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Summary 20 

Two-dimensional Finite Differences models are used to analyse the strain produced by 21 

gravity-driven sinking of dense rectangular inclusions through homogeneous and vertically-22 

stratified Newtonian salt. We systematically modelled the descent of dense blocks of different 23 

sizes and initial orientations (aspect ratios) representing the Main Anhydrite fragments 24 

documented within e.g. the Gorleben salt diapir. Model results demonstrate that size of the 25 

blocks is a governing parameter which dictates the amount of strain produced within the block 26 

and in the surrounding host salt. Initial block orientation (aspect ratio), on the other hand, 27 

causes fundamental differences in block deformation, while the resulting structures produced 28 

in the salt are principally the same in all models with homogeneous salt, covering shear zones 29 

and folding of passive markers. In models with vertically-stratified salt with different 30 

viscosities, block descent takes place along complex paths. This results from  greater strain 31 

accommodation by the ―salt formation‖ with the lowest viscosity and an asymmetrical 32 

distribution of initial vertical shear stresses around the block. Consequently, in these models, 33 

block strain is lower compared with the models with homogeneous salt (for the same viscosity 34 

as the high-viscosity salt), and sinking is accompanied by block rotation. The latter causes 35 

diapir-scale disturbance of the pre-sinking salt stratigraphy and complex sinking paths of the 36 

blocks. In particular, vertically-oriented blocks sink into high-viscosity salt and drag with 37 

them some low-viscosity salt, while horizontal blocks sink in the low-viscosity salt. The 38 

resultant sinking velocities vary strongly depending on the sinking path of the block. Based on 39 

model results and observed structural configuration within the Gorleben salt diapir,  we 40 

conclude that the internal complexity of a salt diapir governs its post-ascent deformation. Salt 41 

structure and its interaction with dense blocks should hence be considered in the assessment 42 

of the long-term stability of storage sites for hazardous waste. 43 

 44 
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1. Introduction 48 

Salt diapirs of layered salt formations (e.g. Zechstein formation) are internally complex 49 

structures built up of mechanically and mineralogically different salt types (or lithologies) and 50 

often contain inclusions of e.g. limestone, anhydrite, and igneous rocks. The impact of such 51 

mechanically contrasting lithologies is not only visible during diapiric ascent, but also after 52 

ascent has ceased. Weinberg (1993) suggested that inclusions of sedimentary and igneous 53 

rocks with densities higher than the density of rock salt may start to sink through the salt 54 

when ascent rates are no longer sufficient to support the weight of the inclusion. This 55 

hypothesis is supported by analogue experimental and numerical results by Koyi (2000, 2001) 56 

and Chemia et al. (2008, 2009), triggering a vigorous debate about the question whether 57 

anhydrite blocks in natural salt structures are currently sinking or remain stable. The main 58 

argument against the sinking of dense inclusions in salt is that many of them are found in the 59 

upper part, instead of at the bottom, of salt structures (e.g. Stroczyk et al., 2010; van Gent et 60 

al., 2010) and that there is supposedly no recent movement of anhydrite in salt mines. This 61 

debate is all the more heated as it concerns the long-term stability of planned disposal sites for 62 

hazardous wastes in internally heterogeneous salt diapirs, a strategy that is strongly politically 63 

influenced. While we do not want to get involved in the political discussion, we believe that 64 

an open scientific dialogue is essential, whether anhydrite blocks are actually sinking or will 65 

sink under certain conditions (triggered by temperature, fluids, glaciations, tectonic stresses 66 

etc.) or not.  67 



In this respect, we present results of two-dimensional numerical models to understand 68 

the deformation associated with sinking of dense inclusions through a Newtonian salt diapir 69 

characterised by vertical stratification, i.e. vertically-dipping stratigraphic contacts. This setup 70 

with vertically stratified salt is based on the basic structural configuration found along the 71 

central axes and near the rims of natural salt structures as a consequence of diapiric 72 

emplacement (e.g. Hudec & Jackson, 2007). In some of these diapirs, such as the Gorleben 73 

diapir in Northern Germany, large blocks of anhydrite have been entrained within the diapir at 74 

the interface between different salt formations. In this study, the focus is on the internal 75 

deformation within a Newtonian salt diapir triggered by the gravity-driven sinking of such 76 

anhydrite inclusions. Three main parameters are systematically studied: block aspect ratio 77 

(AR), block orientation prior to its sinking, and salt heterogeneity. Our results are thus 78 

complementary to those of Chemia et al. (2009) and Burchardt et al. (2011a,b). Chemia et al. 79 

(2009) analysed the diapir-scale internal deformation within the Gorleben diapir due to the 80 

sinking of anhydrite blocks for different salt rheologies and the present-day structural 81 

configuration of Gorleben. Burchardt et al. (2011a,b) focussed on strain patterns in and 82 

around horizontal anhydrite blocks sinking through homogeneous Newtonian salt. With this 83 

study, we are therefore expanding on the work of Burchardt et al. (2011a,b) by modelling 84 

vertically stratified salt and block orientations ranging from horizontal to vertical, while 85 

generalising and systematising the object of research of Chemia et al. (2009). 86 

2. Geological background of a natural example: the Gorleben diapir, 87 

Northern Germany 88 

The Gorleben diapir is a NE-SW-trending, ~14 km long, and 3 to 4 km wide salt 89 

structure that intruded into the Mesozoic cover rocks of the North German basin (Fig. 1). It 90 

comprises the upper three out of four evaporite sequences of the Upper Permian Zechstein 91 

with a total initial thickness of 1.15 to 1.4 km (Zirngast, 1996). Due to detailed geoscientific 92 



studies including four exploratory wells, two shafts, and more than 40 wells exploring the 93 

overlying strata (Klinge et al., 2007; Bornemann et al., 2008; Bräuer et al., 2011), against the 94 

background of plans to establish a ―permanent‖ storage site for medium- to high-grade 95 

radioactive waste in this structure, Gorleben diapir is among the best studied salt diapirs 96 

worldwide. It is hence used as a base for the setup of our models (see Section 3). 97 

Ascent of salt is believed to have begun during Early to Middle Triassic above a 98 

structural high in the Zechstein salt surface. During Late Triassic to Jurassic, a salt pillow had 99 

formed that evolved into a diapir during Late Jurassic to Early Cretaceous (Zirngast, 1991). 100 

