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a b s t r a c t

Blocks of dense material, such as anhydrite, entrained in salt structures have been proposed to sink
through their host material. Here, we present the results of numerical models that analyse strain patterns
within and around initially horizontal anhydrite blocks (viscosity 1021 Pa s) sinking through Newtonian
salt with a viscosity of 1017 Pa s. In addition, the influence of the block aspect ratio (thickness to width
ratio; AR) is analysed. The model results show that the blocks are folded and marginally sheared to
approach streamlined shapes. The effectiveness of this process is a function of the block AR and influ-
ences the sinking velocity of the blocks significantly. Final sinking velocities are in the range of ca. 1.7
e3.1 mm/a. Around the block in the salt, an array of folds and shear zones develops during block descent,
the structure of which is principally the same independent of the block AR. However, the size and
development of the structures is a function of the block size. Monitoring of strain magnitudes demon-
strates that the salt is subject to extremely high strains with successively changing stress regimes,
resulting in closely-spaced zones of high adjacent to low strain. In comparison to the anhydrite blocks,
strain magnitudes in the salt are up to one order of magnitude higher.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Dense inclusions surrounded by a less viscous matrix occur in
a variety of geological settings on practically all scales. Examples
include anhydrite and limestone layers in salt structures (e.g.
Bornemann, 1991), stoped blocks in magma chambers (Clarke et al.,
1998), phenocrysts in magma (Arbaret et al., 2000), and englacial-
morain material in glaciers (Talbot and Pohjola, 2009).The contrast
in mechanical properties, such as density and viscosity, of these
inclusions and their matrix has a strong influence on the strain
pattern within the inclusion and the matrix.

Dense inclusions of synsedimentary anhydrite and limestone, as
well as of extrusive and intrusive igneous rocks in salt structures are
known from many locations worldwide, e.g. the salt diapirs in the
North Sea and the North German Basin (Bornemann,1991; Schleder
et al., 2008), the Zagros Mountains, Iran (Kent, 1979; Gansser, 1992;
Weinberg, 1993), Oman (Peters et al., 2003; Reuning et al., 2009),
and Yemen (Davison et al., 1996a, b). These dense inclusions (or
“stringers”) have in most cases been entrained into salt diapirs
during salt ascent (e.g. Jackson et al., 1990; Chemia et al., 2008).
Consequently, they have been subjected to deformation as a result
of the complex strain fields inside rising salt (Talbot and Jackson,
hardt).

All rights reserved.
1987; Koyi, 2001). Recent investigations focus on the potential of
some of these stringers as reservoirs for oil and gas (e.g. Al-Siyabi,
2005) as well as on their impact on the strain history of a salt
structure. Following Weinberg’s (1993) hypothesis that dense
inclusions in salt may start to sink when the ascent rate of the salt is
no longer sufficient to support theirweight, Koyi (2001) andChemia
et al. (2009) demonstrated that sinking anhydrite slabs can reac-
tivate the internal dynamics of a salt diapir, based on analogue and
numerical modelling. This may have undesired effects on the long-
term stability of disposal sites of hazardous waste, a number of
which are planned in salt structures. Evidence that recent defor-
mation around anhydrite blocks actually takes place comes from
acoustic emissions recorded at the interface between anhydrite
blocks and the surrounding rock salt in a German salt diapir (Spies
and Eisenblätter, 2001). These acoustic signals may indicate the
relative movement between the denser anhydrite blocks and their
host salt diapir.

In this paper, we present results of numerical models that focus
on the deformation produced by the sinking of a dense block
through a less viscous matrix, particularly on the resulting struc-
tures within and around the block on block-scale. In order to get
a basic understanding of the mechanical interaction of anhydrite
blocks of different sizes and the surrounding salt, we analysed the
strain associated with the gravity-driven descent of anhydrite
blocks of different size through a body of salt representing a diapir.

mailto:steffi.Burchardt@geo.uu.se
www.sciencedirect.com/science/journal/01918141
http://www.elsevier.com/locate/jsg
http://dx.doi.org/10.1016/j.jsg.2010.11.007
http://dx.doi.org/10.1016/j.jsg.2010.11.007
http://dx.doi.org/10.1016/j.jsg.2010.11.007


