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a b s t r a c t

Dense inclusions in salt cover a wide range of materials and therefore material properties, depending on
their origin. We have modelled the deformation associated with gravity-driven sinking of horizontal,
initially rectangular blocks of dense material through Newtonian salt. Our two-dimensional Finite
Differences models analyse the influence and interaction of two parameters: (1) the size, i.e. the aspect
ratio (AR), of the block and (2) the viscosity contrast between the salt and themore viscous block over four
orders of magnitude. The results demonstrate that during gravity-driven sinking the blocks are folded and
sheared. The strain magnitude within the block increases with increasing block AR and decreases with
increasing viscosity contrast. Sinking velocities of the blocks are in the range of<2 and>6 mma�1 and are
a function of block and salt deformation that depend on the block mass and AR, as well as on the viscosity
contrast. Salt deformation is characterised by the development of an array of characteristic structures that
include folds and shear zones, as well as a zone characterised by extreme vertical stretching above the
block, termed entrainment channel. Strain in the salt is locally more than two orders of magnitude higher
than in the block and increases with increasing block AR and viscosity contrast. Salt deformation is
distributed in closely spaced high- and low-strain zones concentrated in the block vicinity and the
entrainment channel.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Natural salt structures contain a large variety of inclusions of
different origin, size, lithology, and hence mechanical properties.
Examples of such inclusions in salt cover synsedimentary layers of
e.g. limestone, shale, and anhydrite (e.g. Bornemann, 1991;
Schoenherr et al., 2010), volcanic rocks erupted during salt evapo-
ration (e.g. Gansser, 1960; Kent, 1979; Weinberg, 1993), and even
intrusive rocks injected into the salt. The size of these exotic blocks
ranges from centimetre-size “impurities” in the salt to kilometre-
scale slabs of internally intact volcanic sequences, but their
shapes are often tabular as a result of their originally horizontal
sedimentary or igneous layering (Gansser, 1992; Jackson et al.,
1990; Weinberg, 1993).

Weinberg (1993) suggested that dense inclusions in salt struc-
tures might start to sink when ascent rates of the salt are no longer
sufficient to support their weight. Experimental results by Koyi
(2001) have recently stimulated a discussion about the potential
chardt).

All rights reserved.
of entrained exotic blocks to reactivate the internal dynamics of
externally inactive salt diapirs caused by the gravity-driven sinking
of the denser blocks. This process might have crucial implications
for the long-term stability of sites for the storage of hazardous
waste in salt diapirs, as envisaged for example in the Gorleben salt
mine, Germany (Koyi, 2001; Chemia et al., 2009).

In order to understand the impact of exotic blocks on the strain
field and strain evolution within the salt structure, we ran two-
dimensional numerical models of a horizontal, rectangular block
of higher density sinking through less dense Newtonian salt. In an
earlier paper (Burchardt et al., 2011), we studied the influence of
the size of the block at a constant viscosity contrast between the
block and the surrounding salt of 1000. We concluded that block
aspect ratio (AR) is a crucial parameter, controlling block defor-
mation, the spatial extent and intensity of salt deformation, as well
as the sinking velocity of the block. In this study, we increased the
parameter space by systematically analysing the influence and
interaction of two main parameters, namely the size of the block
and the viscosity contrast between the block and the matrix salt.
Using the results of 40 models considering viscosity contrasts
varying over four orders of magnitude and block widths ranging
from 100 to 1000 m, we demonstrate how the interaction between
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both parameters influences the strain pattern and magnitude
within and around the block, as well as the sinking velocity of the
block.
2. Modelling background

2.1. Model setup and scaling

The setup of all models presented here comprises a rectangular
reservoir of salt, 2000 m wide and 4000 m deep (Fig. 1). These
dimensions are not scaled to any particular natural salt structure,
but are based on general sizes of salt domes or diapirs that are
usually a few kilometres tall and wide.

Inclusions of exotic material in salt diapirs often originate from
synsedimentary or volcanic successions originally deposited as
layers which during salt ascent are entrained as elongate boudins or
blocks (cf. Weinberg, 1993). A well-studied example of a layer of
dense material entrained in a salt structure is the 70 m thick Main
Anhydrite, a formation containing mainly anhydrite with some
minor intercalationsof limestone, thatwasentrained in theascentof
the Upper Permian Zechstein salt in Northern Germany and, in
course of this process, deformed into elongate boudins and layer
fragments, partly folded within the salt (Bornemann, 1991). These
layer fragments have lengths between less than 100 m and more
than 1000 m. Further examples of entrained exotic material include
ca. 60 m thick and several hundred metre long fragments of synse-
dimentary successions of carbonate rocks (“stringers”) within the
Fig. 1. Model geometry illustrating the modelled half of the setup. All model bound-
aries are symmetry planes and allow free slip. The grey dashed line indicates the
maximum depth, to which block sinking was analysed.
salt structures of Oman (Peters et al., 2003; Reuning et al., 2009), as
well as limestone, dolomite, sandstone, gneiss, rhyolite, and basaltic
rocks entrained as more or less tabular blocks within the salt
structures of the Zagros Mountains and Great Kavir, Iran (Gansser,
1960, 1992; Kent, 1979; Jackson et al., 1990; Weinberg, 1993).