Diapiric growth continued with maximum ascent rates of 0.08 mm a
-1

 relative to the sinking 101 

overburden during Late Cretaceous (Zirngast, 1996). During Miocene and recent times, salt-102 

ascent rates of 0.02 mm a
-1

 are estimated (Zirngast, 1996). 103 

The stratigraphic sequence included in the Gorleben diapir consists mainly of halite and 104 

potassium salt (mainly carnallite) of Upper Permian age, starting with the Staßfurt formation 105 

(z2), continuing with the Leine (z3), and ending with the Aller formation (z4; Fig. 1), with 106 

original estimated thicknesses of 825 m, 320 m, and 60 m, respectively (Bornemann et al., 107 

1988). The Staßfurt formation (z2) comprises several sequences of rock salt, as well as one 108 

major potassium salt sequence. The Leine formation (z3) consists at its base of the so-called 109 

Main Anhydrite (z3HA), overlain by several salt sequences and a top sequence of interlayered 110 

potassium salt, rock salt, anhydrite, and clay. The Main Anhydrite (z3HA) has a maximum 111 

thickness of 70 m and consists of 93% anhydrite, 4% magnesite, and 3% carnallite, clay, and 112 

other minerals (Schnier, 1987). According to Kosmahl (1969), the Main Anhydrite consists of 113 

13 sub-units, based on sedimentary stratification and carbonate content. In general, the 114 

carbonate content increases from bottom to top. The Aller formation (z4) comprises a basal 115 

unit of clay-rich salt, followed by coarse-grained anhydrite, several rock salt sequences and 116 

clay-containing rock salt (Bornemann, 1982; Bornemann et al., 2008).  117 



Three exploratory wells, two main shafts, the main and a number of subsidiary drifts, 118 

and numerous exploration and geotechnical boreholes reveal that the evaporite formations 119 

within the Gorleben diapir are intensely folded at all scales with fold axes dipping ~30° 120 

(Bornemann, 1979). Folding of the z2 formation indicates its relative lower viscosity 121 

compared with the z3 and z4 evaporite sequences (Bornemann et al., 2008). The Main 122 

Anhydrite (z3HA) represents the main mechanical heterogeneity within the Gorleben diapir. 123 

Its density is considerably higher (the density of pure anhydrite is 3000 kg m
-3

), and it is 124 

considerably more viscous than rock salt. At diapir scale, the Main Anhydrite is folded 125 

together with the rising salt sequences but also fractured and sheared, resulting in the 126 

formation of separated segments ―entrained‖ as isolated rafts within the salt at the interface  127 

between the z2 and the z3 formations (Fig. 1) (Bornemann et al., 2008). In addition, potash 128 

salt that is intercalated with several of the salt formations may act as strain concentration 129 

zones due to its low viscosity. 130 

The structural complexity of the Gorleben diapir is thus characterised by the following 131 

general features: The three involved Zechstein formations are composed of evaporite 132 

sequences with different rheological properties. The main mechanical heterogeneity within 133 

the diapir is the 70 m thick Main Anhydrite (z3HA). The internal structure of the Gorleben 134 

diapir is characterised by intense folding at all scales, where the Main Anhydrite has been 135 

entrained as elongate, isolated rafts or blocks between two different salt formations belonging 136 

to the lower-viscosity z2 and the higher-viscosity z3 formations. In general, on diapir-scale, 137 

these blocks occur as vertical slabs within the stem of the diapir, horizontal boudins close to 138 

the base of the diapir and in its uppermost part, as upward- and downward-facing folds (Figs. 139 

1 and 2). The length of individual segments of the Main Anhydrite sequence ranges from less 140 

than 100 m to more than 1500 m. These segments are surrounded by complex folds in the salt, 141 

in cases even resembling pocket- or drop-like shapes (e.g. Fig. 2b). In the following, we will 142 



describe the setup and results of two-dimensional numerical models that analyse the 143 

formation and potential future evolution of these structures. 144 

3. Modelling background 145 

Based on the principal structural configurations of the Main Anhydrite segments within 146 

the Gorleben diapir, we set up three series of models according to the following modelling 147 

strategy. Each model analyses the deformation associated with the gravity-driven sinking of 148 

one anhydrite block. The block geometry was simplified to a rectangular shape with a 149 

thickness of 100 m. In order to account for the different lengths of anhydrite blocks in the 150 

Gorleben diapir, we ran models with a block length of 100 to 1000 m in five steps (100 m, 151 

300 m, 500 m, 700 m, 1000 m). To analyse the influence of the initial block orientation prior 152 

to sinking, the blocks were placed vertically or horizontally within the salt, resulting in 153 

thickness-to-width (aspect) ratios (AR) ranging from 1:10 to 10:1 (Fig. 3). 154 

In a first series of models (series A in Fig. 3), the block was placed within a rectangular 155 

reservoir of homogeneous salt with a width of 2000 m and a depth of 4000 m (or 5000 m for 156 

vertical slabs). Salt rheology was assumed to be Newtonian with a linear viscosity of 10
17

 Pa s 157 

and a density of 2200 kg m
-3

. This salt rheology is in accordance with estimations of the 158 

diapir-scale rheology of salt intrusions known from the literature (see Mukherjee et al., 2010, 159 

and references therein). The anhydrite block was assigned a linear viscosity 1000 times that of 160 

the salt (10
20

 Pa s). This is in accordance with the assumptions by Chemia et al. (2009), but 161 

based on rough estimations since the rheological properties of anhydrite at conditions relevant 162 

to our models are unknown, even if some studies exist on anhydrite rheology at high 163 

temperatures and strain rates (e.g. Müller & Siemes, 1974; Müller et al., 1981; Zulauf et al., 164 

2010). The anhydrite in the models was assigned a density of 2900 kg m
-3

, accounting for 165 

some impurity. The boundaries of the model were defined as free-slip boundaries. Since they 166 



also represent mirror planes, only half of the lateral geometry was modelled based on the 167 

lateral symmetry of the model geometry. 168 

In model series B, the model is 2500 m wide and 5000 m deep. The matrix salt is 169 

vertically layered similar to the central part of the Gorleben diapir (Fig. 1) and comprises two 170 

different salt types with a viscosity of 10
17

 Pa s on one side and 5 ˟ 10
16

 Pa s on the other side 171 

(Fig. 3), accounting for a lower viscosity of the z2 formation in comparison to z3 in the 172 