Fig. 1. Sketch of the model setup including the position of the block with higher
density and viscosity (in green). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).
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2. Model setup and methodological background

2.1. Scaling considerations and model setup

The models are not scaled to any particular case. However, the
model setup and the material properties are based on natural
examples. Dense inclusions in salt diapirs are in most cases of
synsedimentary origin, including intraformational evaporites (e.g.
anhydrite deposited as gypsum), carbonate layers and platforms,
synsedimentary psammites, and even contemporaneous volcanic
rocks (e.g. Gansser, 1992) with preserved sedimentary or igneous
layering. Consequently, they are often characterised by tabular
shapes (e.g. Gansser, 1960, 1992; Kent, 1979; Jackson et al., 1990),
even though they have usually been deformed during salt ascent.
The thickness and width of these inclusions is thus highly variable.
A well-studied example of a salt diapir containing dense inclusions
is the Gorleben salt diapir in Northern Germany that served as
scaling constraint for our models. This diapir is 3 km wide and
approximately 3 km thick in cross section (NWeSE). The original
stratigraphic sequence building the diapir consists mainly of halite
and potassium salt of Permian age (Zechstein, Stabfurt (z2) to Aller
(z4) formations; Bornemann, 1991). The so-called Main Anhydrite
(z3HA) is a sequence of anhydrite with minor carbonates and
a thickness of up to 70 m. During ascent of the salt diapir the Main
Anhydrite was entrained within the salt and subject to intense
strain that resulted in folding, boudinage, and shearing. Conse-
quently, the Main Anhydrite forms elongate boudins of approxi-
mately 100 tomore than 1000m length, partly folded into isoclinals
folds together with the surrounding salt (Bornemann, 1991).

Each two-dimensional model consists of a 2000 m wide and
4000 m deep rectangular salt structure (Fig. 1). All sides of the
model are defined as free-slip boundaries, i.e. displacement along
the boundaries is enabled. Since all sides of the model represent
symmetry planes and the model is lateral symmetric, only half of
the model, i.e. a 1000 m wide and 4000 m deep rectangle, was
modelled. At a depth of 100 m below the top of the model, a rect-
angular block with a higher density and viscosity, simulating
a denser inclusion (e.g. anhydrite), is placed within the salt. The
boundaries between the block and its matrix are adherent. The
thickness of the block is 100 m, so that the block bottom is at an
initial depth of 200 m. In order to understand the basic processes
that control the mechanical interaction between blocks of denser
material (anhydrite) and a viscous matrix (salt), we focus on one
parameter: the size, and more specifically, the aspect ratio (AR;
thickness to width ratio) of the anhydrite block. During ten
successive model runs, the width of the block is varied from 100 m
to 1000 m (thickness to width AR 1:1 to 1:10 respectively).

The salt is assigned a density of 2200 kg m�3, while the density
of anhydrite is defined as 2900 kg m�3, considering a slightly lower
density as compared to pure anhydrite (density 3000 kg m�3), e.g.
due to minor amounts of limestone. In each model, the block is
allowed to sink within the salt structure driven by gravity alone due
to the density contrast of 700 kg m�3.

Experimental studies of rock salt subject to high strain rates
show that salt rheology can vary from Newtonian to power-law
behaviour depending on the interaction of various parameters, such
as grain size, strain rate, brine content, the presence of impurities
within the salt, and deviatoric stress (e.g. Urai et al., 1986, 2008; Van
Keeken et al., 1993; Jackson et al., 1994). However, the rheological
behaviour of salt at scales, temperatures, strain rates etc. relevant
to natural systems is still not well understood and cannot be
extrapolated from experimental results (cf. Urai et al., 1986). Esti-
mations of salt rheology on diapir scale from natural examples
conclude that salt may behave as a Newtonian fluid with viscosities
in the range of 1015e1021 Pa s (Mukherjee et al., 2010). In ourmodels
we therefore assigned the matrix material a linear viscosity of
1017 Pa s. We do not consider the influence of temperature, rheo-
logical contrasts or structural variationswithin the salt, i.e. the block
sinks through an isotropic and homogeneous matrix of salt.

