Analogue and numerical models carried out by Cruden et al. (1995)
investigating the entrainment of high density and high viscosity
materials into buoyant diapirs predict the entrainment of a denser
layer. In models used by Cruden et al., where the dense layer was
situated directly on a rigid basement beneath the buoyant layer, the
amount of the denser layer that was entrained varied as a function
of the ratio of the density contrasts between the layers, the vis-
cosity ratio, and relative thicknesses of the layers.

In an earlier paper the parameters that influence entrainment of
an anhydrite layer, originally embedded within the salt layer, into
Newtonian salt diapir was studied (Chemia et al., 2008). The results
showed that the ability of salt to entrain anhydrite blocks depends
on (i) sedimentation rate, (ii) viscosity of salt, (iii) perturbationwidth
and (iv) initial stratigraphic location of the embedded anhydrite
layer. In this current study, we investigate in detail the influence of
these four parameters on salt supply during the development of
a diapir down-built from a salt layer with an initially intercalated
denser anhydrite layer. Using two-dimensional numerical calcula-
tions, a whole range of values for these four parameters are explored.
To investigate the entrainment of a denser layer, which depends on
multiple parameters, we combine these parameters into a single
parameter, which is the rate of salt supply (volume/area of the salt
that is supplied to the diapir with time, i.e. cumulative flow of salt
from the salt layer to the diapir). In the following sections, we will
show how sedimentation rate, viscosity of the salt, stratigraphic
location of the denser layer and width of the perturbation influence
salt supply.
2. Numerical concept

This study is based on numerical models deployed to simulate
the dynamics of multi-compositional salt tectonics (Chemia et al.,
2008). The governing equations describing dynamic evolution are
solved by finite differences (FD) on an equidistant grid in a rectan-
gular box of aspect ratio ¼ 1. The markers technique is used to
model multi-compositional flows where each composition has
a different rheological property and density. The deformation
behaviour of the rock is described by power-law ductile creep
(Kirby and Kronenberg, 1987). Where viscosity is related to nth
power of deviatoric stress, which is given as:

h ¼ As1�n
II (1)

where A is a pre-exponential constant, and sII is the 2nd invariant of
the stress tensor. A full description of the mathematical formulation
and its numerical implementation are given in Weinberg and
Schmeling (1992) and Chemia et al. (2008).

The models presented here loosely simulate the Gorleben diapir.
Therefore, the model dimension (4 � 4 km) is chosen to be similar
to the Gorleben diapir with a no-slip bottom boundary, a free-slip
top boundary, and reflective lateral boundaries (Fig. 1). In all model
runs, the salt layer simulating the 1040-m thick Zechstein forma-
tion (e.g. Zirngast, 1996) rests initially at the base of the model
(Fig. 1). An anhydrite layer is modelled as an 80-m thick layer
embedded within the Zechstein salt formation. A 160-m thick pre-
kinematic layer of overburden is placed on the top of the salt layer
leaving a wide gap to act as a perturbation (Pw), which triggers the
diapir. Then the diapir is down-build by sedimentary units. Sedi-
ments accumulate as horizontal layers that thicken the overburden
at a given constant rate, _se. The initial position of the sediment
surface is given by the top of the pre-kinematic overburden, which
is the same in all models (h3 ¼ 160 m). If the salt surface lies below
newly deposited sediments, then the salt is also covered with
sediments. Numerical models do not include the effects of salt loss
by dissolution or sediment compaction.

3. Material properties

In situ salt properties can be approximated by Newtonian-vis-
cous rheology (Baar, 1977; Jackson and Talbot, 1986). In most
modeling studies, an average salt viscosity of 1017–1018 Pa s is used
(Urai et al., 1986; Spiers et al., 1990; Carter et al., 1993; Van Keken
et al., 1993). However, the deformation mechanism for salt is
temperature and grain size dependent. The effective viscosity of
salt ranges from 1017 Pa s for small grain size and high-temperature
salt to l020 Pa s for large grain size and low temperature salt (Van
Keken et al., 1993). We model salt with Newtonian-viscous rheol-
ogy and a range of effective viscosities (1017–1019 Pa s). A mean
value of the density for rock salt is assumed to be 2200 kg m�3