In our models, a rectangular block with a thickness of 100 m is
placed at a depth of 100 m below the top of the salt, its base resting
at a depth of 200 m (Fig. 1). In each series of models, at a particular
viscosity, the width of the block is systematically varied in incre-
ments of 100 m to result in ten different models. Hence, the
thickness to width ratio (AR) of the block changes in each series of
models from 1:1 (thickness 100 m, width 100 m) to 1:10 (thickness
100 m, width 1000 m).

In the models, the block sinks through the salt driven by gravity
only, because the block was assigned a density of 2900 kgm�3

(close to the density of pure anhydrite) that exceeds the density of
the surrounding salt (2200 kgm�3) by 700 kgm�3. For each model,
only the first 2000 m of sinking of the block are analysed to avoid
boundary effects from the bottom of themodel. Ourmodels assume
that all materials are incompressible, homogeneous, and have
a Newtonian viscosity. We therefore disregard any internal
heterogeneities inherited from e.g. salt ascent or sedimentation.
Furthermore, the models do not consider temperature effects. The
salt is assigned a constant viscosity of 1017 Pa s, which is in accor-
dance with estimations of the behaviour of fine-grained, relatively
dry rock salt under natural conditions. According to Mukherjee
et al. (2010, and references therein), salt can behave as a New-
tonian viscous fluid with a viscosity that ranges from 1015 to
1021 Pa s, depending on a number of parameters, such as e.g.
temperature, grain size, differential stress, and the presence of
fluids (e.g. Urai et al., 1986, 2008). In comparison to salt, the
viscosities of anhydrite and other geological materials that occur as
inclusions in salt structures are not well constrained. However,
their deformation behaviour can be roughly estimated from their
deformed shapes after salt emplacement. Accordingly, inclusions
composed of volcanic sequences with preserved primary structures
and little bending at kilometre-scale in salt glaciers in the Zagros
Mountains (e.g. Jackson et al., 1990) can be expected to have a high
effective viscosity compared to entrained anhydrite layers folded
into isoclinal folds within the salt diapirs of the North German basin
(Bornemann, 1991). There are few rock-physical experiments to
determine the rheological behaviour of anhydrite (e.g. Müller and
Siemes, 1974; Müller et al., 1981; Zulauf et al., 2009), but they do
not cover the temperatures, pressures, and strain rates relevant to
natural systems. Zulauf et al. (2009) estimate the viscosity ratio of
anhydrite to rock salt to be approximately 27, while Chemia et al.
(2009) use viscosity contrasts that range from 100 to 10,000. In
order to account for a large range of viscosity contrasts between the
dense inclusion and the host material (m¼ minclusion/mmatrix), we
systematically varied the viscosity of the block from 1018 Pa s to
1021 Pa s in four different model series, inwhich each series consists
of ten models with varying block AR. Consequently, the effect of m
can be analysed over four orders of magnitude (10e10,000).

2.2. Modelling strategy

The two-dimensional models were run using the Finite Differ-
ences code FDCON (Weinberg and Schmeling, 1992) to solve the
equations of conservation of mass, momentum, and composition in
plain strain. This is achieved by using a stream function formulation
applying Cholesky decomposition of the symmetric matrix. From
the velocity field, the movement of a compositional field is
described by a mesh of marker points, the movement of which is
calculated by a fourth-order RungeeKutta algorithm combined
with a predictorecorrector step. For additional details on the
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governing equations, the reader is referred to Weinberg and
Schmeling (1992).

Along all model boundaries, free slip was enabled to allow free
flow of the salt along the boundaries and free movement of the
block. In addition, since model boundaries are symmetry planes
and the model geometry is axial-symmetric, only half the model
geometry had to bemodelled. For this, we chose a finite-differences
grid with a resolution of 101 in horizontal direction and 401 in
vertical direction with 1000 times 4000 markers together forming
the marker field to ensure an optimal resolution. The interface
between the block and the salt is adhesive, and the compositional
contrast between block and matrix material is treated by defining
effective parameters, i.e., the material properties density and
viscosity along the boundary are derived from the arithmetic mean
of each parameter. This ensures an accurate resolution of the
interface. Materials are incompressible and purely viscous, and thus
neglect changes in area, elastic behaviour, and inertial forces so that
creeping flow is assumed.

The marker field at different time steps during sinking of the
block was used to calculate and plot distribution and magnitude of
strain with the free software SSPX (Cardozo and Allmendinger,
2009), based on the grid nearest-neighbour method. More specif-
ically, the marker field of a model at the initial (undeformed) and at
a later (deformed) stage is overlain by a regularly spaced grid.
Dilatational andmaximum shear strain g is calculated after Ramsay
and Huber (1987) at the centre of each grid cell using a defined
number of nearest neighbours. For additional details on strain
Fig. 2. Sections (1000 m wide and 500 m deep) of mesh plots displaying the strain pattern
has a viscosity of 1017 Pa s, while the viscosity of the block varies in each series of mod
(For interpretation of the references to colour in this figure legend, the reader is referred t
calculation with SSPX, the reader is referred to Cardozo and
Allmendinger (2009).

3. Strain pattern and magnitudes in the sinking blocks as
a function of block AR and m

3.1. Strain pattern in the sinking block

3.1.1. Viscosity ratio m¼ 10
In the models with a viscosity contrast between the block and

the host material, m¼ 10, salt flows around the sinking blocks
causes strong deformation of the blocks. In the block with an AR of
1:1, block strain is initially characterised by horizontal shortening
of the upper half of the block (Fig. 2). After less than 100 m of
sinking, this is accompanied by horizontal extension in the lower
half of the block. Further sinking causes an additional upward drag
of block material along the lower corners (and lateral margins of
the block). Together, these processes cause a rapid folding of the
upper block half first into a tight then isoclinal synform, while the
lower half of the block is foldedmore slowly, but finally also reaches
isoclinality (Figs. 2 and 3). Marginal shear and upward drag of block
material relative to the block centre causes the initial corners of the
block to finally point upwards, entraining narrow slivers of salt.
Consequently, the final shape of the blockwith an initial AR of 1:1 is
circular with upward-pointing cuspate appendices (Fig. 3).