Despite a few studies on the rheology of anhydrite under
experimental conditions (e.g. Müller and Siemes,1974; Müller et al.,
1981; Zulauf et al., 2009), little is known about the viscosity and
deformation behaviour of anhydrite subject to natural strain rates
and temperatures. Chemia et al. (2009) assumed a viscosity contrast
between anhydrite and the surrounding salt of 102e104, while
Zulauf et al. (2009) estimated it to be on the order of 101 in their
deformation experiments. We assigned the anhydrite block in our
models a linear viscosity of 1020 Pa s, which gives rise to a viscosity
contrast between the salt and the matrix of 103. This might be
realistic considering that the anhydrite in natural salt diapirs, such
as Gorleben, contains limestone with a higher viscosity.

Only the first 2000 m of sinking, where the block had reached
a steady state, was used for analysis. When the block sinks beyond
this depth, it starts to slow down as it “feels” the bottom boundary
of the model. We therefore determined 2200m as the final depth at
which no boundary effects from the bottom can be expected.

2.2. Modelling strategy

The equations of conservation of mass, composition, and mo-
mentum defining the models were solved using a two-dimensional
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finite differences code (FDCON;Weinberg and Schmeling, 1992) that
uses a stream function formulation by applying Cholesky decompo-
sitionof the symmetricmatrix. This code characterises themovement
of compositional fields by a mesh of marker points that move
according to a velocityfield described by a fourth-order RungeeKutta
algorithm. In the current models, optimal results were ensured by
a grid size of 101 times 401 with 1000 marker points in horizontal
direction and 4000 marker points in vertical direction. Furthermore,
in the models, materials are assumed to be incompressible, i.e., area
changes do not occur, and characterised by a purely viscous, linear
rheology so that elasticity is neglected. In addition, all inertial forces
are neglected, i.e., creeping flow is assumed.

Interfaces between block and matrix material characterised by
strong compositional contrasts (in this case defined by contrasts in
density and viscosity) are resolved by defining effective parameters.
Thismeans that, e.g. the effective viscosity at each location along the
interface is derived from theweighted sum of the viscosities of each
material. For this purpose, the harmonic, arithmetic, or geometric
mean of a parameter can be used (Schmeling et al., 2008). For our
models, we used the arithmetic mean since it more accurately
resolves the interface of the matrix with the more viscous block
material. In comparison, the harmonic mean underestimates the
density and viscosity of the outer parts of the block.

Strain pattern and magnitudes in and around the sinking block
are described by the coordinates of the marker field. The strain field
was calculated and plotted with the software SSPX (Cardozo and
Allmendiger, 2009), using the grid nearest-neighbour method
with a reduced data set of 100,000 grid points based on the
equations by Ramsay (1967).
Fig. 2. Mesh plots of selected time steps during the sinking process of differently sized bloc
line of the marker field. Each image shows a cut-out of 500 m depth and 1000 m width. T
references to colour in this figure legend, the reader is referred to the web version of this
3. Results

3.1. Strain pattern and sinking velocity of the sinking block

The strain pattern within the anhydrite block is characterised by
a sequence of marginal shear, internal folding, and minor marginal
erosion. The exact succession, development, and intensity of each
type of strain vary as a function of the block AR (Fig. 2). In the model
with a square block (Fig. 2), the strain pattern within the block is
characterised by marginal shear at the lateral boundaries, basal
extension, and slight horizontal compression along the top
boundary. In contrast, the block interior remains comparatively
unstrained throughout the sinking process. During sinking, succes-
sive lateral shear results in the erosion of the lower block corners and
an upward drag of block material along the sides of the block. The
final shape of the block is characterised by rounded lower corners
with a small amount of accumulated material dragged to the sides,
forming appendices (Fig. 3). In comparison, a block with an AR of 1:5
(100 m thick and 500 mwide) is subject to marginal shear along the
lateral boundaries that results in a slight rounding of the lower block
corners (Fig. 2). At the same time viscous drag exerted by salt flow
around the block causes horizontal extension of the lower block
boundary and horizontal compression of the upper block boundary
that leads to bending of the entire block during its sinking. During
bending, the lateral block margins are continuously sheared. The
final shape of the block, when it has descended 2000 m, is an open
fold (interlimb angle 115�; Figs. 3 and 4). In comparison, a block with
an AR of 1:10 is almost immediately folded after less than 100 m
descent within the salt (Fig. 2). Marginal shear of the block occurs
ks (in green) surrounded by salt (in black). The mesh displays only every fifth row and
he model has been flipped to show the full block geometry. (For interpretation of the
article).