(Landolt-Boernstein, 1982).
In the models presented in this paper, it is supposed that the

overburden rocks behave as non-Newtonian materials or as brittle
solids. The sedimentary units (overburden rocks), in all our models
are simulated with higher viscosity (effective viscosity ranges
between 1023–1025 Pa s, n ¼ 4) instead of a Newtonian rheology
previously used in analogue and numerical modelling (e.g. Biot,
1965; Ramberg, 1968; Woidt, 1978; Poliakov et al., 1993). The pur-
pose of using high viscosity overburden, which simulates sedi-
mentary units within the upper crust, is to avoid deformation of
the upper crustal rocks by viscous flow. In this study, we focus on
the internal deformation of a diapir with the assumption that the
overburden, similar to natural cases, does not deform viscously. Our
assumption of a very high viscosity keeps viscous behaviour in the
overburden extremely small.

The anhydrite layer is assigned power law rheology (n ¼ 2)
independent of temperature (Kirby and Kronenberg, 1987). Since
the modelling approach is based on the mechanics of continua
rather than fracture mechanics, the brittle rheology of anhydrite
cannot be achieved in numerical models. However, there are ample
geological observations, which show that anhydrite behaves as
incompetent material (Van Berkel et al., 1986; Heilbronner and
Bruhn, 1998; Behlau and Mingerzahn, 2001). We model anhydrite
with an effective viscosity ranging between 1019–1021 Pa s, higher
than the viscosity of salt.



Fig. 2. Illustrated areas of the diapir and the entrained anhydrite layer used for
calculated salt supply and entrainment.
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4. Model calculations

Numerical runs are carried out so that one of the four parameters
[sedimentation rate (_se), width of the initial perturbation (Pw), salt
viscosity (h2), and stratigraphic location of the anhydrite layer (La)] is
varied systematically where the others are kept constant. The den-
sity and viscosity of the background material (r1; h1), sedimentary
layers (r3; h3), and the anhydrite layer (r4; h4) are kept constant in all
sets of experiments (Table 1). After initiation, the diapir is down-
built to a height of 3.6 km. A 400-m thick, stiff overburden layer is
placed on the top of the diapir, which stops its further growth.
Covering the diapir with a thick and stiff overburden simulates post
diapiric state when the diapir is externally inactive.

At different stages of the diapir growth, the area of the diapir and
the area of the entrained anhydrite layer are calculated. The area of
the diapir is defined by the contour comprising the chemical com-
position of the salt layer. The contour is closed at the level of the
perturbation, which might sink or rise during the model evolution
and the area is calculated above this dynamic level (Fig. 2). Similarly,
we define that the anhydrite is entrained if it is carried upward into
the diapir above the perturbation level. The amount of the entrained
anhydrite layer is defined by the closed contour comprising the
chemical composition of the anhydrite layer above the perturbation
level (Fig. 2). If the anhydrite layer is disrupted then the cumulative
area of the entrained anhydrite is considered the sum of the areas of
the closed contours above the perturbation level (Fig. 2).

In the two dimensional numerical experiments, the parameter
cumulative percentage entrainment (E) is conveniently defined as
E ¼ ðAt=A0Þ � 100, where At is the area of anhydrite layer which
has moved above a reference line (set at the perturbation level) at
any given time (t) and A0 is the original area of the anhydrite layer
at t ¼ 0 (Fig. 2). Similarly, cumulative percentage salt supply (S) is
defined as S ¼ ðAt=A0Þ � 100, where At is the area of salt layer
which has moved above a reference line (area of the diapir, Fig. 2) at
any given time (t) and A0 is the original area of the salt layer
beneath the surface at t ¼ 0 (Fig. 2).

5. Results

The results presented in this paper are based on models which
are described in Chemia et al. (2008). In this article, we extend the
range of the parameters and recast results in terms of salt supply.
We use model results to highlight the effect of four parameters on
rate of salt supply, which in turn governs the mode and rate of
anhydrite entrainment.