Gorleben diapir. Similar to the natural case, the ―anhydrite‖ block is placed along the 173 

interface between both salt units. In this series, only horizontal blocks with ARs of 1:3 and 174 

1:5 were analysed, because structural configurations of horizontal anhydrite slabs in vertically 175 

layered salt do not occur in the Gorleben diapir, apart from one horizontal anhydrite block 176 

located close to the roof of the diapir (cf. Fig. 1), and are thus mostly of theoretical interest. 177 

Model series C is equivalent to series B, but for the viscosity contrast between the two 178 

salt units, which is increased to one order of magnitude with salt viscosities of 10
16

 and 10
17

 179 

Pa s (Fig. 3). 180 

Models were run with the Finite Differences code FDCON (Weinberg & Schmeling, 181 

1992) that uses a stream function formulation that applies Cholesky decomposition of the 182 

symmetric matrix to solve the equations of conservation of mass and momentum. The 183 

equation of conservation of composition is solved by integration of the velocity field along 184 

particle paths of a dense set of marker points using a fourth-order Runge-Kutta algorithm 185 

combined with a predictor-corrector step. 186 

We chose a finite differences grid with a resolution of 401 in vertical direction and 101 187 

(series A) or 201 (series B and C), respectively, in horizontal direction with individual 188 

markers located every 10 to 12.5 m in vertical and horizontal direction. Free slip was enabled 189 

along all model boundaries, while compositional boundaries within the model were defined as 190 



adhesive and described by effective parameters that were derived from the arithmetic mean of 191 

the parameters (i.e. density, viscosity) of the adjoining materials. 192 

Our models are based on a number of assumptions and simplifications, including the 193 

two-dimensionality but also limitations regarding geometry and materials. All materials are 194 

homogeneous and isotropic neglecting any stratigraphic heterogeneities within the salt 195 

formations or the anhydrite. In particular, we do not consider the influence of weaker layers 196 

composed of e.g. potash evaporites or the influence of impurities on the density of the 197 

anhydrite layer. Furthermore, the materials used are incompressible and entirely viscous, i.e. 198 

no elastic behaviour of e.g. the anhydrite is enabled. The salt rheology in our models is 199 

Newtonian, based on diapir-scale rheology reported by Mukherjee et al. (2010). However, salt 200 

rheology is a complex product of e.g. composition, grain size, fluid content, temperature, and 201 

strain rate (e.g. Urai et al., 1986, 2008; van Keeken et al., 1993; Jackson et al., 1994). 202 

Therefore, salt rheology may even vary locally or be non-linear, which might result in 203 

deformation different from our model results. Moreover, our models are isothermal, 204 

neglecting temperature effects on the rheology. Limitations regarding geometry include the 205 

simplified, rectangular shape of the anhydrite blocks with thicknesses of 100 m (instead of 70 206 

m in case of the Main Anhydrite) and the perfectly straight interface between the two salt 207 

types. Hence, pre-existing deformation caused by salt ascent and emplacement along with the 208 

entrainment of the Main Anhydrite layer is neglected.  209 

 210 

To analyse the finite deformation of a fluid element in 2D we apply a method developed 211 

by McKenzie (1979). The finite deformation transforms a vector y0, which joins two particles 212 

at time t = 0, to a vector y(t) joining the same two particles at the time t > 0: 213 

 214 



y(t) = F(t) y0     (1) 215 

 216 

where F(t) is called the strain or deformation matrix. During an inhomogeneous 217 

deformation y0 and y(t) have to be infinitesimally small. If F(t) is known, one can describe the 218 

deformation of an initially circular fluid element into an ellipse, i.e. the finite strain ellipse. 219 

The matrix can be obtained by integration of the equation (McKenzie, 1979):  220 

 221 

DtFij = LikFkj     (2) 222 

 223 

where Dt is the Lagrangian derivative (i.e. the time derivative following a fluid particle) 224 

and Lij is the velocity gradient tensor (Malvern, 1969, p. 146). This equation can be integrated 225 

using the algorithm by McKenzie (1979): 226 

 227 

F
n+1

 = A
-1

BF
n
     (3) 228 

 229 

where: 230 

 231 

A = δij – Δt/2 Lij 232 

 233 

B = δij + Δt/2 Lij 234 

 235 

δij is the Kronecker delta and Δt is the time increment. A and B are calculated by the 236 

velocity gradient of the 2D Eulerian grid and interpolated to the markers. Then the 237 

deformation matrix can be integrated along the path of every single marker with equation (3). 238 

Hence, the information of deformation is transported through time and space by the advection 239 



of the markers. After integration, the matrix is interpolated back to the grid at certain times for 240 

illustration. Due to the incompressibility assumption, the volume of the ellipse, i.e. the 241 

determinant of the matrix, has to be constant. Tests show that the volume for every single 242 

marker changed by no more than 1% inside the model box. However, one still has to be 243 

careful at the boundaries of the box and at rheological interfaces. Interpolating the finite strain 244 

back to the grid, we obtain larger errors for higher viscosity contrasts (less than 10% error for 245 

a viscosity ratio of 100). Assuming that y0 describes a unit circle, one can calculate the half 246 

axis of the strain ellipse by (Schmeling et al., 1988): 247 

 248 

     (4) 249 

 250 

     (5) 251 

 252 

where 253 

 254 

 255 

 256 

 257 

 258 

The finite deformation can then be calculated with (McKenzie, 1979): 259 

f = log10(a/b)    (6) 260 

4. Results 261 

4.1 Anhydrite blocks sinking in homogeneous salt (series A) 262 



Dense blocks placed in homogeneous salt sink along straight paths. The block with an 263 

AR of 1:1 is characterised by slight horizontal stretching of its lower part (Fig. 4). Salt located 264 

above the block is dragged down with the descending block into an entrainment channel 265 