Fig. 3. Final block shape in the models with different block ARs after sinking below
2200 m.
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only in the initial stages of sinking. Successive folding results in
a horse-shoe shape with the limbs pointing towards each other,
enclosing an angle of 10� at 2200 m depth (Fig. 4). Small appendices
at the original lower block corners represent the effects of incipient
lateral shear of the block sides.
Fig. 4. Fold features of the blocks during sinking. The measurements were carried out using t
the folds as a function of block width. c) Relative half-wave length (relative to the block w
The complete series of models shows that increasing the block
AR results in a reduced intensity of marginal shear and erosion of
the lower corners (Figs. 1 and 2). Instead, the block is subject to
increasingly effective folding accompanied by increasing internal
strain. For the viscosity contrasts used in the models, blocks with
a low AR (1:1 to approximately 1:4) are less able to accommodate
strain during sinking by folding. Hence, their horizontal orientation
governs the strain pattern throughout their descent, which results
in successive shear of the lateral block margins. In contrast, blocks
with higher ARs (�1:5) accommodate strain during sinking by
folding and thus approach a streamlined shape (Fig. 3). This is also
evident from the interlimb angle of the resultant folds that
decreases continuously to result in isoclinals folds at block ARs
of 1:9 and 1:10 (Fig. 4a). The same applies to the relative wave
amplitude of the folds (Fig. 4b) that increases with block AR and
the relative wave length (Fig. 4c) that decreases with increasing
block AR.

The sinking velocity of the blocks was determined using the
position of a singlemarker point in the block centre, 30m above the
lower block margin. The velocity profiles of the blocks (Fig. 5a)
show that, at low ARs (1:1 to 1:4) after an initial acceleration phase
the velocity only increases slightly to approach a constant velocity.
The block with an AR of 1:1 has the lowest final velocity (1.68 mm/
a), while the blocks with an AR of 1:4 and 1:5 reach the highest final
velocities (3.05 and 3.07 mm/a; Fig. 5b). In contrast, at higher block
ARs, an initial phase of low acceleration that probably coincides
with the early phase of folding of the block is followed by a constant
increase in velocity. The final velocities decrease with increasing
block AR. The block with an AR of 1:10 reaches a final velocity of
2.80 mm/a. The velocity profiles are therefore not only a function
of the increasing mass of the blocks. In order to test the effect of
gravity on the sinking velocity, we ran a test model with a block of
the samemass as the blockwith an AR of 1:10 but the same size and
shape as the block with an AR of 1:1. The velocity profile of the
block in this model is similar in shape to the profile of the block
with an AR of 1:1, but with a much steeper slope (Fig. 5a) and an
order of magnitude higher final velocity (64.41 mm/a). Hence, the
aspect ratio, and thus the deformation path, of the block have
a significant influence on its velocity pattern.

3.2. Strain pattern in the salt around the sinking block

The strain pattern within the salt during block descent shows
that the salt below the block is vertically shortened and displaced
sideways and upwards relative to the block (Fig. 6). The salt directly
he upper block margins. a) Interlimb angle as a function of block width. b) Amplitude of
idth).