5.1. Sedimentation rate

Several models are deployed to investigate how salt supply to
a diapir is influenced by sedimentation rate (i.e. the rate at which
Table 1
Model parameters

Quantity Symbol Value

Domain height 4000 m
Domain width 4000 m
Density of the background r1 1000 kg/m3

Viscosity of the background h1 1016 Pa s
Density of the salt r2 2200 kg/m3

Viscosity of the salt h2 1017–1019 Pa s
Thickness of the salt h2 1040 m
Density of the overburden r3 2600 kg/m3

Viscosity of the overburden h3 1023–1025 Pa s; n ¼ 4
Thickness of the pre-kinematic layer h3 160 m
Density of the anhydrite r4 2900 kg/m3

Viscosity of the anhydrite h4 1019–1021 Pa s; n ¼ 2
Thickness of the anhydrite h4 80 m
the diapir is down-built). The viscosity of salt in these models is
fixed at 1017 Pa s, the width of the perturbation to 400 m and the
anhydrite layer is placed within the upper half of the salt layer. In
these models, sedimentation rate varies from 5 to 0.05 mm a�1.

As expected, variation in sedimentation rate results in diapirs
with different shapes. In models where rate of sedimentation
(_se ¼ 5 and 4 mm a�1) exceeds the rise rate of the diapir sediments
bury the perturbation in the early stages of its evolution and the salt
remains static in the subsurface for several million years. In these
models the driving force provided by aggrading sediments at
a constant rate (5 and 4 mm a�1) is not sufficient to overcome the
strength of the encasing sediments. When the sediments bury the
initial perturbation, salt supply is zero and the denser anhydrite
layer initially embedded within the salt layer starts to sink due to its
negative buoyancy.

In models with slower sedimentation rate (3–0.5 mm a�1), salt
flows into the diapir and develops overhangs ranging in width from
0.92 to 3.06 km. In these models, the crest of the diapir remains
uncovered (salt flow velocity into the diapir is faster than the
sedimentation rate) and the anhydrite layer is entrained by the
diapirs to different levels (Figs. 3 and 4B). As long as the diapir is not
buried, salt supply to the diapir in these models increases with
increasing sedimentation rate (Fig. 4A).

In models where the sedimentation rate is very slow (0.25–
0.05 mm a�1), an upward widening diapir forms, that produces
a wide overhang. Segments of the anhydrite layer are entrained into
the diapir and displaced sideways into the overhang. The pre-ki-
nematic overburden bends towards the diapir, sinks and cuts the
supply of salt to the diapir. Continued sedimentation over the crest
of the diapir in these models forms sinking mini-basins. Over-
burden units in the mini-basins deform as they sink into the diapir
overhang and segment it. Entrained anhydrite segments are
displaced by these sinking mini-basins. In these models, salt supply
into the diapir decreases with decreasing sedimentation rate
(Fig. 4). The formation of diapir with complicated geometries
(segmented into mini-basins) restrains entrainment of the in-
tercalated anhydrite layer in places of slow vertical salt flow.

5.2. Viscosity of salt

Modeling more viscous salt (h2 ¼ 5� 1017 Pa s) requires a de-
crease in the sedimentation rate significantly since even 1 mm a�1

sedimentation rate exceeds the rate of diapir rise and the diapir is



Fig. 3. Snapshots of four models with different sedimentation rates (3, 2, 1 and 0.5 mm a�1) showing the development of diapirs and the entrained anhydrite layer. The viscosity of
the salt, the initial width of the perturbation and stratigraphic location of the anhydrite is the same in these models (h2 ¼ 1017 Pa s, Pa ¼ 400 m and La ¼ 800 m, respectively).
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buried. Therefore, models that target variation of viscosity of salt
are performed with slow sedimentation rates (0.1 and
0.05 mm a�1) to allow a diapir to form. Increasing salt viscosity
changes the shape of the diapir through changing its salt supply.
Increasing salt viscosity for a particular constant sedimentation rate
significantly decreases salt supply and the entrainment of the an-
hydrite layer (Fig. 5). Increase of viscosity by an order of magnitude
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accumulated sediments on its crest. The entrainment in these
models continues until the supply of salt ceases or the diapir is
buried.
5.3. Stratigraphy of the source layer

Several models are run where only the initial stratigraphic
location of the anhydrite layer is changed. Since rapid sedimenta-
tion would bury a potential diapir, we chose a slow sedimentation
rate (0.1 mm a�1) to investigate the influence of the stratigraphy of
the source layer on the evolution of the diapir, its salt supply, and
entrainment of the anhydrite layer. Salt is assigned viscosity
5� 1017 Pa s and a diapir is triggered from a 400-m wide rectan-
gular perturbation.