(Burchardt et al., 2011) that is characterised by the highest strain magnitudes and flanked by 266 

shear zones that show the same sense of shear on both sides. Directly below the block, a strain 267 

shadow in the salt occurs. The block and this low-strained (strain shadow) area in the salt are 268 

surrounded by a shear zone (―enveloping shear zone‖) during successive descent. Outside this 269 

shear zone, passive markers in the salt are folded (Fig. 4; Movie 1). As a whole, the highly-270 

strained area surrounding the block is approximately two times the block width.  271 

In analogy to the block with an AR of 1:1, vertically oriented blocks show very little 272 

block strain and similar deformation patterns in the salt as observed in the model with the AR 273 

1:1 block (Figs. 4 and 5; Movie 2). However, the enveloping shear zone along the thickness of 274 

the vertical blocks dips towards the lower block corner, thereby enclosing a less-strained 275 

portion of salt along the upper half and above the block (Fig. 4). By increasing the block 276 

thickness, more salt is enclosed by the enveloping shear zone (Fig. 5). In comparison, blocks 277 

initially oriented horizontally in the salt are folded into synforms (Fig. 4; Movie 3) with 278 

increasing magnitude of block strain at increasing block widths (Fig. 5) (cf. Burchardt et al., 279 

2011). The surrounding salt is strained in a wider area with wider blocks, but the produced 280 

structures resemble those in the models with the vertically oriented blocks. 281 

4.2 Anhydrite blocks sinking in vertically layered salt (series B and C) 282 

In contrast to the models of series A, blocks sinking in vertically layered salt of series B 283 

show complex descent paths. The block with an AR of 1:1 rotates anticlockwise relative to 284 

the surrounding salt towards the lower-viscosity salt during the early stages of sinking (Fig. 285 

6a; Movie 4). Salt above the block is dragged downwards in the entrainment channel first 286 



along the interface between the two salt formations, then within the higher-viscosity salt. 287 

Rotation of the block causes a sliver of the lower-viscosity salt to wrap around the lower half 288 

of the block, while the block continuously sinks within the higher-viscosity salt. 289 

Consequently, the block, enclosed by highly-strained lower-viscosity salt, sinks almost 290 

unstrained (Fig. 7) like a droplet, dragging lower-viscosity salt into the entrainment channel 291 

(Fig. 6a). 292 

Vertically-oriented blocks first rotate anticlockwise relative to the surrounding stratified 293 

salt and sink with their lower margin facing downwards into the higher-viscosity salt (Fig. 8a; 294 

Movie 5). Then the block rotates clockwise so that it rests on its right side when reaching the 295 

bottom of the model. During descent, the lower-viscosity salt only envelops the left side of the 296 

block and its upper left corner. In both salt formations, the early-formed strain patterns are 297 

similar to those observed in model series A. However, despite the different viscosities on 298 

either side of the block, the finite strain is surprisingly similar with slightly higher intensities 299 

in the lower- than in the higher-viscosity salt (Fig. 7a). With increasing thickness of the block, 300 

the initial rotation of the block decreases in intensity and instead, the downward movement 301 

dominates. Furthermore, block strain increases so that the block becomes slightly bent when it 302 

approaches the bottom of the model. 303 

The horizontal blocks of series B show an anticlockwise rotation relative to the 304 

stratified salt into the lower-viscosity salt (Fig. 9a; Movie 6). There, the enveloping shear 305 

zone develops first. In contrast to the horizontal blocks in series A, block strain is low, so that 306 

the block sinks almost unstrained with its lower left corner facing downward into the lower-307 

viscosity salt (Fig. 7c). This rotation causes the block to impinge the low-viscosity salt and 308 

drag the high-viscosity salt (with it) into the entrainment channel. Consequently, the 309 

enveloping shear zones are located in the low-viscosity salt only. During further sinking, the 310 

block is slightly folded, where folding becomes more intense with increasing block width. 311 



In model series C with a larger viscosity contrast between the two salt layers, block 312 

rotation is stronger so that the block with an AR of 1:1 rotates anticlockwise until its upper 313 

left corner faces downward during the early stages of sinking (Fig. 6b; Movie 7). In analogy 314 

to the B-series model, the block sinks within the higher-viscosity salt enveloped by low-315 

viscosity salt that is dragged downwards into the entrainment channel. During further sinking, 316 

block rotation reverses (to clockwise) so that the initial lower left corner faces downwards. 317 

Compared with the B-series model (Fig. 7b), the strain and overall disturbance of the initial 318 

stratification of the salt layers are much stronger (Fig. 10) with maximum finite strains of 319 

about 3.5 in series B and 4.5 in series C models. 320 

The descend of initially vertically-oriented blocks in the C-series models is 321 

characterised by an anticlockwise rotation of the blocks relative to the salt stratification that 322 

decreases in intensity at higher block thicknesses and is much more intense than in the B-323 

series models (Fig. 8b; Movie 8). For lower block thicknesses, the anticlockwise rotation is 324 

more pronounced than for higher block thicknesses and is followed by block bending, the 325 

intensity of which increases with increasing block thickness. For higher block thicknesses, a 326 

phase of clockwise rotation follows the anticlockwise rotation. The former is more 327 

pronounced for high block thicknesses. 328 

The initially horizontally-oriented block of series C with an AR of 1:3 rotates 329 

anticlockwise until its left side is facing downward, before it sinks and causes high strain 330 

within the low-viscosity salt, close to the interface between the two salt formations (Movie 9). 331 

After sinking about half the distance to the model bottom in the low-viscosity salt, dragging 332 

with it some high-viscosity salt, the block enters the high-viscosity salt and rotates clockwise 333 

as it approaches the bottom, with the initial lower left corner facing downward. The block is 334 

slightly strained and enveloped by a thin layer of low-viscosity salt that also encloses the 335 

high-viscosity salt that is dragged down with the upper, formerly right, part of the block. The 336 



highest strain is located in the entrainment channel and in the salt below the block. In 337 

comparison, the block with an AR of 1:5 rotates anticlockwise up to 80° (Fig. 9b; Movie 10). 338 