Fig. 5. a) Velocity profile of the blocks. The velocity profile of the model named 1:1* shows the sunken distance as a function of time of a block with an AR of 1:1 and the same mass
as the block with an AR of 1:10. b) Final sinking velocity of the blocks as a function of block AR.
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above the block is dragged downward together with the block
within a narrow entrainment channel. This induces an inward and
downward flow of the salt above the block. At the same time
marginal synclines start to develop next to the block. In combina-
tion with the outward and upward flow of salt from below the
block, this results in the formation of a marginal anticline adjacent
to the syncline. During successive sinking, the downward move-
ment of the block cannot be sufficiently compensated by folding of
the salt. Consequently, zones of intense shear strain develop adja-
cent to the sides of the descending block. Additional shear zones
form between the entrainment channel and the inward-flowing
Fig. 6. Mesh plots of blocks (in green) with different AR surrounded by salt (in black) after
Each image is cut off at a depth of 2200 m. Numbers mark typical deformation features in th
referred to the web version of this article).
salt above the block caused by the much faster flow of material in
the entrainment channel.

The structural characteristics of the strain patternwith folds and
shear zones around the sinking blocks are the same for all blocks
independent of their AR (Fig. 6). However, increasing the block AR
causes the surrounding salt to be affected at a larger distance from
the block. In addition, the entrainment channel above the block is
considerably wider for blocks with a higher AR (Fig. 6). In the
models with the higher block ARs (1:6 to 1:10), the area above the
block between the entrainment channel and the marginal shear
zone is characterised by an intense small-scale folding of the salt
ca. 500 m sinking. The mesh displays only every fifth row and line of the marker field.
e salt. (For interpretation of the references to colour in this figure legend, the reader is
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that develops from the successive deformation and displacement of
the earlier-formed marginal folds.

3.3. Strain magnitudes

A comparison of strain magnitudes and orientations within the
sinking blocks shows that in general, the blocks are characterised
by low strains that only increase slightly with increasing block AR
(Figs. 7 and 8). Salt deformation during the sinking of the block is
characterised by high strain (approximately one order of magni-
tude higher than in the block), concentratedmainly above the block
in the entrainment channel and around the lateral ends of the
block. In both locations, strong vertical elongation within the salt
occurs (Fig. 8). Domains of high strain are not evenly distributed
around the sinking block. Strain magnitude decreases rapidly away
from the block in a pattern that mirrors the shear zones (highest
strain magnitudes) and folds (high to intermediate strain magni-
tudes) described above (Fig. 6). Below the blocks with ARs >1,
a strain shadow with a thickness of approximately 50e100% of the
block thickness occurs. Below the strain shadow, the salt is verti-
cally shortened and sheared (Figs. 7 and 8) as a result of salt flow
from below the block to the sides (Fig. 6).

Extensional strain magnitudes in the salt depend on the block
AR. Compared to the model with a block AR of 1:10, the maximum
extensional strain in the model with a block AR of 1:1 is one order
of magnitude lower (Fig. 7) while shear strain is approximately half
(Fig. 8). While the distribution of high-strain zones in the salt is not
a function of the block AR, the models show that the areal extent of
strain around the block is strongly influenced by the block AR, i.e.,
that the area in the salt affected by the sinking block increases with
increasing block AR.
Fig. 7. Magnitudes (see coloured scale bar) and orientation (white ticks, only every 10th ma
block outline. Strain magnitudes were calculated with the grid nearest-neighbour metho
neighbours, and a maximum distance of grid points of 0.01, based on the coordinates of 10
c) 1:10.
4. Discussion

Our models show that the gravitational sinking of dense blocks
or layer fragments of anhydrite through a Newtonian viscous
medium (salt) causes severe deformation of the block and the
matrix. This supports earlier experimental and numerical results by
Koyi (2001) and Chemia et al. (2008, 2009) who modelled the
entrainment and sinking of dense inclusions at diapiric scale using
both Newtonian and power-law salt rheologies.