In these models, diapirs first evolve into a column of salt and
then widen upward by increasing withdrawal of salt from the
source layer. When the anhydrite layer is located in the upper half
of the salt layer, salt initially is supplied into the stem of the diapir
from the upper thinner salt sequence. However, the thin upper salt
sequence does not provide sufficient salt flow. Instead, salt starts to
flow from the lower salt sequence where the anhydrite layer acts as
a lid (Fig. 6A). As a result, salt from the lower sequence pushes the
anhydrite layer and bends it upwards. In contrast, in a model where
the anhydrite is located in the lower part of the source layer, salt
flow is dominated by flow from the upper thicker salt sequence
(Fig. 6C). On the other hand, salt flow equally distributes in the
models where the anhydrite layer is located in the middle of the
source layer (Fig. 6B).

Regardless of different stratigraphic location of the anhydrite
layer (which induces salt flow within different parts of the source
layer), the crest, or height of the diapir evolves with negligible
difference (Fig. 6). However, these diapirs differ in the width of
their overhang and the style of the anhydrite entrainment. After
6 Ma, a wider overhang (3 km) forms in the model where the an-
hydrite layer is located in the upper half of the salt layer, whereas in
the model where the anhydrite layer is located in the lower half,
a relatively narrower overhang (2.6 km) formed. The model where
the anhydrite layer is located in the middle of the salt layer
develops smallest overhang and shows intensive folding of the
embedded anhydrite layer relative to models where the anhydrite
layer is located in the upper or lower half of the source layer. The
anhydrite layer folds strongly during its rise and fall (Fig. 6B).
5.4. Perturbation width

A set of models are deployed to investigate the influence of the
perturbation width on salt supply. In this section, we present
models where the anhydrite layer is located in the upper half of the
source layer (La ¼ 800 m), sedimentation rate is 1 mm a�1, vis-
cosity of salt h2 ¼ 1017 Pa s, whereas perturbation width is
changed (400, 800, 1200 and 1600 m).

In models with high sedimentation rates (4 and 5 mm a�1) and
viscosity (h2 ¼ 1017 Pa s) an increase of perturbation width from
Pw ¼ 400 m to Pw ¼ 800 m still does not induce sufficient salt
flow which could overcome the fast rate of sedimentation. The
perturbation is then buried in the early stages of the model evo-
lution. However, the effect of increased perturbation width is
shown in models where the sedimentation rate does not bury the
initial perturbation (_se ¼3–0.1 mm a�1).

An 800-m wide perturbation initiates rapid salt flow in the
model where _se ¼ 1 mm a�1 and h2 ¼ 1017 Pa s. The diapir rises
with similar rate to sedimentation rate and forms columnar stem in
the early stages of the evolution. At later stages, the feeding stem
becomes wider due to increased salt supply. Hence, fast withdrawal
of salt pulls the anhydrite layer from the source into the pertur-
bation, where viscous drag carries it upward. The substantial
withdrawal of the salt results in thinning of the source layer and
a decrease in salt supply. In the very later stages, the diapir starts to
narrow upward. A 400 m thick stiff layer of the overburden, which
is placed on the top of the diapir, prevents it from further rise and
the early-entrained anhydrite layer starts to descend due to the lack
of the salt supply (Fig. 7).

A similar model evolution is observed by increasing perturba-
tion width to 1200 m. Salt supply to the diapir increases with
increase in width of the initial perturbation (Fig. 7A).