Then the block sinks into the low-viscosity salt but stays close to the interface between the 339 

two salt formations as it sinks. While approaching the model bottom, slight clockwise back 340 

rotation and progressive block bending of the downward-facing (left) side of the block occurs, 341 

while it sinks more and more into the low-viscosity salt away from the original location of the 342 

interface. The overall disturbance of the original salt stratigraphy is low with slight folding of 343 

the high-viscosity salt and strong shearing of the low-viscosity salt along the interface with 344 

the high-viscosity salt. Strain in the salt surrounding the block is higher than in the model 345 

with a block AR of 1:3 but lower than in the series-B model (Figs. 7c and 10c). 346 

4.3 Sinking velocities 347 

Sinking velocities were determined in the centre of the square and horizontally-oriented 348 

blocks and in the lower central part (at the same vertical distance from the lower block 349 

boundary as in the horizontal blocks) of the vertically-oriented blocks. For comparability 350 

reasons, we describe the velocity during the first 2000 m of sinking, i.e. before the block 351 

slows down as it approaches and ―feels‖ the model bottom. In general, sinking velocities of all 352 

blocks are lower in the initial stages before the blocks approach steady-state sinking (Fig. 11). 353 

This acceleration phase is particularly pronounced in the models with horizontally-oriented 354 

blocks (Fig. 11).  355 

In model series A, the block with an AR of 1:1 reaches a velocity of 1.69 mm a
-1

 (Fig. 356 

12). At greater block thicknesses, the velocity increases to 13.12 mm a
-1

 for the block with 357 

and AR of 10:1. To assess the effect of the shape of the vertical blocks, we ran a test model 358 

with a block with an AR of 1:1 (i.e. 100 m × 100 m) and the same excess mass as the block 359 

with an AR of 10:1 (2200 kg + 10 × 700 kg). The results give a final velocity of 64.41 mm a
-1

. 360 



The initially horizontal blocks of series A show a final velocity of 2.80 mm a
-1

 for the block 361 

with an AR of 1:10 (Fig. 12). However, the maximum velocity (3.07 mm a
-1

) is reached by 362 

the block with an AR of 1:5. 363 

In comparison, sinking velocities in model series B and C increase with decreasing 364 

viscosity of the salt formation to the left of the block, e.g. the block with an AR of 1:1 in 365 

series B reaches a final velocity of 3.67 mm a
-1

 compared with 5.20 mm a
-1

 in series C (Fig. 366 

12). For the vertical blocks, there is a non-linear increase in sinking velocity with increasing 367 

AR with a final velocity of 19.22 mm a
-1

 of the block with an AR of 10:1 in series B, and of 368 

30.05 mm a
-1

 in series C. In case of the horizontal blocks, the final velocities increase 369 

considerably compared with the vertically-oriented blocks, so that in series C, the horizontal 370 

blocks reach higher final velocities that the vertical blocks of the same size. For example in 371 

series C, the block with an AR of 1:5 reaches a velocity of 23.26 mm a
-1

, while the block with 372 

an AR of 5:1 reaches a velocity of 19.84 mm a
-1

 (Fig. 12). This is a consequence of the 373 

complex descent path of the horizontal blocks that sink mainly through the low-viscosity salt, 374 

whereas the vertical blocks sink through high-viscosity salt. 375 

5. Discussion of implications 376 

5.1  Influence of block size and orientation in homogeneous salt (series A) 377 

A comparison of the models of series A shows that there are fundamental differences in 378 

block deformation caused by the block size and its initial orientation. In general, an increase 379 

in block size increases the strained area in the salt and therefore the size of the structures that 380 

form (Fig. 5). Furthermore, strain within the block and the salt increases with increasing block 381 

size (Fig. 5). Vertical(ly-oriented) blocks are strained very little throughout their descent, 382 

whereas horizontal blocks are folded into a horse-shoe shape (Fig. 4) that is fluid-dynamically 383 

more favourable for sinking than their initial shape. In models with horizontal blocks, 384 



deformation within the ―salt‖ is manifested in a characteristic assemblage of structures that 385 

include the entrainment channel, a low-strain zone below the block, an enveloping shear zone, 386 

and folding of passive markers (Burchardt et al., 2011). In the models with vertical blocks, 387 

similar salt structures develop compared with those observed in models with horizontal 388 

blocks, but closer to the block so that the high-strain area in the salt is smaller (Fig. 5). In 389 

addition, there is a strain shadow in the salt that flanks the upper half of the vertical blocks 390 

and is enclosed by the enveloping shear zone that dips towards the lower block corners.  391 

5.2  Influence of salt stratification (series B and C) 392 

In comparison with the results of model series A, vertical stratification of the salt in 393 

series B and C influences the mode of descent of the block and resulting deformation of both 394 

the block and the hosting salt. In combination with the two parameters, block size and 395 

orientation, vertical salt stratification causes complex, diapir-scale deformation patterns 396 

within the hosting diapir. Since the low-viscosity salt generally accommodates more strain 397 

(cf. Figs. 7 and 10), strain concentration in the low-viscosity salt causes an initial phase of 398 

anticlockwise rotation of the block that is expressed by the horizontal component of the 399 

velocity field of the block during the initial stage of sinking (Fig. 13). As the blocks are 400 

connected to the high-viscosity salt at one half, vertical shear stresses are asymmetrically 401 

distributed, which causes their anticlockwise rotation. This is seen as a linear increase of the 402 

horizontal velocity with depth in the interval occupied by the block. Below the block, this 403 

causes salt flow towards the right half of the model. This is evident as positive horizontal 404 

velocities (Fig. 13a). However, as the model is laterally confined and the distance to the 405 

bottom is still large, a horizontal return flow is triggered in the lower part of the model; this is 406 

evident from negative horizontal velocities (Fig. 13a). Consequently, the interface between 407 

the two salt formations is deformed and displaced towards the left in all models with vertical 408 

blocks. Hence, the block encounters and impinges the high-viscosity salt as it descends 409 



further. Therefore, the initial velocity distribution (Fig. 13a) determines block rotation and 410 

controls whether the block moves within the low- or the high-viscosity salt (Fig. 13b and c), 411 

because it induces convection cells within the salt as a result of the spatial confinement of the 412 

model box. As most salt structures possess a finite dimension, we assume that such 413 

convection is taking place in natural salt structures as well. 414 

In case of the vertical blocks, the resulting deviation of the sinking path of the block 415 

from vertical descent (Figs. 6, 8, 9, 13b and c) is highest at a block AR of 3:1. Thinner (AR 416 