In comparison, the block with an AR of 1:5 is immediately
folded into an upright synform with progressively decreasing
of a block (in green) with an AR of 1:1 sinking through a matrix of salt (black). The salt
els. The mesh plots display every fourth marker of the marker field of the models.
o the web version of this article.)
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interlimb angle (Fig. 4). While the upper margin of the block is
folded into an isoclinal fold after less than 500 m of sinking, the
block is successively folded further to form a closed shape
entraining a portion of salt with a width of ca. 65 m and a thick-
ness of ca. 200 m at the final depth of sinking of the block.
Furthermore, marginal shear along the outside of the folded limbs
results in thinning of the upward-pointing ends of the limbs, so
that the final shape of the block after 2000 m of sinking resembles
a tear drop that encloses a portion of salt and has cuspate upper
ends (Fig. 3).
Fig. 3. Overview of the deformed shapes of the blocks of all series after 2000 m of sinkin
Deformation during sinking of the block with an AR of 1:10 first
results in the development of an upright fold with inward-pointing
limbs and awide hinge area (Fig. 5) as a result of maximum bending
near the edges. The distance between the point of maximum
bending and the upper lateral ends of the block is on the order of
the block thickness, while the bending approaches zero near the
centre of the block. This is in contrast to blocks with an AR of<5, for
which the point of maximum bending is located in the centre of the
block already at the onset of deformation. During further sinking,
the width of the hinge area of the block with an AR of 1:10
g. The model series with m¼ 1000 is described in detail by Burchardt et al. (2011).
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decreases and the block approaches a tear drop-like shape at
2000 m depth, enclosing a portion of salt that was originally
located above the block. Marginal shear along the outside of the
upward-pointing fold limbs begins to thin the lower part of the
limbs. Consequently, the final shape of the block with an initial AR
of 1:10 resembles a tear drop with cuspate upper ends, entraining
a ca.150 mwide and ca. 260 m deep portion of salt (Fig. 3). The final
shapes of the blocks of this series of models resemble each other in
their tear-drop shape with cuspate upward-pointing ends and in
that they entrain portions of the initially overlying salt (Fig. 3).

3.1.2. Viscosity ratio m¼ 100
Salt flow around the blocks of the model series with m¼ 100

causes intense folding of the blocks into horse-shoe shapes. During
sinking, the block with an AR of 1:1 is folded into an upright, open
synform by successive horizontal shortening of the upper block half
and horizontal elongation of the lower block half (Fig. 2). Shear
along the lateral block sides results in the formation of cuspate
appendices from the lower block corners. The final block shape is
characterised by open folding with a narrower upper half (Fig. 3).
The block with an AR of 1:5 is successively folded during sinking;
after 500 m the block is folded into an upright, open synform
(Fig. 4). During successive sinking, the fold closes to approach
a horse-shoe shape with inward-pointing limbs, enclosing
a portion of the initially overlying salt that is ca. 90 m wide and
170 m thick (Fig. 4). In comparison, the block with an AR of 1:10 is
Fig. 4. Sections (1000 m wide and 500 m deep) of mesh plots displaying the strain pattern
has a viscosity of 1017 Pa s, while the viscosity of the block varies in each series of mod
(For interpretation of the references to colour in this figure legend, the reader is referred t
folded rapidly into an isoclinal synform. Folding progresses from
the lateral ends of the block towards its middle, so that the hinge
width of the synform decreases successively during sinking (Fig. 6).
The block finally approaches a circular, then slightly oval, horse-
shoe shape enclosing a portion of salt that is ca. 270 m wide and
ca. 280 m thick (Fig. 3). A comparison of the final shapes of all
blocks of this series shows similar horse-shoe shapes with inward-
pointing fold limbs, enclosing an oval portion of salt that becomes
wider with increasing block AR (Fig. 3).

3.1.3. Viscosity ratio m¼ 1000
Deformation of the blocks of the model series with m¼ 1000

(also modelled in Burchardt et al., 2011) is characterised by open to
isoclinal folding. In case of the block with an AR of 1:1, salt flow
causes slight horizontal elongation of the lower part of the block
(ca. 20% of the block thickness is affected) and even slighter hori-
zontal shortening in the upper marginal area of the block (Fig. 2).
Marginal shear causes the lower corners of the block to become
dragged upwards relative to the centre of the block. Consequently,
the block is openly folded after 2000 m of sinking (Fig. 3). In
comparison, the block with an AR of 1:5 is continuously folded into
an upright, open synformwith an interlimb angle of ca. 90� (Figs. 3
and 4), while the block with an AR of 1:10 is folded into a horse-
shoe shape with the fold limbs pointing inwards, enclosing an
angle of ca. 10� (Figs. 3 and 5). By this, a ca. 260 m wide and
ca. 280 m thick portion of the initially overlying salt is enclosed in
of a block (in green) with an AR of 1:5 sinking through a matrix of salt (black). The salt
els. The mesh plots display every fourth marker of the marker field of the models.
o the web version of this article.)
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the fold. Hence, a comparison of the deformed shapes of the blocks
of this model series shows that folding becomes more and more
effective as a function of increasing block AR (Fig. 3).