Fig. 6. Snapshots of the evolution of the diapirs in models with varied stratigraphy of the anhydrite layer. The anhydrite layer is located; (A) in the upper half of the source layer,
La ¼ 800 m, (B) in the middle of the source layer, La ¼ 480 m, and (C) in the lower part of the source layer, La ¼ 200 m. Model parameters are identical except stratigraphy of the
source layer. Sedimentation rate is 0.1 mm a�1, viscosity of salt is 5� 1017 Pa s and perturbation width is 400 m.
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6. Discussion

Depending on the evolution history of model diapirs, keeping
viscosity constant at h2 ¼ 1017 Pa s and perturbation width
PW ¼ 400 m we distinguish three ranges of sedimentation rate. (I)
High sedimentation rates (5 and 4 mm a�1), which bury the initial
perturbation and results in an immediate sinking of the embedded
anhydrite layer within the salt layer. In this case, salt supply to the
perturbation is zero and the anhydrite layer is not entrained. (II)
Intermediate sedimentation rates (3–0.5 mm a�1) that are initially
less than the rate at which the crest of the diapir is growing so that
the crest of the diapir remains uncovered and provides highest salt
supply. Models with intermediate sedimentation rate are charac-
terized by high percentage entrainment (80–90%, Fig. 4B). (III) Slow
sedimentation rates (0.25–0.05 mm a�1) that segments the diapir
due to formation of mini-basins, reduces salt supply. Entrainment
of the anhydrite layer in these models is limited (less than 30%,
Fig. 4B).

Although the viscosity of salt significantly alters salt supply, the
down-build diapirs grow in height at essentially similar rates. The
variation in salt supply results in the formation of overhangs of
different width. However, the effect of the viscosity variation on rate
of rise of the crest of the diapir is negligible (Chemia et al., 2008).

Comparison of models where only the viscosity of the salt varies
for a fixed sedimentation rate (0.1 mm a�1) shows that salt supply
increases with decrease in salt viscosity (Fig. 5A). A faster flowing
low viscosity salt (h2 ¼ 5� 1017 Pa s) entrains higher amount (80–
90%) of the anhydrite at a faster rate than a slower flowing high
viscosity salt (h2 ¼ 5� 1018 Pa s, entrainment does not exceed 10%
in 10 Ma, Fig. 5B). The fast entrainment rate in model with salt
viscosity h2 ¼ 1017 Pa s can be retarded if the diapir is segmented
and salt supply is cut by the bending pre-kinematic layer. Even
though the viscous drag along the boundaries of the anhydrite
blocks is higher in models with high viscosity salt, more viscous salt
flows slower than a less viscous salt (with the same sedimentation
rate and thus the same differential loading) the overall entrainment
is more effective within low viscosity salt.

The stratigraphic position of the anhydrite layer influences salt
flow within the diapir, which can be seen by comparing the cu-
mulative area of the diapir. The fastest growing diapir is where the
anhydrite layer is absent (Fig. 8A). Model diapirs with an embedded
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and _se ¼ 0:1 mm a�1, respectively). (B) The cumulative percentage entrainment of the anh
anhydrite layer grow slower because their salt supply is retarded
compared with a salt layer without an anhydrite layer. In addition,
in models where the anhydrite layer is embedded within the salt
layer the stratigraphic location of the anhydrite layer influences the
rate of salt supply into the diapir with time. Salt supply is pro-
portional to thickness of salt layer. Thus, when the anhydrite layer is
embedded within the salt it splits the source layer into two layers
where each of the layers flows with different rate. Flow is highest
where the salt is thicker. Intuitively one could think of most effi-
cient entrainment when the fast salt flow is below the anhydrite
layer. Viscous drag acting on an anhydrite layer located in the upper
part of the salt layer is less than in models where the anhydrite
layer is located in the middle of the salt layer (Fig. 8A). Therefore,
most entrainment occurs in models where the anhydrite layer is
located in the middle of the salt layer (Fig. 8B). The drop in salt
supply causes the anhydrite layer, which is entrained and trans-
ported into the overhang in early stages, to sink back into the diapir.

The rate of thinning of the source layer confirms that when the
anhydrite layer is in the lower part of the salt sequence, most of
the salt is withdrawn from the initially thicker upper sequence of
the salt layer (Fig. 9). The same is true for the lower part of the salt
layer when the anhydrite layer is embedded in the upper half of the
salt sequence (Fig. 9C). Comparison of the rate of the thinning of
the salt layers for models with different stratigraphic position of the
anhydrite layer and the model where the anhydrite layer is missing
shows that flow within the salt layer is sensitive to the stratigraphic
position of the anhydrite layer as well as thickness change of the
source layer (Fig. 9). If the anhydrite layer is located in the middle of
the salt sequence then the upper and the lower parts of the salt
layer thin at the same rate, this approaches the same rate as in the
model without an anhydrite layer (Fig. 9B).

