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ABSTRACT 17 

Salt structures typically form due to the post-depositional flow of salt triggered and 18 

maintained by allogenic drivers such as differential loading, gravity gliding, or shortening. 19 

Using ~26,000 km² of 3-D seismic reflection data and 34 wells from the Southern North Sea, 20 

we propose that the earliest regional deformation of the Southern Permian Basin salt giant 21 

(Zechstein Supergroup) was instead autogenic, being initiated by intra-salt diagenetic 22 

processes. The synclines of the earliest salt-cored folds overlie ridges of intrasalt gypsum that 23 

converted to anhydrite at the end of the Permian. Triassic onlap and truncation show that 24 

these folds formed immediately after salt deposition, long before regional Paleogene–25 

Neogene shortening, and that the curvilinear, variably oriented hinges parallel neither the sub-26 

salt fault network nor the dip of the detachment, as allogenic mechanisms would predict. 27 

Numerical experiments show that the density contrast created by intrasalt diagenesis may 28 

have caused the gypsum ridges to founder into the underlying halite, drawing down the 29 

depositional surface, forming depressions ultimately filled by Triassic sediment. A significant 30 

component of early-stage salt tectonics in the Southern Permian Basin may therefore be 31 

autogenic in origin, with the distribution of the much younger shortening structures being 32 



dictated by diagenetic reactions within the evaporite rather than by regional, plate-driven 33 

stresses. Regional tectonism subsequently amplified these structures, which nonetheless retain 34 

a record of key control on their distribution.  35 

INTRODUCTION 36 

Salt tectonics is conventionally attributed to allogenic controls with gravity as the driver, 37 

acting on an overburden of uneven thickness or on a tilted base; and tectonic events supplying 38 

the trigger, whether through sub-salt basement reactivation or far-field shortening (Jackson 39 

and Hudec, 2017). In layered evaporite sequences (LESs; Rowan et al., 2019), the internal 40 

stratigraphy of the salt, notably its competent carbonate and sulfate layers, is typically treated 41 

as a passive strain marker and may provide insights into the trigger, style, and driver of salt 42 

flow.  43 

Imaged almost continuously by three-dimensional (3-D) seismic data, extensively drilled (Fig. 44 

S1), and only moderately deformed, the Southern Permian Basin (SPB) is an exceptional 45 

laboratory in which to test that assumption. This E–trending intracratonic basin (Ziegler, 46 

1990) contains the Zechstein Supergroup (ZSG) (Lopingian), which was deposited in five 47 

evaporite cycles (Z1–Z5; Smith and Crosby, 1979; Taylor, 1998; Fig. 1). The most prominent 48 

stratigraphic internal marker, the Z3 anhydrite (Z3a), produces high-amplitude reflections 49 

mappable basin-wide (the “Z3a stringer”; Mattes and Conway Morris, 1990; van Gent et al., 50 

2011). 51 

The ZSG was repeatedly remobilized into stocks, walls, and salt-cored folds (Brennan et al., 52 

2023). Halokinesis began in the Triassic in response to sub-salt fault reactivation and 53 

sediment loading, continued during Jurassic–Early Cretaceous rifting, and culminated in Late 54 

Cretaceous–Paleogene shortening that squeezed pre-existing diapirs and generated salt-55 

detached buckle folds (Stewart and Coward, 1995; Geluk, 1999; Brennan and Adam, 2023). 56 



Each of these allogenic mechanisms predicts structures parallel to sub-salt faults or 57 

depocenter axes, or perpendicular to the regional shortening direction. 58 

Across the SPB, Z3a contains a network of anomalously thick zones (ATZs); these are 59 

curvilinear ridges of former gypsum, now anhydrite, that occupy about one third of the unit 60 

volume and show no preferred orientation or relation to basement structure (van Gent et al., 61 

2011; Moneron, 2025). Their conversion to anhydrite during deposition of the overlying Z3 62 

salts made them ~700 kg/m³ denser than the underlying halite (Moneron and Jackson, 2025), 63 

and their sinking folded the stringer into synclines cored by the ATZs (Aldridge et al., 2026). 64 

Should foundering of the ATZs also draw the overlying halite downwards, generating a 65 

depression at the depositional surface? Whether intrasalt folding is the only record of this 66 

process remains untested. 67 

Stratigraphic framework of Zechestin and Meso-Cenoizoic units (Fig. S2), the ATZ network, 68 

and earlier models of regional salt tectonics are reviewed in the Supplemental Material.  69 

 70 

 71 



Figure 1. Setting and Z3 anhydrite (Z3a) network of anomalously thick zones (ATZs). Inset: Southern Permian Basin (SPB), 72 

adjacent basins (NPB, Northern Permian Basin; PB, Polish Basin; MNSH, Mid North Sea High) and Zechstein extent. Main 73 

panels: ATZ network (white) in the UK and Dutch areas of interest (AOIs), with 3-D seismic coverage (outlines) and wells 74 

(circles). (A) Seismic section through the UK AOI: an ATZ cores a syncline that persists into the Cenozoic. Full 75 

chronostratigraphy in the Supplemental Material (Fig. S2). 76 

 77 

DATA AND METHODS 78 

Data 79 

We interpreted ~26,000 km² of 3-D seismic reflection data from the UK and Dutch sectors of 80 

the Southern North Sea tied to 34 wells from the national repositories (Fig. S1). The data are 81 

zero-phase and displayed with SEG reverse and normal polarities (insets of Fig. 2D). At the 82 

Z3a level, a dominant frequency of 25–30 Hz and interval velocity of 5000–6000 m/s give a 83 

limit of separability (λ/4) of ~50 m (Supplemental Material). 84 

Horizon interpretation 85 

Six horizons were tied to wells and mapped regionally: Base ZSG, Base Z3a, Top Z3a, Top 86 

ZSG (= Base Triassic), Top Bunter (= Base Rijnland), and Base Cretaceous (= Base Chalk). 87 

ATZs were delineated from the Z3a isopach using a 55 m threshold (Fig. 2E), which marks 88 

both the upper limit of the background thickness population and the thickness above which 89 

the Z3a exceeds the limit of separability. The network was also traced from root-mean-square 90 

(RMS) amplitude map extracted from the Top Z3a horizon, or the Base Z3a where the Top is 91 

discontinuous.  92 

Numerical modeling 93 

We modeled the gravitational sinking of dense anhydrite ATZs within halite by solving the 2-94 