3.1.4. Viscosity ratio m¼ 10,000
The deformation of the blocks in the model series with

m¼ 10,000 is characterised by slight folding of the blocks during
sinking. The block with an AR of 1:1 almost keeps its initial square
shape (Fig. 2). Only slight horizontal elongation occurs along the
lower block margin (less than 20% of the block’s thickness is
affected). In addition, salt flow around the block causes an upward
drag of the block’s lower corners relative to the block centre.
Consequently, the final shape of the block resembles the initial
shape with slightly dragged-up lower corners (Fig. 3). Increasing
the block AR, results in a very slight increase of block deformation
during sinking. The block with an AR of 1:5 shows almost no signs
of deformation. Only the lower block corners become “eroded”, i.e.
sheared off, after a very low amount of horizontal elongation of the
lower block margin as a result of viscous drag (Fig. 4). Hence, the
deformed shape of the block with an initial AR of 1:5 after 2000 m
of sinking shows a very weak folding and worn-off lower corners
(Fig. 3). However, as the viscous deformation of sharp, high-
viscosity corners due to viscous drag generally poses numerical
resolution problems, we cannot quantitatively resolve the exact
width and length of the cusps. The block with an AR of 1:10 first
suffers erosion of the lower block corners before it is successively
folded into an upright, open synform with an interlimb angle of
w144� (Figs. 3 and 5).
Fig. 5. Sections (1000 m wide and 500 m deep) of mesh plots displaying the strain pattern o
has a viscosity of 1017 Pa s, while the viscosity of the block varies in each series of mod
(For interpretation of the references to colour in this figure legend, the reader is referred t
3.2. Strain magnitude and strain ellipses of the sinking block

Shear strain magnitudes and ellipses of the sinking blocks
monitored during sinking show a constant increase in block strain
during sinking (Fig. 6). In the models with m¼ 10, strain during
sinking is characterised by a strong increase in the block centre that
is subsequently accompanied by shearing parallel to the upward-
bending block margins. In contrast, the interior of the block sides
remains almost unstrained even at the final depth of 2200 m.
Similar strain distribution during sinking but with decreasing
magnitudes of strain is observed in the models with higher m
(Fig. 6), i.e. at m� 100, the block does not show much internal
strain. Only the central area of the block is characterised by weak
horizontal shortening at the final depth of sinking.

A comparison of the block strain for blocks with different block
ARs after a sinking distance of 500 m shows that block strain
generally increases with increasing block AR and confirms
a decrease with increasing m (Figs. 7 and 8).

3.3. Sinking velocity of the block

The deformation of the blocks during sinking is also reflected in
their sinking velocity (Fig. 9) that was determined in the block
centre, 30 m above the lower block margin. The first stage of
sinking is characterised by an acceleration phase lasting approxi-
mately 0.15 Ma. This transient acceleration is caused by the
progressively decreasing influence of the top boundary of the
model (Figs. 9 and 10). After acceleration, the block with an AR of
f a block (in green) with an AR of 1:10 sinking through a matrix of salt (black). The salt
els. The mesh plots display every fourth marker of the marker field of the models.
o the web version of this article.)



Fig. 6. Strain history in the models with a block AR of 1:4 as a function of the viscosity contrast. Shear strain magnitudes g (in a grid with a cell size of approximately 12 m) and
strain ellipses (only shown for every 10th cell, size reduced to 25%) calculated with the grid nearest-neighbour method in SSPX (Cardozo and Allmendinger, 2009) with a grid
spacing of 0.003, 9 nearest neighbours, and a maximum distance of grid points of 0.01, based on the coordinates of 100,000 marker points after (from the top down) 100, 500, 1000,
and 2000 m of sinking. Dotted lines trace the block outlines.
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Fig. 7. Magnitudes (in a grid with a cell size of approximately 12 m) and orientation (white ticks, only shown for every 10th cell, scaled to 50% of their length) of extensional strain in
models with block ARs of 1:1, 1:5, and 1:10 for viscosity contrasts of 10e10,000. Dotted lines trace the block outlines. Strain magnitudes were calculated with the grid nearest-
neighbour method in SSPX (Cardozo and Allmendinger, 2009) with a grid spacing of 0.003, 9 nearest neighbours, and a maximum distance of grid points of 0.01, based on the
coordinates of 100,000 marker points after 500 m of sinking of the block.
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Fig. 8. Maximum shear strain magnitudes g (in a grid with a cell size of approximately 12 m) and strain ellipses (only shown for every 10th cell, size reduced to 25%) of extensional
strain in models with block ARs of 1:1, 1:5, and 1:10 for viscosity contrasts of 10e10,000. Dotted lines trace the block outlines. Strain magnitudes were calculated with the grid
nearest-neighbour method in SSPX (Cardozo and Allmendinger, 2009) with a grid spacing of 0.003, 9 nearest neighbours, and a maximum distance of grid points of 0.01, based on
the coordinates of 100,000 marker points after 500 m of sinking of the block.
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Fig. 9. Vertical position of the centre of the blocks as a function of time. The dashed
line illustrates the velocity pattern of a block with an AR of 1:10 but the same mass as
the block with an AR of 1:10. Velocity pattern of the model series with a viscosity
contrast of a) 10, b) 100, c) 1000, and d) 10,000 between block and matrix material.
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1:1 in themodel series withm¼ 10 sinks steadily to reach a velocity
of 1.86 mma�1 (Fig. 10) after 2000 m sinking. The early phase of
acceleration corresponds to the most severe phase of deformation
of the block. With increasing block AR, the initial phase of accel-
eration becomes longer compared to the duration of sinking, which
is in accordance with the duration of the most severe block
deformation. In the m¼ 10 series, the maximum velocity of the
block (after 2000 m of sinking) increases with increasing block AR
to 6.11 mma�1 (AR 1:10; Fig. 10). The sinking velocity in this series
is therefore a function of the block mass and of the deformation of
the block. This is supported by a test model with a block with an AR
of 1:1 but the same excess mass (2200þ10� 700 kg) as the block
with an AR of 1:10 (10 times the excess density of the block with an
AR of 1:1). The shape of the velocity curve of this high-density block
is the same as that of the smallest block in this series but with
a much steeper slope, i.e. the block sinks much faster (Fig. 9). Its
maximum velocity after 2000 m of sinking is 18.7 mma�1, i.e. 10
times faster than the block with an AR of 1:1, but only 3.1 times
faster than the block with an AR of 1:10.