The set of models where only the perturbation width varies
shows that width of the perturbation alters the geometry of the
diapir through influencing the rate of salt supply and hence the
degree of anhydrite entrainment. Wide perturbations supply sig-
nificantly larger volumes of salt into the diapir so that the source
layer in such models depletes much faster. Consequently, diapirs
triggered with initially wide perturbation grow fast. The viscous
drag within the stem is higher in models where the perturbation is
initially wide, therefore, the anhydrite layer is entrained more
effective in models where the perturbation is wider and salt supply
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Fig. 9. Plot of the thickness of the upper and lower salt layers during the evolution of
the models where the stratigraphic position of the anhydrite layer is varied. The an-
hydrite layer is located; (A) in the lower part of the salt layer, (B) in the middle part of
the salt layer, and (C) in the upper part of the salt layer. These models differ only in
stratigraphy of the salt layer whereas sedimentation is 0.1 mm a�1, salt is given vis-
cosity of h2 ¼ 5� 1017 Pa s and the perturbation width is 800 m. We present the
thickness of the salt layer at the margin, away from the diapir. This thickness is
the maximum thickness of the salt layer in the case of segmented diapirs. However, if
the diapir is actively growing since the overburden unit does not deform the thickness
of the salt layer beneath the overburden is uniform.
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is greatest (Fig. 7A,B). The effect of the increased initial perturbation
width on salt supply is high in models where it is 800 m.

Variation in sedimentation rate moulds diapirs into different
geometries varied from upward narrowing to upward widening
and columnar as well as very complex geometries (segmented
diapirs). The height of the down-built diapirs where only the
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Fig. 10. The evolution of the crest of the diapir in models with different sedimentation
rates (5–0.05 mm a�1). In all these models, the viscosity of the salt, the initial per-
turbation width and the stratigraphic location of the anhydrite layer are kept the same
(h2 ¼ 1017 Pa s, Pw ¼ 400 m and La ¼ 800 m, respectively).
sedimentation rate is varied evolves proportionally to the sedi-
mentation rate. An increase in sedimentation rate increases the rate
at which the crest of the diapir rises (Fig. 10).

Depending on the viscosity of salt, the geometry of the diapir,
and sedimentation rate most of the anhydrite layer is entrained in
models where salt is assigned lower viscosity (Fig. 5). The variation
in the viscosity of the salt effects the moulded geometry of the
diapirs. However, as it is shown by Chemia et al. (2008) apart for the
buried diapir, the height of the down-built diapirs where only the
viscosity of the salt is varied evolves with negligible difference.

The stratigraphic location of the anhydrite layer controls the
entrainment degree through salt supply. Variation in stratigraphy
results in different salt supply (Fig. 8A). The model where the
anhydrite layer is absent provides highest salt supply and variation
in stratigraphy results in different entrainment rate (Fig. 8).

Model results show that the entrained anhydrite segments
eventually sink within the diapir when salt supply decreases dra-
matically or ceases. In addition to the size and geometry of the
entrained segments, viscosity of the salt is one of the main param-
eters that govern the rate of their descent. Anhydrite segments with
relatively same size and geometry sink slower within the more
viscous salt. Likewise, keeping viscosity constant, smaller segments
sink slower.
7. Conclusions

Rate of salt supply in down-built diapirs is controlled by four
parameters (sedimentation rate, viscosity of the salt, stratigraphy of
the salt, and the perturbation width). It is illustrated here that these
four parameters alter salt supply, which controls the shape of
a down-build diapir. We conclude that salt supply controls the
amount of entrainment and distribution of initially interbedded
dense blocks/layers within a diapir, dictates the internal structure
of the diapir.

Throughout the evolution of a diapir the amount of entrainment
depends on salt supply to the diapir. With the range of parameters
used in our models, entrainment of the anhydrite layer, which has
been inevitable, was directly governed by the rate of salt supply. On
the other hand, the entrained anhydrite segments sink within the
diapir when salt supply decreases dramatically or ceases entirely.
The rate of sinking at this stage depends strongly on the viscosity of
the salt, anhydrite segments sink slower within more viscous salt.
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