D incompressible Stokes equations for a Newtonian viscous rheology, with finite differences 95 

on a staggered grid and Lagrangian markers (Gerya and Yuen, 2003, 2007). The reference 96 



domain (5 × 1 km, 10 m resolution) and contains four ATZs, 200 m wide and 150 m thick, 97 

spaced 1 km apart and joined by a 50-m-thick basal anhydrite layer, matching the definition of 98 

ATZs (van Gent et al., 2011; Moneron et al., 2025) and fitting our dataset observations. Halite 99 

and anhydrite densities are 2200 and 2900 kg/m³, and viscosities 10¹⁷ and 10¹⁹ Pa s (Koyi, 2001; 100 

Burchardt et al., 2011, 2012). The system first evolves under its own weight; the deformed 101 

configuration is then overlain by material with sand density (2400 kg/m³) and viscosity (1019 102 

Pa·s), to test its response to loading. Other model experiments include ATZs detached from the 103 

basal layer, as well as variations in ATZ-halite density and viscosity contrasts, and ATZ size 104 

and spacing (Supplemental Material). 105 

 106 

RESULTS 107 

The Z3a and its anomalously thick zones 108 

In both sectors, the Z3a is a continuous, high-amplitude reflection doublet that is positive at 109 

its top (tZ3a) and negative at its base (bZ3a). Well data indicate it is dominated by anhydrite 110 

(Figs. 2D, S2). 111 

In plan view, ATZs form a dense, interconnected network (Figs. 2A–2C), enclosing polygonal 112 

cells of background-thickness Z3a. The fact that the network is resolved independently by 113 

both amplitude and thickness, in two areas, mapped with different surveys, establishes it as a 114 

property of the Z3a rather than an artifact of either method. 115 

The Z3a thickness distribution is bimodal (Fig. 2E): a narrow background population centered 116 

on ~47 m covers 67% of the mapped area, and a distinct, long-tailed ATZ population covers 117 

the remaining 33%, decaying from a mode at 55–58 m to >127 m. The break at 55 m, just 118 

above the limit of seismic separability, provides an objective criterion to separate ATZs from 119 



the background Z3a, so that the network compared with the overburden in Figure 3 is defined 120 

independently of the structures it is compared with.  121 

 122 

Figure 2. Distribution, thickness and seismic expression of the Z3a ATZ network. (A) UK sector: root-mean-square 123 

amplitude on the Top Z3a. (B, C) Dutch sector: Z3a isopachs. (D) Sections (d′, d″, d‴) tied to wells 44/14-1, KPD-01 and 124 

G18-01, showing ATZs in the cores of synclines expressed upward to the Base Cenozoic (enlarged in Fig. S3). (E) ATZ 125 

thickness distribution (inset: full Z3a). tZ3a, bZ3a: top and base Z3 anhydrite. 126 



ATZs and regional synclines 127 

ATZs underlie the synclines of a subset of the large salt-cored buckle folds that deform 128 

Mesozoic and Cenozoic strata (Fig. 3). They trend parallel to the hinges of the overlying 129 

synclines for tens of kilometers, including through sharp changes in trend; where the ridges 130 

bifurcate, so do the synclines, and isolated ATZ mounds underlie equant depressions. This 131 

relationship is observed in both sectors. 132 

The relationship is not universal, however: some synclines of comparable wavelength and 133 

amplitude lack an underlying ATZ, and parts of the network lie where the ZSG is 134 

undeformed. Only where the two coincide, however, does the overburden record the 135 

geometries described below. 136 

Syn-kinematic stratal geometries 137 

Above ATZ-cored synclines, Lower Triassic reflections onlap the fold flanks, whereas Upper 138 

Triassic strata are more tabular and isopachous, extend beyond the synclines, and are folded 139 

across the adjacent anticlines (Figs. 3a′, 3a″, 3b′). Across the anticline crests, the Upper 140 

Triassic is locally truncated by the Base Cretaceous Unconformity (Figs. 3b″, 3c′). 141 

Where synclines of comparable geometry lack an ATZ, none of these relationships are 142 

observed: instead, the entire Triassic sequence is isopachous across the fold hinge, and its 143 

reflections are parallel and conformable, without onlap (Fig. S7). These folds therefore post-144 

Triassic. 145 

 146 



 147 

Figure 3. ATZs, post-salt synclines, and the stratal geometries above them. ATZ network (dark red) overlain on each map. 148 

(A) UK sector: Top Bunter time-structure and Upper Triassic isopach; a′ and a″ show Lower Triassic onlap onto the flanks of 149 

ATZ-cored synclines (inset defines the geometry). (B) Dutch sector: Base Rijnland depth-structure and Triassic isopach; b′ 150 

shows onlap, and b″ Triassic strata truncated beneath the Base Cretaceous over the flanking high. (C) Dutch sector: Base 151 

Chalk time-structure and Triassic isopach; c′ and c″ show the same relationships. Enlarged sections, maps without the 152 

overlay, and regional sections in Figs. S4–S6. 153 



MODELING AND DISCUSSION 154 

Model results 155 

The models test whether ATZ sinking can generate the observed folds. Sinking begins after the 156 

conversion of gypsum to anhydrite (c.f. Moneron and Jackson, 2025), when densified ATZs is 157 

encased in halite (Fig. 4A, Stage 1). 158 

The ATZs sink at 1–2 mm/yr while the interconnecting segments of the (Z3a) anhydrite layer 159 

rise at 1–1.5 mm/yr, producing ATZ-cored synclines separated by anticlines, with negligible 160 

lateral shortening (Fig. 4A, Stages 2–3). The deformation is transmitted upward through the 161 

overlying halite, depressing the upper surface directly above each sinking ATZ, forming 162 

depressions ~300 m deep and 400–500 m wide within 200 k.y. 163 

Under a sand load (Fig. 4A, Stages 4–5), subsidence above the ATZs continues, deepening the 164 

synclines by a further ~50 m over 1 m.y. as halite is expelled toward the flanking anticlines. 165 

The inherited depressions thus evolve into minibasins resembling the observed Triassic lows 166 

observed in seismic data (Fig. 3). 167 

Parametric studies reveal density and viscosity contrasts mainly govern sinking rates, whereas 168 

ATZ size and spacing determine the amplitude and wavelength of the folds (Figs. S13–S16). 169 

Detached ATZs sink faster (~4–5 mm/yr) and reach the base of the salt within 135 k.y., whereas 170 

attached ATZs, restrained by the layer, remain suspended (Figs. S9–S11); a more viscous layer 171 

further slows ATZ sinking. 172 

 173 

INTERPRETATION AND DISCUSSION 174 

Evolutionary Model 175 



Every mechanism previously invoked for regional salt tectonics in the SPB is allogenic, 176 

predicting the formation of folds whose trend is determined externally (Stewart and Coward, 177 