In the model series characterised bym¼ 100, the velocity of the
block with an AR of 1:1 is characterised by initial acceleration
during the first w0.3 Ma before it sinks in a steady state reaching
a final velocity of 1.71 mma�1 (Figs. 9 and 10). This is only slightly
slower than the 1:1 block with m¼ 10, as the drag coefficient of
a square rod sinking in a container 10e100 times its diameter is
only a few percent (2e7%) larger than that of a circular rod of the
same cross-sectional area. Towards higher block ARs, the velocity
during the initial acceleration phase decreases, while the duration
of this phase increases (Fig. 9) probably as a result of the interaction
of the block with the upper model boundary. This corresponds to
the duration of block deformation to reach the streamlined horse-
shoe geometry. The influence of the deformation phase therefore
increases with increasing block AR so that steady-state sinking is
reached later. In comparison with the velocity pattern of a test
model with a blockwith an AR of 1:1 and amass equal to that of the
block with an AR of 1:10, it is obvious that the influence of the
increased mass of the larger blocks is secondary compared to the
block shape (AR) and the change in shape, respectively. The velocity
during decent of the block in the test model resembles that of the
blockwith an AR of 1:1, but with a steeper slope so that it sinkswith
a velocity 10 times that of the block with an AR of 1:1 and 4.2 times
that of the block with an AR of 1:10 and reaches a maximum
velocity of 65.48 mma�1 (Fig. 9). The influence of the shape on the
velocity pattern applies particularly to the blocks with an AR
of >1:7. Consequently, the maximum velocity of all blocks of this
model series shows an increase with increasing block AR to
4.36 mma�1 (AR 1:7) to decrease then to 4.07 mma�1 (AR 1:10;
Fig. 10).

The velocity pattern of the blocks in the model series with
m¼ 1000 shows a distinct influence of block folding. While the
block with an AR of 1:1 goes over to steady-state sinking after an
acceleration phase of approximately 0.15 Ma, the duration of the
acceleration phase is considerably longer for the block with an AR
of 1:5 (ca. 0.2 Ma). For blocks with ARs >1:5, the duration of the
acceleration phase is even longer so that larger blocks reach steady-
state sinking only during the last few hundred metres of their
sinking (Fig. 9). This is reflected in the maximum velocities of the
blocks that increase from 1.68 mma�1 (AR 1:1) to 3.07 mma�1 (AR
1:5) to decrease to 2.80 mma�1 (AR 1:10) towards higher block ARs
(Fig. 10). In comparison, the block in the test model with an AR of
1:10 and the same excess mass as the block with an AR of 1:10
reaches a maximum velocity of 64.41 mma�1, following a velocity
pattern similar to that of the block with an AR of 1:1 in the model
series (Fig. 9). It sinks thus 10 times faster than the block with an AR
of 1:1 and 6 times faster than the block with an AR of 1:10.



Fig. 10. Maximum velocity of the blocks of all model series as a function of block width
after sinking 2000 m.
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In the model series with m¼ 10,000, the velocity of the blocks
indicates that the deformation of the block and the mass increase
with increasing block AR are not the only parameters to be
considered. While the block with an AR of 1:1 starts its steady-state
sinking after a comparatively weakly pronounced acceleration
phase of <0.2 Ma to reach a maximum velocity of 1.68 mma�1, the
block with an AR of 1:5 shows a more pronounced acceleration
phase of w0.2 Ma duration (Fig. 9). Its maximum velocity of
3.00 mma�1 is slightly less than the maximumvelocity of blocks in
this series (3.02 mma�1; AR 1:4; Fig. 10). Towards higher block ARs,
the acceleration phase becomes more pronounced and prolonged,
while velocities of the blocks decrease during the acceleration
phase and steady-state sinking (Fig. 10). Hence, the maximum
velocity of the block with an AR of 1:10 is 2.02 mma�1. The test
model with a block with an AR of 1:1 and the same excess mass as
the block with an AR of 1:10 shows that mass increase results in
a maximum velocity of 64.20 mma�1 (Fig. 9), which is 10 times
faster than the block with an AR of 1:1 and 8.4 times faster than the
Fig. 11. Formation of typical deformation processes and structures in the salt surrounding a s
a mesh plot of a model with a viscosity contrast of 10, i.e., the block is 10 times more visco
block with an AR of 1:10. The velocity pattern of the blocks with
large ARs can therefore not be ascribed to their higher mass. In
addition, since deformation of the 1:10 block is still progressing
even after 2000 m of sinking, the change in velocity after the
acceleration phase cannot be explained by the block approaching
a streamlined geometry. It might thus be attributed to the
successful establishment of structures in the salt that accommodate
block sinking (i.e. shear zones and folds; cf. Section 4).
4. Strain pattern and magnitudes in the salt around the
sinking block