1:1) and thicker (AR >3:1) blocks sink along less deviated paths, because (1) the more 417 

compact-shaped blocks (e.g. AR 1:1) do not have enough working surface to be deflected and 418 

(2) thicker blocks need longer vertical distances to rotate into the position of being exposed to 419 

a large pitch angle. 420 

Generally, block rotation and sinking along complex paths results in higher block strain 421 

of vertically oriented blocks and lower block strain of horizontal blocks compared with series 422 

A. Vertical blocks sink into the high-viscosity salt dragging low-viscosity salt with them into 423 

the entrainment channel (Fig. 8), while horizontal blocks sink into the low-viscosity salt, 424 

because their initial anticlockwise rotation is much stronger (Fig. 9). In contrast to block 425 

folding in homogeneous salt, block rotation in vertically-stratified salt represents an 426 

alternative descent mechanism for initially horizontal blocks. Consequently, block strain in 427 

the models with horizontal blocks of series B and C is much less than in those of series A. 428 

Strain distribution in the vertically-stratified salt is controlled by the sinking path of the block, 429 

since it is mainly concentrated in the entrainment channel and the enveloping shear zone 430 

(Figs. 7 and 10). In addition to the characteristic deformation structures in the vicinity of the 431 

sinking block, the overall stratification of the salt is disturbed on model scale. 432 



A comparison between the results of model series B and C demonstrates that an increase 433 

in the viscosity contrast between the two salt formations causes an even stronger strain 434 

concentration in the low-viscosity salt (cf. Figs. 7 and 10). Hence, the initial anticlockwise 435 

block rotation is more pronounced (e.g. Fig. 9), which in turn influences the sinking path of 436 

the blocks. In case of the horizontal block with an AR of 1:3, this leads to a complex sinking 437 

path, first in the low-viscosity, then in the high-viscosity salt (see Movie 9). Furthermore, the 438 

increase in the viscosity contrast between the two salt layers causes a stronger overall 439 

disturbance of the initial stratification and higher block strain in the models with vertically-440 

oriented blocks (Fig. 8). 441 

Generally, and perhaps surprisingly, our model results show that not only all vertical 442 

blocks (e.g. Fig. 8) but also blocks with an AR of 1:1 (Fig. 6) or 1:3 (in series C; Movie S9 in 443 

the Auxiliary Material) descend through the high-viscosity salt, rather than moving slightly 444 

sideways into the low-viscosity salt to take ―the easy way‖, which one would intuitively 445 

expect on the grounds of extremum principles, such as that of minimum resistance. As 446 

discussed above, block rotation and the associated large-scale velocity field influenced by 447 

spatial confinement (Fig. 13a) play an important role and cause this ―counterintuitive‖ 448 

behaviour. 449 

5.3 Sinking velocities 450 

Two main parameters controlling sinking velocities are the block size and orientation. 451 

The vertically-oriented blocks of model series A experience an increase in final velocity with 452 

increasing block thickness (Fig. 12), as may be expected from an increase in mass. However, 453 

the test model demonstrates that the sinking velocity of the vertical blocks is not only a linear 454 

function of their mass, but also influenced by their shape (i.e. thickness). This shape effect of 455 

vertical blocks is also evident from increasing salt strain with increasing block thickness (Fig. 456 



5). In case of the horizontal blocks of series A, the shape effect is even stronger, causing a 457 

pronounced acceleration phase and much lower sinking velocities due to block deformation, 458 

as has been discussed in detail by Burchardt et al. (2011). More, specifically, block 459 

deformation during the acceleration phase results in a horse-shoe shape, a fluid-dynamically 460 

more favourable configuration than the initial block shape. This process is more effective at 461 

greater block width, explaining the higher block strain in the model with an AR of 1:10 (Fig. 462 

5). 463 

Two further parameters controlling sinking velocities are the salt viscosity and 464 

stratification. From Stokes’ law (Stokes, 1851), an increase in sinking velocity of a spherical 465 

object with the inverse decrease in matrix viscosity is expected. From series A to C, salt 466 

viscosity in the left side of the model decreases by one order of magnitude, i.e. an increase of 467 

sinking velocities in the range of one order of magnitude would be expected if the salt in 468 

series C was not stratified. That the salt formation with the lowest viscosity is indeed one 469 

controlling parameter is supported by the observation that the highest velocities occur in the 470 

models of the C series. However, the vertical stratification of the salt in model series B and C 471 

has severe influence not only on the sinking paths of the blocks and on block and salt 472 

deformation, but also on the sinking velocities. Vertical blocks in series B sink only about 1.5 473 

to 2 times faster than in series A, whereas those in series C sink about 2.3 times faster (Fig. 474 

12), even though most blocks sink through the high-viscosity salt. 475 

In the stratified models of series B, horizontal blocks still sink slower than the vertical 476 

blocks of the same size, as in series A. However, the difference in velocity between horizontal 477 

and vertical blocks is not as strong (Fig. 12). This is due to the fact that the horizontal blocks 478 

in series B have found a more efficient way to approach a fluid-dynamically stable sinking 479 

configuration: they rotate so that they sink as vertical slabs. In case of series B, the blocks 480 

experience more resistance by the low-viscosity salt compared with series C, where the low-481 



viscosity salt allows fast sinking of the rotated blocks, even faster than their originally vertical 482 

equivalents (Figs. 11 and 12), because their initially different sense of rotation lets them sink 483 

within the low-viscosity salt (Movies 9 and 10). 484 

These block-descent velocities predict sinking distances of about 3 to 30 km Ma
-1

, 485 

which probably exceeds expected values. As stated above, salt viscosities in the models (10
17

 486 

Pa s) have been selected to fit an average value of reported viscosities (Mukherjee et al., 487 

2010). However, according to van Keken et al. (1993), a linear viscosity of 10
18

 Pa s may also 488 

be likely for diapiric salt at depth. In this case, sinking velocities of our models can be scaled 489 

accordingly, lowering them by about one order of magnitude, i.e. 0.3 to 3 km Ma
-1