1995; Cloetingh et al., 1999; Deckers and van der Voet, 2018; Gaitan and Adam, 2023). We 178 

show that the ATZ-cored synclines track the curvilinear, almost random orientation of the 179 

ATZ network, and that only they preserve Triassic growth strata. Based on this, we argue that 180 

the formation and distribution of the earliest folds was instead autogenic, being controlled by 181 

the salt itself.  182 

The causal sequence rests on a different line of evidence (Fig. 4B). We propose that gypsum 183 

ridges grew on the Zechstein depositional surface (T1; Moneron, 2025) and, once buried 184 

beneath Z3 halite, converted to anhydrite, which is stable at shallow burial in NaCl-saturated 185 

brine (Hardie, 1967). The conversion is dated in the SPB by collapse structures in and above 186 

the overlying halite (T2; Moneron and Jackson, 2025). The density inversion thus predates the 187 

Triassic extension and associated loading conventionally invoked to explain the initiation of 188 

basin-scale salt tectonics. The densified ATZs then foundered into underlying halite, folding 189 

the stringer (Aldridge et al., 2026) and drawing the top of the salt down into synclines wider 190 

than the ridges (T3). Foundering began in the Lopingian, but its surface expression is first 191 

recorded in the earliest Triassic by Lower Triassic onlap, whereas truncation of the Upper 192 

Triassic beneath the Base Cretaceous Unconformity over the intervening highs brackets 193 

minibasin growth (T4). Our models show that the density contrast alone suffices to produce 194 

this sequence of events (Fig. 4A). 195 

In both the seismic data and the models, the depressions are much wider (2–5 km) than the 196 

ATZs (0.5–1 km) (Fig. 3), and 400–500 m above 200-m-wide blocks (Fig. 4A). Each ATZ is 197 

attached to the Z3a, which is more viscous than the encasing halite and cannot bend sharply; 198 

as the ATZ sinks it therefore drags the adjacent layer down, and the layer sags over a width 199 



set by its thickness and viscosity, rather than by the size of the ATZ alone (Ribe, 2001). A 200 

ridge a few hundred meters across can thus produce a kilometer-scale depression. 201 

Sediment then accumulates preferentially in the depressions, and the system enters the regime 202 

of density-driven minibasin subsidence familiar from other salt basins (Hudec et al., 2009; 203 

Fernandez et al., 2020): the sediment load expels salt from beneath the depocenter, amplifying 204 

the relief that created the accommodation and eventually welding the salt beneath the 205 

synclinal axes. Thereafter, subsidence no longer depends on the anhydrite-halite density 206 

contrast. Model sinking rates (1–2 mm/yr attached, ~4–5 mm/yr detached) are comparable to 207 

those modeled for anhydrite blocks in Newtonian salt (~2–13 mm/yr; Koyi, 2001; Burchardt 208 

et al., 2012), and sinking slows markedly once the underlying halite thins to 100–200 m. 209 

Why connected anhydrite ridges never hit rock bottom  210 

Intrasalt density inversion models predict that dense anhydrite founders to the base of the salt, 211 

a configuration rarely observed in natural systems (Koyi, 2001; Chemia et al., 2008; Strozyk 212 

et al., 2012). Our models reproduce this outcome only for ATZs detached from the Z3a, and 213 

the seismic data show the same contrast: the few detached ATZs rest on the base of the salt 214 

(Fig. S8), whereas attached ATZs, which form most of the network, lie several hundred 215 

meters above it (Fig. 2D). ATZs rarely reach the base of the salt because most remain 216 

attached, not because the density inversion is ineffective. The ATZ dynamic pressure anomaly 217 

is spread along the Z3A layer rather than confined to the ATZ only (Fig. S10), so the 218 

gradients that expel halite from beneath them are gentler; at such low stresses halite creep 219 

slows by orders of magnitude (Rowan et al., 2019), and attached ATZs remain suspended 220 

over geological time. 221 

 222 



 223 

Figure 4. Numerical and conceptual models of ATZ foundering and minibasin nucleation. 224 

(A) Model evolution: Z3a layer (black) with four ATZs in halite (blue and cream markers), 225 

from densified ATZs (Stage 1) through foundering (Stages 2–3) to sediment loading (Stages 226 

4–5); full evolution in Fig. S12 and parameters in Table S2. (B) Conceptual model (T1–T4) 227 

for the genesis of Triassic depressions above sinking ATZs. 228 



Implications and limitations 229 

The internal stratigraphy of a LES can define the structures that develop above it, rather than 230 

merely record salt flow (Strozyk et al., 2012; Raith et al., 2016; Moneron and Gvirtzman, 231 

2025), with bearing on weld position and seal integrity for subsurface storage (Caglayan et al., 232 

2020). The same latent instability should exist wherever sulfate was deposited as gypsum and 233 

later converted to anhydrite (Warren, 2006; Célini et al., 2024). Two-dimensional model 234 

limitations are provided in the Supplemental Material.  235 

 236 

CONCLUSIONS 237 

In the Southern North Sea, a distinct population of regional salt-cored folds is organized by 238 

anomalously thick zones of the Z3 anhydrite: only above these do Triassic strata thicken into 239 

the synclines and onlap their flanks, with truncation over the intervening highs. The density 240 

contrast created by gypsum-to-anhydrite conversion suffices to founder the ATZs, to deflect 241 

the depositional surface over a width exceeding their own, and to nucleate minibasins whose 242 

load then drove salt withdrawal and welding. Because the ATZs remain part of a continuous 243 

layer, their foundering is self-limiting. 244 

The position of these structures was therefore set from within the evaporite, by a diagenetic 245 

reaction, before any of the allogenic mechanisms conventionally invoked was imposed. The 246 

internal stratigraphy of a salt giant initiated, rather than merely recorded, its deformation. 247 

 248 
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 346 

1. SUPPLEMENTAL BACKGROUND 347 
1.1. Zechstein stratigraphy and intrasalt heterogeneity 348 

In the North Sea the Zechstein Supergroup (ZSG) comprises five stratigraphic units (Z1–Z5; Smith 349 
and Crosby, 1979; Geluk, 1999), each recording a cycle of carbonate, sulfate, halite, and K-Mg salt 350 
precipitation. The Z3 (Leine) cycle includes the ~50-m-thick, anhydrite-dominated Z3a 351 
(Hauptanhydrit), the 100–200-m-thick, halite-dominated Z3h, and the K-Mg-rich Z3k, which is 352 
locally up to 90 m thick (Smith and Crosby, 1979; Taylor, 1998). The Z3k is conformably overlain by 353 
the Roter Salzton, a ~15-m-thick, isopachous claystone marking the transition to the Z4 cycle (Richter-354 
Bernburg, 1955). 355 