In all the models, the sinking of the block causes strong defor-
mation of the surrounding salt, distributed in a characteristic
pattern. This deformation pattern is described with the help of the
marker field, a selection of which is plotted as a mesh to illustrate
displacement of passive markers. However, note that this neglects
any pre-existing internal structure of the salt. Locally, the magni-
tude of strain in this pattern is more than two orders of magnitude
higher in the salt than in the block and depends on the block AR and
m (Figs. 7 and 8).

In the models with m¼ 10, initial sinking of the block is
immediately accommodated by horizontal salt flowabove the block
towards the central axis of the model (termed “inward flow” in
Fig. 11). Block sinking causes increasing maximum shear strain g

and vertical shortening below the block (Fig. 6) that initiates
horizontal outward flow of the underlying salt. At higher block ARs
and m, there is a strain shadow between the lower block margin
and the shortened zone in the salt that increases in thickness and
width to approximately half the initial block thickness and half the
width of the deformed block (Figs. 7 and 8). The salt escapes from
under the sinking block and flows upwards and around the block in
a highly strained zone (Fig. 6), the width of which depends on the
block AR (Figs. 7 and 8). As a result of the described salt flow, an
antiformal structure develops next to the block in the salt
(“marginal antiform” in Fig. 11). Between the block and the
marginal antiform, a synform develops in the salt (termed
“marginal synform” in Fig. 11) due to viscous downward drag of the
salt together with the sinking block. Above the block, viscous
inking block, 300 mwide. Each image shows a 600 mwide and 1500 m deep section of
us than the salt.
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downward drag exerts high strains on the salt (Fig. 6) causing the
formation of a channel above the block, into which salt is entrained
(“entrainment channel”, Fig. 11). The entrainment channel forms
early during sinking of the block, with a tendency towards an
earlier formation (i.e. after less sinking of the block) at higher block
ARs. In addition, the width of the entrainment channel increases
with increasing block AR (Figs. 7 and 8). In the following, a vertical
shear zone forms between the entrainment channel and the adja-
cent salt (“top shear zone”, Fig. 11). After further sinking of the
block, a shear zone develops in the salt directly along the block side
and disrupts the marginal antiform (“marginal shear zone”, Fig. 11).
However, the timing of formation of this shear zone is not clearly
related to the AR of the block (Fig. 11). The overall array of struc-
tures comprising shear zones and folds is characterised by an
extremely heterogeneous strain distribution with zones of high
adjacent to low strains (Fig. 6).

Deformation processes and structures, their succession of
formation, as well as the distribution of strain in the salt
surrounding the sinking blocks in the other model series are similar
to those described above for m¼ 10 (Figs. 7, 8, and 12). Differences
occur in the strainmagnitude that not only increases during sinking
and with increasing block AR, but also with increasing m up to
almost stable strain magnitudes for m� 1000 (e.g. Fig. 12),
a viscosity ratio at which the blocks may be regarded as quasi rigid
(cf. Treagus, 2002). Furthermore, the absolute timing of formation,
i.e. after what distance of sinking of the block a structure forms,
Fig. 12. a) Comparison of deformation processes and structures in the salt surrounding a
10e10,000. b) Maximum shear strain g in the models in a) after 100, 500, 1000, and 2000
varies with block AR and m. Structures, the time of formation of
which is clearly influenced by the block AR, include the entrain-
ment channel and the marginal antiform, as well as in case of some
model series, the marginal synform, the top and the marginal shear
zone. In order to form an entrainment channel, the block has to sink
deeper at higher block ARs independent of m. In contrast, the
timing of formation of other structural features does not show
a clear relationship with the block AR or m. For example the
marginal shear zone in the model series with m¼ 10,000 forms
earlier at high block ARs, while in the model series withm¼ 100, it
forms earlier at low block ARs. Accordingly, the salt is deformed
after considerably lower sunken distances of the block at higher m.
This is particularly evident in case of the formation of the marginal
shear zone and might be an effect of the block’s resistance to
deformation at higher viscosities so that most of or all the defor-
mation is taken up by the salt.

5. Discussion

The variety of rock types entrained in salt diapirs (e.g. anhydrite,
limestone, rhyolite, basalt) implies a wide range of mechanical and
rheological properties. The latter have an influence on the defor-
mation behaviour of the inclusions themselves and their
surrounding salt. According to e.g. Schmeling et al. (1988) and
Cruden (1990), the contrast in viscosity between a buoyancy-driven
object and the surrounding material is a main parameter in
block with an AR of 1:4 after sinking approximately 1000 m for viscosity contrasts of
m of sinking. For strain distribution compare Figs. 6e8.
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controlling deformation of the system. For this reason, our models
covered viscosity contrasts between the inclusion and the salt over
four orders of magnitude. In natural systems, there may exist
heterogeneity of all involved materials and/or occurrence and
interaction of several, differently oriented inclusions, which have to
be taken into consideration. However, even though heterogeneity
in the mechanical properties is not included, results of the current
numerical models can be used to understand the general defor-
mation pattern and distribution in these systems.