. 490 

5.4 Implications for natural salt diapirs 491 

The present-day configuration of natural salt diapirs reflects deformation processes 492 

during their emplacement and post-emplacement history that have produced complex 493 

structures. Even though our simplified model setup cannot account for this complexity, , the 494 

aim of our models was to simulate the strain pattern produced by post-emplacement sinking 495 

of entrained blocks and to unravel the influence of basic parameters, such as block aspect 496 

ratio and salt stratification on internal deformation of salt diapirs hosting denser blocks. The 497 

question whether anhydrite blocks are currently sinking or not is vigorously discussed among 498 

researchers, since the complexity of natural salt structures makes it difficult to distinguish 499 

ascent- and descent-related features. Apparently, sinking velocities predicted by our models 500 

would imply that all anhydrite blocks in e.g. the Gorleben diapir would have sunken to the 501 

diapir bottom. However, why this is not the case has also not been explained satisfactorily. 502 

Yet, that they have not reached the diapir bottom, does not mean that they are not sinking or 503 

will not sink under certain triggering conditions, such as temperature effects (exerted by e.g. 504 

the heat of nuclear waste), tectonic stresses, fluids, and glaciations. Our model results should 505 



therefore be seen as a contribution to the answer of the question about the effects of a sinking 506 

block, rather than whether blocks are currently sinking or not. 507 

One of the main results of our models (regarding natural salt diapirs, such as Gorleben) 508 

is that the internal stratification of the salt with different viscosities, such as the lower-509 

viscosity z2 formation adjacent to the higher-viscosity z3 formation in Gorleben salt diapir, 510 

has a strong influence on the gravitational sinking of dense inclusions, such as the Main 511 

Anhydrite. In contrast to models with blocks sinking in homogeneous salt (series A), complex 512 

sinking paths and diapir-scale disturbance of the pre-descent stratigraphy are produced in the 513 

vertically-stratified models (series B and C). During the earliest stages of block descent, block 514 

rotation towards the lower-viscosity salt occurs, which might be one possible explanation for 515 

the vergence of fold hinges of the Main Anhydrite in the lower structural levels of the 516 

northwestern part of the Gorleben Diapir (Fig. 1).  517 

Block rotation and further sinking of the blocks in our models results in successive 518 

detachment from the interface between the two salt formations. In some cases, this produces 519 

structural configurations that strikingly resemble those in the Gorleben Diapir (Fig. 15). Other 520 

structures observed in Gorleben may be explained by the interaction of several blocks. This 521 

may cause deformation patterns that differ from those produced by a single sinking block, as 522 

indicated by the results of a simple test model with several blocks sinking simultaneously 523 

(Fig. 14).  524 

Our observation that vertically-oriented blocks generally need very little time to 525 

accelerate to steady-state sinking and that horizontal blocks rotate to assume vertical 526 

orientations, indicate that a vertical slab is the fluid-dynamically most stable configuration for 527 

sinking. This might explain the ―absence‖ of dense inclusions (stringers) in some seismic 528 

images, because in contrast to subhorizontal, folded stringers, subvertically-oriented 529 



structures are more difficult to display on reflection seismic imaging (e.g. Stroczyk et al., 530 

2010; van Gent et al., 2010).  531 

6. Conclusions 532 

The results of two-dimensional finite differences models of rectangular, high-density 533 

inclusions (blocks) sinking in Newtonian salt demonstrate that initial block orientation and 534 

block size are two crucial parameters in terms of (1) block deformation, (2) salt deformation, 535 

and (3) velocity of block descent. In general, increasing block size results in higher strain in 536 

the block and the surrounding salt and, to a certain degree, a higher sinking velocity. The 537 

influence of block orientation is evident from the observation that sinking of vertical blocks is 538 

fastest and associated with smaller block strain and salt deformation compared with 539 

horizontally-oriented blocks sinking in homogeneous salt. The latter are characterised by 540 

severe deformation, resulting in folding into horse-shoe shapes. However, salt deformation 541 

during block descent generally results in basically the same structural configuration, 542 

independent of the block size and orientation, with shear zones enveloping the block, folds 543 

flanking the shear zones, and the entrainment channel above the block, where the highest 544 

strain occurs. 545 

In the models with vertical salt stratification with different salt viscosities, as known 546 

from diapirs like Gorleben, we observed that in general, strain is mainly accommodated by 547 

deformation of the lithology with the lower viscosity so that considerably lower block strain 548 

occurs compared with the models with homogeneous salt. Complex sinking paths of the 549 

blocks result from early-stage block rotation towards the lower-viscosity salt caused by 550 

asymmetrically distributed vertical shear stresses around the block and the effect of the spatial 551 

confinement of the system. . Hence, pre-sinking block orientation is less significant, as 552 

horizontal blocks rotate towards subvertical orientations in vertically layered salt. As a 553 



somewhat surprising result, our models show that the majority of the blocks investigated take 554 

a descent path through the high-viscosity salt, rather than taking ―the easy way‖ through the 555 

low-viscosity salt. In summary, our model results show that salt heterogeneity is the main 556 

parameter controlling post-emplacement deformation of salt structures associated with the 557 

gravity-driven sinking of dense inclusions. 558 
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 668 

Figure captions 669 

Fig. 1. NW-SE cross-section through the Gorleben diapir, including the intruded Upper 670 

Permian Zechstein formations (z1 to z4, in grey), the Main Anhydrite (in dark grey), the 671 

Mesozoic host formations (su to q), and the Lower Permian basement (ro). Modified from 672 

Bornemann et al. (2008).  673 

Fig. 2. Close-up images of portions of cross-sections through the Gorleben diapir 674 

displaying typical structures of anhydrite blocks at the interface between the salt sequences of 675 

z2 and z3. Colour coding as in Fig. 1. Locations of a), c), and e) are indicated in Fig. 1. 676 

Images b) and d) show sections of a different cross-section. Modified from Bornemann et al. 677 

(2008). 678 

Fig. 3. Scaled sketches of model set-ups. 679 

Fig. 4. Mesh plots of selected time steps during descent of blocks with ARs of 1:1, 5:1, 680 

and 1:5. The mesh displays every fifth marker of the marker field in vertical and horizontal 681 

direction. Markers in salt are displayed in black, while markes in the anhydrite block are 682 

displayed in green. Due to axial symmetry, only half the geometry of the models of series A 683 

was modelled (cf. Fig.3). The bottom of the model has been cut. The insets display close-ups 684 

of the area around the block (indicated by black boxes). 685 

Fig. 5. Mesh plots of all models in series A after about 500 m of descent of the blocks. 686 