The Z3a is regionally ~45–50 m thick, although it locally contains anomalously thick zones (ATZs) 356 
that are up to ~150 m thick (Fulda, 1929; van Gent et al., 2011; Moneron, 2025) and which form an 357 
interconnected network of sinuous ridges and elliptical mounds traceable for >100 km. Individual 358 
segments of the ATZ network extend for several tens of kilometers. ATZs are interpreted as syn-359 
depositional gypsum buildups (Moneron, 2025).  360 

Primary gypsum (c. 2.3 g/cm³) is only marginally (7%) denser than halite (c. 2.15 g/cm³), but its 361 
conversion to anhydrite (c. 2.95 g/cm³) imposes a contrast of c. 700 kg/m³, 37% greater than halite, 362 
while synchronously reducing solid volume by 30%–40% (Borchert and Muir, 1964; Jackson and 363 
Hudec, 2017). In the context of the ZSG, Moneron and Jackson (2025) used seismic-stratigraphic 364 
techniques to date the conversion of the Z3a gypsum to anhydrite to the time of Z3h deposition, after 365 
c. 300 m of burial. Aldridge et al. (2026) then showed that the resulting densification folded the 366 
stringer itself, generating 1–2 km wavelength intrasalt synclines cored by ATZs, with negligible lateral 367 
shortening, no orientation bias, and demonstrably predating regional salt tectonics. 368 

1.2. Mechanisms of regional folding 369 

Salt mobilization in the Southern Permian Basin (SPB) began in the Triassic across most sub-basins, 370 
and proceeded in pulses through Jurassic rifting, Late Cretaceous to Paleocene inversion, and locally 371 
into the Cenozoic (Harding and Huuse, 2015; Brennan and Adam, 2023; Gaitan and Adam, 2023).  372 

Four mechanisms have usually been invoked, all allogenic: gravity gliding on the tilted Zechstein 373 
detachment (Stewart and Coward, 1995), differential loading by the overburden (Gaitan and Adam, 374 
2023), reactivation of sub-salt faults during Sub-Hercynian and Laramide shortening (Deckers and van 375 
der Voet, 2018), and whole-lithosphere buckling under far-field stresses (Cloetingh et al., 1999). Each 376 
predicts folds whose pattern is set by an external control: the dip of the detachment, the depocenter 377 
geometry, the basement fault grid, or the regional stress field. The one intrasalt mechanism proposed 378 
so far, diagenetic densification of the stringer (Aldridge et al., 2026), operates solely within the salt; 379 
and although syn-depositional relief is known to localize overlying Triassic minibasins (Joffe et al., 380 
2023), the salt has never been considered a source of the deformation it records. 381 

2. SUPPLEMENTAL DATA 382 

2.1. Seismic data 383 

This study uses 26,533 km² of three-dimensional (3-D) seismic reflection data from the UK and Dutch 384 
sectors of the Southern North Sea (Fig. S1). The UK dataset (~16,000 km²) is drawn principally from 385 
the PGS Southern North Sea MegaSurvey, a merge of 86 individual pre-stack time-migrated surveys 386 
rebinned to a common datum and phase. The Dutch dataset (~10,000 km²) comprises five surveys 387 
released through the TNO/NLOG public repository. All volumes are zero-phase and are displayed 388 



with SEG normal polarity, so that downward increases and decreases in acoustic impedance 389 
correspond to positive and negative reflections, respectively. Bin spacing is 25 × 25 m throughout. 390 

Resolution within the dataset varies because each component survey was processed with its own 391 
parameters, including dominant frequency. At the intra-Zechstein level, a dominant frequency of 25–392 
30 Hz is combined with interval velocities of ~5000–6000 m/s. The corresponding limit of separability 393 
(λ/4), below which the top and base reflections of the Z3a interfere and its thickness cannot be 394 
measured independently, is ~42–60 m. The limit of visibility (λ/8), the thinnest interval still producing 395 
a detectable amplitude response, is ~21–30 m. Lateral resolution is set by the 25 m bin spacing. 396 

Because the component surveys retain their individual acquisition and processing parameters, 397 
amplitude scaling and frequency content vary between sub-areas. Analyses that depend on absolute 398 
amplitude, principally the root-mean-square (RMS) extractions used to delineate the ATZ network 399 
where the Top Z3a is discontinuous, were therefore performed survey by survey and compared 400 
qualitatively; they are not merged into a single quantitative amplitude grid. Thickness-based analyses, 401 
which depend on reflection timing rather than amplitude, are unaffected and carry the quantitative 402 
argument. 403 

 404 

2.2. Well data 405 

Thirty-four boreholes calibrate the interpretation: 24 in the UK sector, released through the North Sea 406 
Transition Authority (NSTA), and 10 in the Dutch sector, released through TNO/NLOG (Fig. S1). 407 
Wells were selected on penetration of a seismically resolved Z3a interval and on the availability of a 408 
composite log suite. Reported formation tops follow the operator composite logs, cross-checked 409 
against the national stratigraphic nomenclatures. 410 

 411 
Fig. S1. Seismic and well database. Outlines of the 3-D surveys interpreted in the UK (left) and Dutch (right) sectors of the 412 
Southern North Sea, with the 34 calibration wells (circles). Inset: regional setting (MNSH, Mid North Sea High; NPB, 413 
Northern Permian Basin; SPB, Southern Permian Basin; PB, Polish Basin). Bathymetry in meters. 414 

 415 



3. SUPPLEMENTAL METHODS 416 

3.1. Chrono- and seismo-stratigraphic framework 417 

Interpretation is referred to the chrono- and lithostratigraphic schemes of the UK and Dutch sectors, 418 
which differ in nomenclature but are correlative at the level of the horizons mapped here (Fig. S2A). 419 
The two schemes are placed on a common absolute time scale so that equivalent units can be read 420 
directly against one another: the Zechstein Group (NL) and Zechstein Group (UK) are a single body, 421 
the Lower and Upper Germanic Trias groups correspond to the Bacton and Haisborough groups, and 422 
the Rijnland Group corresponds to the Cromer Knoll Group. Within the Zechstein, the Z1–Z5 cycles 423 
and the position of the Z3a (Hauptanhydrit) between the Grauer Salzton and the Z3 halite are shown in 424 
Figure S2B, together with the reflections picked at its top and base. 425 