From the strain pattern of the sinking blocks in our models,
three main elements that control the sinking process and the
velocity of blocks sinking through a less viscous host material can
be identified: (1) the mass of the block (gravity), (2) block defor-
mation, and (3) matrix deformation, i.e. how the host material
accommodates the sinking of the block. These factors are both
a function of the block AR and m. The block AR controls parameter
(1) and to some extent parameter (2) as well; the mass of the block
increases with block ARwhile the height is kept constant, as well as
its size to a horizontally elongate shape that is more easily
deformable. Block deformation is achieved by two main mecha-
nisms: folding and marginal shear that are a consequence of
viscous drag exerted by the flow of the salt around the block. The
viscosity contrast m controls parameters (2) and (3), because
a decrease in the viscosity contrast leads to more intense defor-
mation of the block, which accommodates more strain. Conversely,
increasing m reduces the strain of the block so that at high m, the
blocks do not deform into a streamlined shape. Instead, they sink as
more or less horizontal, rectangular slabs resulting in deformation
of a larger area within the salt. Accordingly, in the models with the
highest viscosity contrast and the highest block AR, strain within
the salt is distributed over the largest area.

A comparison of the sinking velocity of all models shows that
each block experiences an initial phase of acceleration followed by
a phase of steady-state sinking (Fig. 9). At small block ARs, the
velocity during the acceleration phase is close to the velocity during
steady-state sinking, while at intermediate to large block ARs, the
acceleration phase is more pronounced with lower velocities and
a longer duration; this is caused by the effect of the top boundary of
themodel. Within one series of models (constantm), themaximum
velocity of the block tends to increase with increasing block AR
(Fig. 10), as would be expected for gravity-driven sinking. However,
only in the model series with m¼ 10 is the block with the largest
excess mass also the one with the highest final velocity. In all other
model series, the highest final velocities occur at intermediate
block ARs (1:4e1:7). Hence, mass is not the only parameter
controlling the sinking velocity of the blocks, instead, the initial
tabular geometry seems to have a significant impact on their
sinking velocity. This is supported by the velocities of the high-
excess density blocks in the test models (Fig. 9). At increasing salt
viscosity, the decrease in sinking velocity of high-AR blocks might
also partly be affected by the closeness to the side boundaries of the
model.

A comparison of the maximum velocities of the blocks in all
model series shows that after 2000 m of sinking, all blocks with an
AR of 1:1 reach similar velocities (between 1.68 and 1.86 mma�1)
irrespective of m (Fig. 10). In contrast, the maximum velocities of
all other blocks in the four series of models differ considerably
with changing m. The highest velocities are reached in models
with the lowest viscosity contrast (max. velocity of all blocks in all
series: 6.11 mma�1 (block AR 1:10, m¼ 10)). Consequently, the
maximum velocities decrease with increasing m. However, this
does not apply to the model series with m¼ 10,000, where the
maximum velocities are slightly higher compared to those in the
model series with m¼ 1000. The model series with m¼ 10,000 is
characterised by the lowest intensities of block deformation
during sinking. The velocity patterns of the blocks are charac-
terised by a longer acceleration phase preceding steady-state
sinking. This can, however, not be related to block deformation
as in the other model series. Hence, formation and development of
structures in the salt probably also have a significant influence on
the velocity pattern of a sinking block, in this case where the block
does not deform so much.

To summarise the driving and retarding effects, we identify
three characteristic effects regarding the sinking velocity: (1) The
sinking velocity increases with themagnitude of the excess density.
(2) It decreases with increasing AR (within a confined container of
fixed width, such as a salt diapir). (3) It increases with the magni-
tude of deformation of the block. For a high block viscosity, (3) is
negligible, while (1) and (2) act in opposite senses: As long as the
container walls are far away, (1) dominates, but when the block
edges are closer to the walls, (2) outpaces (1) and the velocity
decreases again (Fig. 10). Increasing deformation (3), however,
counteracts effect (2) and effectively decreases the drag coefficient,
increasing the sinking velocity.

Salt deformation around the block is characterised by increasing
strain heterogeneously distributed (Figs. 6e8) across an array of
characteristic structures (Fig. 11), the spatial arrangement of which
is independent of m and the block AR. These structures include
shear zones and folds, as well as a zone characterised by extreme
vertical stretching above the sinking block (entrainment channel).
Themost intensive deformationwith the highest strainmagnitudes
is restricted to the area immediately surrounding the sinking block
(Figs. 6e8). The size of the structures forming in the matrix
medium depends largely on the size of the sinking block, i.e. its AR,
and its deformation behaviour. This implies that increasing the
block AR at constant m, results in an increase in the strained area
within the salt and the size of the resulting structures. The timing of
formation of individual structures does not follow linear relation-
ships with the block AR or m. Instead, the interaction of both
parameters is complex and controls when and in what way defor-
mation occurs in the salt.

The results of our two-dimensional models can be applied to
natural (i.e. three-dimensional) systems by taking into account that
salt structures are often elongate, for example, the Gorleben salt
diapir that is 2e4 km wide and about 14 km long, so that the
structures that are observed in cross section extend probably for
almost that distance in the third dimension. Hence, plain-strain
models may be, at least qualitatively, applied to understand
deformation of anhydrite blocks and the surrounding salt to iden-
tify the effect of gravitational sinking as compared to ascent- and
entrainment-related deformation. Furthermore, the orientation of
the strain ellipses in our models is compatible with those of the
strain ellipsoids around a sphere rising (or falling) in a viscous
medium, calculated by Schmeling et al. (1988). In this latter case,
our two-dimensional models simulate and show the profile of an
axisymmetric body (e.g. Stokes sphere) sinking within a viscous
medium.