The mesh displays every fifth marker of the marker field in vertical and horizontal direction. 687 

Markers in salt are displayed in black, while markes in the anhydrite block are displayed in 688 

green. Due to axial symmetry, only half the geometry of the models of series A was modelled 689 

(cf. Fig.3). The bottom of the model has been cut. Lower row displays close-ups of the area 690 

around the block (indicated by black boxes). 691 



Fig. 6. Mesh plots of selected time steps during descent of the block with an AR of 1:1 692 

in series B (a) and C (b). The mesh displays every fifth marker of the marker field in vertical 693 

and horizontal direction. Markers in low-viscosity (linear viscosity 5 × 10
16

 Pa s in a) and 10
16

 694 

Pa in b)) salt (left side of the model) are displayed in green, those in high-viscosity salt (10
17

 695 

Pa s) in blue, while markes in the anhydrite block are displayed in black. The insets display 696 

close-ups of the area around the block (indicated by black boxes). 697 

Fig. 7. Strain magnitude (see colour scale bar) and strain orientation (white trajectories) 698 

in series B models with block ARs of a) 5:1, b) 1:1, and c) 1:5. The bottom of the models 699 

have been cut at a depth of 2000 m. 700 

Fig. 8. Mesh plots of selected time steps during descent of the block with an AR of 5:1 701 

in series B (a) and C (b). The mesh displays every fifth marker of the marker field in vertical 702 

and horizontal direction. Markers in low-viscosity (linear viscosity 5 × 10
16

 Pa s in a) and 10
16

 703 

Pa in b)) salt (left side of the model) are displayed in green, those in high-viscosity salt (10
17

 704 

Pa s) in blue, while markes in the anhydrite block are displayed in black. The insets display 705 

close-ups of the area around the block (indicated by black boxes). 706 

Fig. 9. Mesh plots of selected time steps during descent of the block with an AR of 1:5 707 

in series B (a) and C (b). The mesh displays every fifth marker of the marker field in vertical 708 

and horizontal direction. Markers in low-viscosity (linear viscosity 5 × 10
16

 Pa s in a) and 10
16

 709 

Pa in b)) salt (left side of the model) are displayed in green, those in high-viscosity salt (10
17

 710 

Pa s) in blue, while markes in the anhydrite block are displayed in black. The insets display 711 

close-ups of the area around the block (indicated by black boxes). 712 

Fig. 10. Strain magnitude (see colour scale bar) and orientation (white trajectories) in 713 

series C models with block ARs of a) 5:1, b) 1:1, and c) 1:5. The bottom of the models have 714 

been cut at a depth of 2000 m. 715 



Fig. 11. Vertical position of the centre of the blocks as a function of time in a) model 716 

series A, b) model series B, and c) model series C. 717 

Fig. 12. Velocity of the blocks of all series after 2000 m sinking. 718 

Fig. 13. a) Horizontal velocity profile through the central axis of the models at t0. b) 719 

Horizontal component of the sinking path of the blocks (measured in the block centre of the 720 

square and the horizontal blocks and the lower central part of the vertical blocks) of series B. 721 

c) Horizontal component of the sinking path of the blocks (measured in the block centre of the 722 

square and the horizontal blocks and the lower central part of the vertical blocks) of series C. 723 

Fig. 14. Mesh plots of selected time steps during descent of three blocks with an AR of 724 

1:3 with salt-viscosity configuration of series B. The mesh displays every fifth marker of the 725 

marker field in vertical and horizontal direction. Markers in low-viscosity (linear viscosity 5 × 726 

10
16

 Pa s) salt (left side of the model) are displayed in green, those in high-viscosity salt (10
17

 727 

Pa s) in blue, while markes in the anhydrite block are displayed in black. Lower row displays 728 

close-ups of the area around the block (indicated by black boxes). 729 

Fig. 15. a) Close-up of part of the cross-section of the Gorleben diapir in Fig. 1 showing 730 

severely deformed blocks of the main anhydrite (dark grey) located at the folded interface 731 

between z2 and z3 salt formations. See Fig. 1 for key. b) Close-up of a section of a block with 732 

an AR of 1:3 at the interface between lower- and higher-viscosity salt in a model of series C 733 

producing a similar structure to that in a). 734 

Dynamic content 735 

Movie 1. Movie displaying the deformation of the marker mesh of a model with a block with 736 

an AR of 1:1 sinking in homogeneous salt (series A). 737 



Movie 2. Movie displaying the deformation of the marker mesh of a model with a block with 738 

an AR of 5:1 sinking in homogeneous salt (series A). 739 

Movie 3. Movie displaying the deformation of the marker mesh of a model with a block with 740 

an AR of 1:5 sinking in homogeneous salt (series A). 741 

Movie 4. Movie displaying the deformation of the marker mesh of a model with a block with 742 

an AR of 1:1 sinking in vertically-stratified salt (series B). 743 

Movie 5. Movie displaying the deformation of the marker mesh of a model with a block with 744 

an AR of 5:1 sinking in vertically-stratified salt (series B). 745 

Movie 6. Movie displaying the deformation of the marker mesh of a model with a block with 746 

an AR of 1:5 sinking in vertically-stratified salt (series B). 747 

Movie 7. Movie displaying the deformation of the marker mesh of a model with a block with 748 

an AR of 1:1 sinking in vertically-stratified salt (series C). 749 

Movie 8. Movie displaying the deformation of the marker mesh of a model with a block with 750 

an AR of 5:1 sinking in vertically-stratified salt (series C). 751 

Movie 9. Movie displaying the deformation of the marker mesh of a model with a block with 752 

an AR of 1:3 sinking in vertically-stratified salt (series C). 753 

Movie 10. Movie displaying the deformation of the marker mesh of a model with a block with 754 

an AR of 1:5 sinking in vertically-stratified salt (series C). 755 

756 
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Fig. 4 764 
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Fig. 5 766 
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Fig. 6 768 
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Fig. 8 772 
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Fig. 9 774 

 775 
Fig. 10 776 
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Fig. 12 780 
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