3.2. Seismic-to-well tie 426 

All boreholes were used to calibrate the seismic data, selected on the availability of sonic, density and 427 
gamma-ray logs and on penetration of a seismically resolved Z3a interval. Synthetic seismograms 428 
were generated from the sonic and density logs, referenced to seismic datum using check-shot and 429 
vertical seismic profile (VSP) data where available, and convolved with a bandpass wavelet matched 430 
to the frequency content of the data at the target level. 431 

The ties confirm the polarity and log expression of each mapped surface (Figs. S2A, S3). The Top Z3a 432 
corresponds to a positive-amplitude reflection marking the downward transition from Z3 halite into 433 
anhydrite, expressed as a sharp downward increase in density and decrease in sonic transit time. The 434 
Base Z3a corresponds to a negative-amplitude reflection at the anhydrite–Z2 halite contact, 435 
accompanied by a downward increase in gamma ray across the basal Grauer Salzton and 436 
Plattendolomit (cf. Moneron, 2025). The Base Zechstein and Top Zechstein were tied to the Top 437 
Rotliegend and the Base Triassic respectively, and the Top Bunter (= Base Rijnland) and Base 438 
Cretaceous (= Base Chalk) were calibrated as laterally continuous markers within the post-salt 439 
succession. 440 



 441 
Fig. S2. Stratigraphic framework. (A) Chrono- and lithostratigraphy of the UK (left) and Dutch (right) Southern North Sea on 442 
a common time scale, tied to wells 44/14-1 (TWT) and Koopolder-01 (depth); colored markers are the horizons mapped in 443 
this study. (B) Zechstein lithostratigraphy, showing the Z3a (Hauptanhydrit) and the interval imaged in Figure 2D. 444 

3.3. Horizon interpretation 445 

Six horizons were calibrated against wells and mapped regionally: Base Zechstein, Base Z3a, Top 446 
Z3a, Top Zechstein (= Base Triassic), Top Bunter (= Base Rijnland), and Base Cretaceous (= Base 447 
Chalk). Interpretation began on a manual grid of ~200 × 200 m and was densified by seeded 448 
autotracking, with a correlation threshold of ~0.8 to limit interpolation. The Top Z3a was picked on a 449 
50 m grid prior to autotracking because its amplitude is sensitive to tuning as the unit thickens. 450 

Where the Z3a is strongly deformed or its bounding reflections are discontinuous, principally within 451 
salt-cored anticlines and along welds, mapping confidence is low and these areas were excluded from 452 
the quantitative analysis. In such areas, and along the steeply dipping flanks of the thickest ATZs 453 



where the Top Z3a becomes disjointed from its base, RMS amplitude extraction on the more 454 
continuous Base Z3a surface was used to support interpretation: thickened anhydrite along ATZs 455 
produces a distinct impedance contrast with the capping halite and delineates the network 456 
independently of the thickness map (Moneron, 2025). 457 

3.4. ATZ identification 458 

ATZ polygons were extracted from the Z3a isopach by thresholding. The mapped grid comprises 459 
42,452,480 bins of 25 × 25 m (625 m² each), covering 26,533 km². A threshold of 55 m was selected 460 
from the bin thickness distribution (Fig. 2E) and from previous ATZ studies (van Gent et al., 2011; 461 
Strozyk et al., 2014; Moneron, 2025). 462 

This choice is constrained by resolution as well as by the distribution. Because the limit of separability 463 
at this level is ~50 m, a Z3a at its regional background thickness lies at or just below tuning, and its 464 
apparent thickness in seismic data is therefore not independently resolved. This accounts for the offset 465 
between the background thickness derived from seismic data (45–50 m; Fig. 2E) and the slightly 466 
greater value obtained from wells (Moneron, 2025). Setting the threshold at 55 m ensures that every 467 
interval classified as an ATZ exceeds the limit of separability, so that its mapped thickness reflects 468 
genuine geometry rather than tuning. 469 

The threshold is conservative in one direction only: intervals between ~50 and 55 m that are genuinely 470 
thickened are classified as background, so the mapped network is a minimum estimate of the true ATZ 471 
population. No interval classified as an ATZ can be an artifact of tuning. 472 

3.5. Thickness mapping 473 

Three isopachs underpin the analysis: 474 

● Gross Zechstein (Base to Top Zechstein), characterizing the wavelength, amplitude and position of 475 
the salt-cored anticlines, walls and welds that define the present structural configuration. 476 

● Z3a (Base Z3a to Top Z3a), including the Grauer Salzton and Plattendolomit, from which ATZs 477 
are delineated using the 55 m threshold. This value is the upper limit of the background thickness 478 
population, whose mode lies at 45–50 m (Fig. 2E), and not the background thickness itself. 479 

● Post-salt overburden (Top Zechstein to Top Bunter, and Top Bunter to Base Cretaceous), used to 480 
test for depositional thickening above the sites of inferred depressions and for its upward decay. 481 

3.6. Testing for syn-depositional subsidence 482 

The central observation of this study, that ATZs foundered and generated accommodation at the top-483 
salt surface, requires that depressions be demonstrated independently of later halokinesis, which also 484 
thickens overburden into synclines. Three criteria were applied. 485 

First, analysis was restricted to sub-areas of modest Top Zechstein deformation, where later salt flow 486 
was limited and early geometries are most likely to be preserved (cf. Aldridge et al., 2026). 487 

Second, thickening was assessed stratigraphically. An early, ATZ-driven depression predicts that 488 
excess thickness is concentrated in the lowermost overburden package and decays upward, whereas 489 
later halokinetic subsidence predicts thickening distributed through younger intervals and coeval with 490 
the growth of the long-wavelength folds. 491 

Third, internal reflection geometries within the basal overburden were examined for onlap onto the 492 
flanks of the mapped lows, and for truncation over the intervening highs. Together these record infill 493 
of pre-existing relief rather than passive draping or later structural sagging. 494 

 495 



3.7. Numerical modeling 496 

Approach 497 

The numerical models test whether the density contrast imposed by the conversion of gypsum to 498 
anhydrite is sufficient to make ATZs founder into the surrounding halite, and how lateral connectivity 499 
between ATZs controls that foundering and the relief it produces. The simulations begin after 500 
conversion: the ATZs are already anhydrite and are embedded in halite (Fig. 4A, Stage 1). Two 501 
configurations are compared. In the reference model (Type-1, attached) the ATZs are attached to a 502 
continuous anhydrite layer representing the background Z3a. In Type-2 (detached) models, identical 503 
ATZs are detached from that layer. 504 