Our model results yield implications for other gravity-driven
systems that can be approximated by a suspension flow, such as
crystals surrounded by melt in magmatic bodies. According to Kerr
and Lister (1991) and Arbaret et al. (2000), the latter can be
approximated as a dynamic suspension of rigid particles, the
crystals, in an initially Newtonian matrix, the melt. The mechanical
interaction of the crystals with the melt generally follows Stokes
equation (Stokes, 1851; Martin and Nokes, 1988). However, as
demonstrated by Kerr and Lister (1991) and e.g. Arbaret et al.
(2000), it also depends on the shape of the crystals and the frac-
tion of crystals in the system. In these cases, deformation patterns
similar to those in our models with high m should be expected.
However, since primary magmatic fabrics are seldom preserved at
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this scale, the strain pattern produced by a settling crystal is usually
not preserved. The same applies to deformation caused by the
gravity-driven sinking of wall-rock xenoliths in granitic plutons,
the preservation of which depends on the timing relative to
solidification of the magma (Fowler and Paterson, 1997; Clarke
et al., 1998).

As demonstrated numerically and experimentally by
Schmeling et al. (1988) and Cruden (1990), the diapiric rise of
mantle plumes, magmatic diapirs, and gneiss domes through
viscous surrounding rock can be modelled as the sinking of
a higher-density inclusion through a viscous medium. Hence, the
modelling results of the processes, mechanisms, and forces
related to the sinking of higher-density anhydrite blocks through
salt yield implications for the gravity-driven rise of the above
mentioned structures. In comparison with natural diapirs that are,
in contrast to the blocks in our models, characterised by a lower
viscosity than the adjacent material, our model results suggest
a remarkable difference between weak (minclusion< mmatrix) and
strong (minclusion> mmatrix) sinking inclusions: While for a weak
inclusion, the finite strain roughly partitions equally inside the
inclusion and outside in the stiffer matrix (Figs. 3 and 7 in
Schmeling et al., 1988), the opposite is true for a stiff inclusion
moving through a weak host material. For high m, most of the
finite strain takes place in the weak material and almost no
straining occurs in the strong blocks.

Since the sinking of the blocks in our models produces char-
acteristic structures independent of the shape (AR) of the block, it
can be assumed that these structures will also be produced by the
rise of a magmatic diapir through the mantle or lower crust. In
analogy with the marginal shear zone and antiform observed in
our models, magmatic diapirs are usually surrounded by a highly
strained aureole including ductile shear zones surrounded by
a rim syncline. Furthermore, the tail of natural diapirs corresponds
to the entrainment channel in our models. As demonstrated by
Cruden et al. (1995), entrainment of mafic into felsic magma can
occur in case of magmatic diapirs. This is in accordance with the
two-dimensional axisymmetrical models by Schmeling et al.
(1988) where the highest strains occurred in a narrow tube
behind the rising or sinking sphere and in a narrow shell around
the sphere. The strain pattern within the sphere modelled by
Schmeling et al. (1988) is characterised by oblate strain ellipsoids
with the short axis pointing radially away from the rising body.
According to Cruden (1990), the internal strain magnitude of
a rising (or sinking) sphere is a function of the viscosity contrast
between the sphere and the host material, which is supported by
our modelling results.

6. Conclusions

The gravity-driven sinking of a dense, rectangular block results
in severe deformation of the block itself and the host material it
sinks within. Deformation of the block is characterised by folding
and shearing as it approaches a streamlined, tear-drop shape that
can even incorporate a portion of the initially overlying salt. The
intensity of block deformation is a function of the viscosity contrast
between the block and the surrounding salt and the block AR. In
general, block strain is facilitated in models with a block with high
AR and a low m.

The sinking velocity of a block is a function of the block mass,
but even more of its deformation behaviour that is influenced by
both the block AR and the viscosity contrast. Block sinking is
characterised by an initial phase of acceleration with low velocities
as long as the block is close to the upper boundary of the salt
structure followed by a phase of steady-state sinking. With
increasing block AR and viscosity contrast, the velocity during the
acceleration phase decreases while its duration increases. This
pattern is thus, in its timing and development, dependent on the
deformation behaviour of the block but probably also on the
deformation of the salt. After 2000 m of sinking, the blocks in our
models reach velocities in the range of 2e6 mma�1.

Host material deformation around the sinking block comprises
an array of structures that consists of folds, shear zones, and
a narrow zone in the salt above the sinking block, in which
extremely high amounts of vertical elongation occur, here termed
entrainment channel. This structural array forms independent of
the block AR and the viscosity contrast. The size of individual
structures is partly dependent on the block AR, while the intensity
of deformation is a function of salt viscosity. The latter relation is
characterised by decreasing strain magnitudes with increasing salt
viscosity, analogous to the strain in the block. The succession of
formation of the structures in the matrix salt is more or less the
same, independent of the block AR and viscosity contrast. In
contrast, the timing of formation, i.e. after what distance of sinking
of the block individual structures form, is a function of the complex
interaction of both parameters. In general, most deformation
structures form early during the first few hundred metres of
sinking of the block, but they intensify with time.
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