On block-scale, our models give a detailed account of the
deformation history of the sinking block that is characterised by
folding and shearing. According to Cruden (1990), the internal
deformation of a gravity-driven viscous sphere is controlled by the
viscosity contrast with the ambient material. Our models demon-
strate that the internal deformation is also a function of the shape
of the block. Initially horizontal blocks show more intense defor-
mation at higher block ARs (Fig. 3). This has significant influence on
the sinking velocity of the block, which is no longer a pure function
of the block mass but strongly dependent on the ongoing defor-
mation of the block that can considerably slow down the sinking
rate (Fig. 5). Since our models are two-dimensional, the occurring
strain is by definition plane strain. The three-dimensional nature of
natural systems might result in different strain patterns though. In
this respect, the calculations by Schmeling et al. (1988) demon-
strate that around a rising (or falling) spherical body, the strain
ellipsoid is oblate with the short axis pointing radially away from
the rising body. In our models, equivalent results are observed
(Fig. 8), except that the b-axis of the strain ellipsoid equals 1.

The salt surrounding the sinking block in our models accom-
modates high strain by the formation of a characteristic array of
folds and shear zones, including a narrow channel of extreme
rker shown, scaled to 50% of their length) of extensional strain. Dashed line traces the
d in SSPX (Cardozo and Allmendiger, 2009) with a grid spacing of 0.003, 9 nearest
0,000 marker points after 500 m of sinking of a block with an AR of a) 1:1, b) 1:5, and



Fig. 8. Shear strain magnitudes (see coloured scale bar) and strain ellipses (only every 10th marker shown, size reduced to 25%) calculated with the grid nearest-neighbour method
in SSPX (Cardozo and Allmendiger, 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 a block with an AR of a) 1:1, b) 1:5, and c) 1:10. Dashed line traces the block outline. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).
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stretching above the sinking block (Fig. 8). These structures are in
accordancewith numerical and experimental findings of Schmeling
et al. (1988) and Cruden (1990) about the gravity-driven sinking of
rigid and fluid spheres.

Natural systems are more complex and subject to a variety of
parameters, the details of which cannot be accounted for in static
numerical models. Apart from structural and compositional hetero-
geneities in thesalt, complexities innatural systemsmaybecausedby
changes e.g. in the strain rate. Urai (pers. comm.; cf. Desbois et al.,
2010) suggested that internal deformation in salt bodies may cease
at low strain rates as a result of grain-boundary healing. Strain
hardening associated with this process might be able to stabilise
dense blocks within the salt. Evidence for this process might be the
presence of anhydrite blocks in the highest levels of salt structures in
the North Sea Basin that have been stable in this position for 60 Ma.
Another unknown parameter as regards salt rheology and its
response to the gravitational force exerted by denser blocks is the
water content of both anhydrite and salt.Water in salt present asfluid
inclusions or films along grain boundaries has a substantial effect on
the rheological behaviour of the salt (Urai et al., 1986). On the other
hand, water within the anhydrite and limestone might cause
hydraulic fracturing of the anhydrite blocks causing them to behave
much more brittle even at low strain rates (cf. Zulauf et al., 2009). In
addition, water squeezed out of the anhydrite by deformation of the
anhydrite might even fracture salt (Davison, 2009) or considerably
weaken the interface between the block and the matrix so that the
blocks might sinkmuch faster (Leiss pers. comm.), a process that has
been identified to be of major significance e.g. during shear defor-
mation (Ildefonse and Mancktelow, 1993). Our model results there-
fore show strain patterns andmagnitudes under relatively simplified
homogeneous conditions. To model deformation associated with
natural examples of anhydrite blocks in salt bodies, a more detailed
understanding of the rheological input parameters is required.

Even though detailed studies of deformation structures around
dense inclusions in salt structures are extremely scarce, structures
analogue to those produced in our models occur around natural
gravity-driven structures in a variety of other geological settings.
The presented model results can be rescaled to other geological
scenarios involving different dimensions, density contrasts, or
viscosities. This can be achieved by multiplication of the length
scale, velocity, and time by particular scaling factors. The strains
will be the same for the same non-dimensional (relative) sinking
distances, as long as the viscosity contrast is the same.

In general, diapiric structures, such as salt diapirs and plutons
emplaced by diapirism are encased by high-strain aureoles char-
acterised by the occurrence of ductile shear zones and/or brittle
fault zones. Even though our models neglect temperature effects as
those occurring around hot diapirs, similar highly strained zones
also flank the blocks in our models. Furthermore, the rim synclines
encircling natural diapirs correspond to themarginal anticlines that
flank the sinking blocks in our models, while the tails of diapirs are
equivalent to the entrainment channel (Fig. 6).