Governing equations 505 

Because inertial forces are negligible at geological strain rates, the models solve the incompressible 506 
Stokes equations for conservation of momentum and mass: 507 

 −∇p + ∇·(2ηε̇) + ρg = 0 (S1) 508 

 ∇·v = 0 (S2) 509 

where p is pressure, η the effective dynamic viscosity, ρ density, g gravitational acceleration, v = (u, v) 510 
the velocity vector with horizontal and vertical components u and v, and ε̇ = ½[∇v + (∇v)ᵀ] the strain-511 
rate tensor. For a two-dimensional Newtonian medium, the deviatoric stresses are τxx = 2η ∂u/∂x, τyy = 512 
2η ∂v/∂y and τxy = η(∂u/∂y + ∂v/∂x), and the momentum equations become: 513 

 −∂τxx/∂x − ∂τxy/∂y + ∂p/∂x = 0 (S3) 514 

 −∂τxy/∂x − ∂τyy/∂y + ∂p/∂y = ρ′g (S4) 515 

where ρ′ is the density relative to the reference halite density. The vertical coordinate increases 516 
downward, so positive vertical velocity corresponds to sinking. Because buoyancy is expressed relative 517 
to halite, the pressure p solved in Eq. S4 is the dynamic pressure: the departure of total pressure from 518 
the lithostatic state of a halite column. 519 

Numerical implementation 520 

The equations are discretized by finite differences on a staggered marker-and-cell grid (Gerya and Yuen, 521 
2003). Material properties are carried by Lagrangian markers advected with the computed velocity field 522 
(Gerya and Yuen, 2007). The domain is 5 km wide and 1 km deep, resolved at 10 m (500 × 100 cells), 523 
with 3 × 3 Lagrangian markers per grid cell. The timestep is dynamically restricted using a Courant–524 
Friedrichs–Lewy (CFL) criterion with a CFL coefficient of 0.20 and is additionally limited to a 525 
maximum of 100 yr. This ensures that marker displacement during an individual timestep remains small 526 
relative to the numerical grid spacing. The discretized system is solved using the direct sparse solver 527 
spsolve from the SciPy library, with the pressure null space constrained using a Lagrange multiplier. 528 

Geometry and initial conditions 529 

Four ATZs, each 200 m wide and 150 m thick, are centered at x = 1, 2, 3 and 4 km, between 350 and 530 
500 m depth. In the reference model they are linked by a continuous, 50-m-thick anhydrite layer along 531 
their base (450–500 m depth) that extends across the domain. In Type-2 models this layer is absent, and 532 
the ATZs are isolated bodies of identical size, density and viscosity. All other parameters are identical 533 
between the two configurations. 534 

Material properties 535 

Both phases are linear (Newtonian) viscous fluids (Table S2). Halite has a density of 2200 kg m⁻³ and a 536 
viscosity of 1017 Pa s, within the range estimated for rock salt (van Keken et al., 1993; Urai et al., 2008). 537 



Anhydrite has a density of 2900 kg m⁻³ and a viscosity of 1019 Pa s; this hundredfold contrast is 538 
consistent with the competence of intrasalt sulfate layers (Rowan et al., 2019). The resulting density 539 
contrast is 700 kg m⁻³, with g = 9.81 m s⁻². A linear rheology is appropriate for the onset of foundering, 540 
when differential stresses are highest; its limitations for long-term behavior are discussed in Section 5.2. 541 

Boundary conditions 542 

Free-slip boundary conditions are imposed on all four boundaries (left, right, top, and bottom), allowing 543 
tangential motion while preventing normal flow. In Type-1 models where the anhydrite blocks are 544 
connected by a basal anhydrite layer, the lateral free-slip boundaries influence the sinking behavior of 545 
the outermost ATZ blocks. These blocks behave as effectively disconnected bodies from one side and 546 
sink faster, approaching the base of the salt layer, whereas the central blocks, mechanically connected 547 
through the basal anhydrite layer, remain suspended ~200 m above it. Consequently, quantitative 548 
comparisons of sinking rates and deformation are restricted to the two central ATZ blocks to minimize 549 
boundary effects. 550 

Model phases 551 

In Phase 1 (density-driven foundering), the model evolves from its initial configuration for 200 k.y. (Fig. 552 
4A, Stages 1–3). In Phase 2 (sediment loading), the deformed configuration at the end of Phase 1 is used 553 
as the initial condition. The material above the deformed marker horizon, initially located 200 m below 554 
the model top, is replaced with sand (density = 2400 kg/m³; viscosity = 1019 Pa·s), while the deformed 555 
evaporite geometry below this horizon is preserved. To suppress further density-driven foundering 556 
during Phase 2, density contrasts between the evaporite units are removed while retaining their viscosity 557 
contrasts. This allows the subsequent deformation to be driven primarily by sediment loading rather than 558 
continued gravitational sinking of the anhydrite blocks. The sand layer has a spatially variable thickness 559 
reflecting the deformation developed during Phase 1. The model then evolves for a further 1 m.y. (Fig. 560 
4A, Stages 4–5; Fig. S12).  561 

Sensitivity experiments 562 

Starting from the reference model, one parameter was varied at a time: the density contrast, the viscosity 563 
contrast, the width and thickness of the ATZs, and their spacing (ranges in Table S3). 564 

Diagnostics 565 

Three quantities are extracted and compared between configurations at matched elapsed times (0, 65, 566 
135 and 200 k.y.): 567 

(1) Sinking velocity: the vertical velocity field (positive downward; Fig. S11), and the depth of the 568 
base of each ATZ through time, measured on the model frames (Fig. S9). 569 

(2) Dynamic pressure: p from Eq. S4, in MPa, after removal of the domain mean, since pressure in 570 
incompressible flow is defined only to within a constant. Both configurations are displayed on a 571 
common color scale. Peak values at ATZ corners, and where an ATZ rests on the base of the 572 
model, are numerical stress concentrations and are excluded from comparisons. Anomalies are 573 
characterized in the surrounding halite by their peak value and width at half maximum (Fig. S10). 574 

(3) Relief: the depth and width of the depressions or minibasins formed above the sinking ATZ 575 
bodies, measured along a passive marker horizon initially positioned at a depth of 350 m and 576 
subsequently advected with the modeled material flow.  577 



Table S2. Material properties of the reference model. 578 

Property Halite Anhydrite 

Density, ρ (kg m⁻³) 2200 2900 

Dynamic viscosity, η (Pa s) 1017  1019 

Constitutive behavior Newtonian viscous Newtonian viscous 

Viscosity relative to halite 1 100 

Density contrast Δρ = 700 kg m⁻³; g = 9.81 m s⁻². 579 

Table S3. Parameter ranges of the sensitivity experiments. 580 

Parameter Reference value Range tested 

Density contrast, Δρ (kg m⁻³) 700 200–700 

Viscosity contrast, anhydrite/halite 100 100–10,000 

ATZ width (m) 200 100–500 

ATZ thickness (m) 150 50–150 

ATZ spacing (km) 1 0.5–2 

Viscosity of connecting layer (Pa s)  1019 1019–1021 

Connectivity Attached Attached / detached 

 581 

4. SUPPLEMENTAL RESULTS 582 

4.1. Uninterpreted and enlarged seismic sections 583 

Figures S3 and S4 reproduce, at larger scale and with minimal annotation, the sections presented in 584 
Figures 2D and 3 of the main text. They are provided so that the reflection terminations on which the 585 
interpretation rests (onlap onto the flanks of ATZ-cored lows, and truncation beneath the Base 586 
Cretaceous over the intervening highs) can be assessed independently of the interpretation drawn on 587 
them. 588 



 589 
Fig. S3. Regional sections d′, d″ and d‴ of Figure 2D, enlarged. ATZs (boxes) occupy the cores of synclines whose axes 590 
persist upward to the Base Cenozoic. Wells 44/14-1, KPD-01 and G18-01. tZ3a, bZ3a: top and base Z3a. 591 

 592 
Fig. S4. Sections a′–c″ of Figure 3, enlarged. Lower Triassic strata onlap the flanks of ATZ-cored lows (a′, a″, b′) and are 593 
truncated beneath the Base Cretaceous over the intervening highs (b″, c′, c″). 594 

4.2. Enlarged maps with transparent ATZ networks  595 

In Figure 3 the ATZ network is drawn over structure and thickness maps of stratigraphically shallower 596 
horizons, a presentation that aids comparison but that could be read as imposing the correspondence it 597 



is intended to show. Figure S5 therefore pairs each map with an enlarged view in which the ATZ 598 
network is transparent. The syncline axes, and the branching and segmentation of the lows, are equally 599 
apparent in these views. 600 

 601 

 602 
Fig. S5. Structure and thickness maps of Figure 3 with the ATZ network superimposed. Dashed lines locate the sections of 603 
Figure S6. 604 

4.3. Regional expression of the synclines 605 

Five sections, located on Figure S5, show in section the structures the maps express in plan view (Fig. S6). In 606 
each the Base Zechstein is near-planar while the Top Zechstein is folded into a syncline, so that the Zechstein 607 
thins beneath the axis and thickens into the flanking highs; in the most strongly developed example the residual 608 
salt beneath the axis approaches a weld (Fig. S6e). Where the Z3a remains resolved it is segmented and lies at or 609 
near the base of the thinned interval (Figs. S6a, S6b).  610 



 611 

Fig. S6. Regional sections across the mapped synclines, located on Figure S5. The Base Zechstein (lowermost pick) is near-612 
planar in all five, while the Top Zechstein and the overlying markers are folded into synclines beneath which the Zechstein 613 
thins, locally toward a weld (e). Vertical scale in seconds TWT except for b which is in km. 614 

4.4. Synclines lacking an underlying ATZ 615 

Synclines of comparable wavelength and amplitude occur across both sectors with no ATZ in their 616 
hinge, and these provide the internal control for the analysis (Fig. S7). Where an ATZ is absent, the 617 
Triassic maintains its regional isopachous thickness across the structure, its internal reflections remain 618 
parallel and conformable through the hinge, and no onlap is developed against the flanks. Truncation 619 
beneath the Base Cretaceous is present over the crests of these structures, as it is elsewhere, but is not 620 
accompanied by the complementary onlap in the adjacent low. The two geometries that together 621 
record differential movement during deposition are therefore not developed. Such synclines deform a 622 
succession that was already in place, rather than preserving one that accumulated as they subsided. 623 



 624 
Fig. S7. Synclines with and without an underlying ATZ. Top: a syncline with no ATZ in its hinge; Triassic units are 625 
isopachous through the structure and no growth strata are developed. Bottom: an ATZ-cored syncline in the same area, with 626 
lower Triassic strata thickening into the low and onlapping its flanks. Maps are Top Bunter time-structure and Lower Triassic 627 
thickness. 628 

4.5. Isolated ATZs at the base of the salt 629 

A small number of ATZs occur as isolated bodies, laterally detached from the Z3a, which is absent or 630 
unresolved on either side (Fig. S8). These differ from their connected counterparts in one respect, and 631 
it is the diagnostic one: they rest at or immediately above the Base Zechstein reflection, having 632 
descended through the full thickness of the underlying halite, whereas ATZs retained within a 633 
continuous sheet are found suspended several hundred meters above it (Figs. 2D, S3). The same 634 
contrast is produced by the control experiment (Fig. S9), in which identical bodies reach the base of 635 
the model within 135 k.y. when detached, but remain ~200 m above it after 200 k.y. when attached. 636 
The natural population therefore reproduces, at basin scale, the dependence of foundering on sheet 637 
connectivity that the models isolate. 638 



 639 
Fig. S8. Isolated ATZs that have reached the base of the salt. In each section the thickened body is detached from the 640 
adjacent Z3a (dashed) and rests on the Base Zechstein reflection ("touchdown"), in contrast to the suspended position of 641 
ATZs within a continuous sheet. Depth in km below sea level. 642 

 643 



4.6. Control experiments 644 

Effects of basal anhydrite layer connectivity 645 

At equal elapsed times the detached bodies descend faster and further than their attached counterparts 646 
(Fig. S9). The bases of the central detached bodies sink from 500 m to ~805 m depth within 65 k.y. 647 
(~4.7 mm/yr on average), and by 135 k.y. all four detached bodies lie within ~25 m of the base of the 648 
model. The bases of the two central attached bodies reach ~620, ~705 and ~805 m depth at 65, 135 649 
and 200 k.y. (~1.2–1.9 mm/yr), and at the end of Phase 1 lie ~200 m above the base of the model, still 650 
sinking.  651 

 652 

Fig. S9. Effect of stringer connectivity. Material evolution of the detached (left) and attached (right) experiments at 0, 65, 653 
135 and 200 k.y.; anhydrite in black, halite with passive marker layers. 654 