On a smaller scale, similar structures should be expected to
occur in association with the development of a magmatic fabric in
crystallising magmas. This system can, as a first approximation, be
described as a dynamic suspension of rigid particles, the crystals, in
an initially Newtonian matrix, the melt (Kerr and Lister, 1991;
Arbaret et al., 2000). The settling or rise of the crystals in the
melt generally follows Stokes equation (Stokes, 1851; Martin and
Nokes, 1988), but also depends on the shape of the crystals (Kerr
and Lister, 1991) and the fraction of crystals in the system (e.g.
Arbaret et al., 2000). However, since the viscosity contrast between
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melt and crystals is generally higher (in the range of several orders
of magnitude) than in ourmodels, strainwithin the settling crystals
is much lower, while strain patterns produced by matrix flow
around the settling crystals are in most cases not preserved.

In analogy, fragments of country rocks detached from the roof
and walls of plutons by magmatic stoping should produce struc-
tures similar to those in the presented models. Stoped blocks sink
through the magma driven by their higher density and may disturb
a pluton’s internal magmatic fabric, depending on the timing of
sinking relative to the solidification of the pluton and the viscosity
of the magma (Fowler and Paterson, 1997; Clarke et al., 1998). As
regards the deformation of rock fragments entrained within
magma, the effective viscosity of both, fragments and melt, as well
as the viscosity contrast, has to be considered to draw conclusions
from our model results. A viscosity contrast probably similar to the
one in our models would explain deformation of autoliths in sheet-
like magmatic intrusions (Correa-Gomes et al., 2001).

In addition, our model results show that strain magnitudes
within the salt are in generalmuch higher (in the range of one order
of magnitude) than within the blocks. This indicates that strain is
accommodated by themore viscousmaterial. Within the salt, strain
is not evenly distributed, neither does it decrease linearly away
from the block. Instead, complex strain patterns are produced in the
salt during the descent of the block.

These patterns consist of an array of folds and shear zones, the
development and scale of which depend on the block AR. The
determination of strain magnitudes demonstrates that the sinking
of a block causes the formation of closely-spaced zones of low and
high strains and that the salt around a sinking block experiences
a complex strain history characterised by successively changing
stress regimes. Sinking of dense blocks in nature should therefore
be evident from the occurrence of similar structures in the vicinity
of denser blocks, the observation of which might be limited by the
outcrop conditions along the walls of salt mines.

5. Conclusions

Our models demonstrate that, using the defined material
parameters, the gravitational force of a dense block exerted on the
surrounding viscous matrix results in the block sinking through the
matrix material. This process is accompanied by considerable
strain, particularly around the block in the salt, that results in the
formation of characteristic strain patterns. The block is sheared,
folded, and marginally eroded to approach a streamlined shape.
Around the block, an array of folds and shear zones develops in the
salt, characterised by zones of high adjacent to low strains.

The main focus of our models was the influence of the thickness
to width ratio (AR) of blocks within the range that occurs in natural
salt bodies containing boudins of anhydrite. The model results
demonstrate that the AR has considerable impact on the nature and
magnitude of strain within and around the block, as well as on the
sinking velocity of the block. A greater width of the block results in
higher internal strain, evident from a more pronounced folding.
The initial block AR and the efficiency of folding have a strong
influence on the sinking velocity of the block that is even stronger
than the effect of an increased mass with increasing block size
(cf. Fig. 5). Final sinking velocities range of ca. 1.7e3.1 mm/a.

Strain is not homogeneously distributed throughout the salt; the
highest strains occur above and along the lateral ends of the block.
Our models show the development of characteristic structural
domains around the sinking blocks, independent of their AR. These
domains develop due to salt flow in response of the gravitational
sinking of the block and include folds and shear zones in closely-
spaced arrays with extreme contrasts in strain magnitudes. The
block AR only accounts for the areal extent of these deformation
zones in the salt, with larger areas affected by larger blocks (higher
AR), and the development of these zones.
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