Dynamic pressure fields 655 

The dynamic pressure field, defined as the deviation of total pressure from the lithostatic reference state, differs 656 
between the two configurations in the way the anomaly is distributed rather than in its magnitude (Fig. S10). 657 
About a detached body the anomaly is sharply confined, a negative lobe surmounting a positive one over a radius 658 
comparable to the body itself. Where the segments remain connected, an anomaly of comparable magnitude is 659 
distributed along the length of the sheet, which deflects over a wavelength several times the width of the 660 
individual bodies. At 65 k.y., 60 m beneath the central ATZs, the positive anomaly reaches ~0.3 MPa with a 661 
width at half maximum of ~0.4 km about a detached body, against ~0.2 MPa and ~2.8 km where the bodies are 662 
attached; above the bodies it is ~−0.2 MPa in both. 663 

 664 



 665 

Fig. S10. Dynamic pressure (mean-zero) in the detached (left) and attached (right) experiments at 0, 65, 135 and 200 k.y., on 666 
a common color scale; values beyond ±1.3 MPa, at ATZ corners and basal contacts, are saturated. At 65 and 135 k.y., solid 667 
lines mark the depth of the deepest ATZ in each configuration, and dashed lines repeat it in the other panel for comparison. 668 

Sinking velocity fields 669 

The vertical velocity fields record the same contrast (Fig. S11). At the start of the experiment detached 670 
ATZs sink at up to ~5.4 mm/yr and attached ATZs at up to ~3.5 mm/yr. Detached ATZs have almost 671 
stopped by 135 k.y., once they rest on the base of the model, whereas the central attached ATZs are 672 
still sinking at up to ~2.5 mm/yr after 200 k.y. In both configurations halite rises between and beside 673 
the sinking bodies. 674 

 675 

Fig. S11. Vertical velocity in the detached (left) and attached (right) ATZ experiments at 0, 65, 135 and 200 k.y., shown on a 676 
common color scale (positive downward). Detached ATZs sink faster, initially ~0.54 cm/yr against ~0.35 cm/yr when 677 



attached. They have almost stopped by 135 k.y., once they reach the base of the salt. Attached ATZs sink more slowly but are 678 
still descending at 200 k.y. Blue areas mark halite rising between and beside the sinking bodies. 679 

4.7. Complete model evolution 680 

Figure 4A presents five stages of the reference experiment. Figure S12 gives its complete material 681 
evolution, at 0, 65, 135 and 200 k.y. in Phase 1 and at 0, 335, 665 and 1000 k.y. in Phase 2.  682 

 683 

Fig. S12. Material evolution of the reference (attached) experiment during Phase 1 (Fig. 4A, Stages 1–3; density-driven 684 
foundering; 0–200 k.y.) and Phase 2 (Stages 4–5; sand loading; 0–1000 k.y. after the end of Phase 1). 685 

4.8. Sensitivity test results 686 

Density and viscosity contrasts. Increasing the density contrast between anhydrite and the surrounding 687 
halite accelerates gravitational sinking, whereas reducing the density contrast decreases the sinking 688 
velocity (Fig. S13). This behavior reflects the greater negative buoyancy of denser anhydrite bodies. In 689 
the reference configuration, the density contrast is 700 kg/m³, with additional experiments examining 690 
contrasts of 200 to 600 kg/m³. Increasing the viscosity of the anhydrite blocks relative to the 691 
surrounding halite reduces their sinking velocity (Fig. S13). The viscosity-ratio experiments show that 692 
this reduction is most pronounced at relatively low viscosity ratios, whereas further increases in block 693 
viscosity produce progressively smaller changes in sinking velocity. Together, these experiments 694 
indicate that density contrast controls the gravitational driving force, while viscosity contrast regulates 695 
the resistance to deformation and the rate of foundering. 696 



 697 

 698 

 699 

Fig. S13. Effects of density contrast (keeping viscosity ratio constant at 100) and viscosity ratio (keeping density contrasts 700 
constant at 700 kg/m3) on anhydrite sinking velocity in the reference models. The measured values represent the mean 701 
sinking velocity of the two central anhydrite blocks. 702 

Anhydrite connectivity. The mechanical connection between anhydrite blocks through a basal 703 
anhydrite layer strongly influences their sinking behavior. In models containing disconnected blocks, 704 
individual anhydrite bodies sink more freely through the surrounding halite (Figs. S9–S11). In 705 
contrast, connected blocks deform collectively, with the inter-connecting basal layer resisting 706 
differential vertical displacement. Consequently, the central connected blocks remain suspended ~200 707 
m above the salt base, whereas effectively disconnected outer blocks can descend almost to the base. 708 
Increasing the viscosity of the connecting layer further inhibits sinking by increasing its resistance to 709 
deformation. These experiments demonstrate that the continuity and mechanical strength of the basal 710 



anhydrite layer can significantly restrict gravitational foundering, even when the density contrast 711 
between anhydrite and halite remains unchanged. 712 

Anhydrite-block size. Variations in the dimensions of the anhydrite blocks influence both their sinking 713 
behavior and the geometry of the overlying synclinal depressions (Fig. S14). Larger blocks produce 714 
broader and generally more pronounced depressions, whereas smaller blocks generate narrower, more 715 
localized deformation (Fig. S15). These differences reflect variations in the magnitude and spatial 716 
distribution of the gravitational forcing associated with the sinking bodies. Block size therefore 717 
influences the amplitude and lateral extent of the developing synclines and the resulting 718 
accommodation space available for sediment accumulation. 719 
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 721 
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 723 

Fig. S14. Effect of anhydrite block geometry on sinking behavior and overlying synclinal depressions. The model contains 724 
three anhydrite blocks of different dimensions: left (l = 150 m, h = 120 m), middle (l = 250 m, h = 150 m), and right (l = 100 725 
m, h = 100 m), where l and h denote block length and height, respectively. The blocks exhibit different sinking rates, 726 
illustrating the influence of block geometry on gravitational sinking through halite. 727 
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 731 



Fig. S15. Effect of anhydrite block size on overburden basin geometry. The model contains three anhydrite blocks of 732 
different dimensions: left and right (l = 100 m, h = 100 m) and middle (l = 500 m, h = 150 m), where l and h denote block 733 
length and height, respectively. The larger central block sinks faster and produces a broader and deeper overburden 734 
depression than the two smaller flanking blocks, demonstrating the influence of block size on sinking velocity and the 735 
geometry of the resulting surface deformation. 736 

 737 

Block spacing. The spacing between adjacent anhydrite blocks primarily controls the wavelength of 738 
the overlying syncline–anticline system (Fig. S16). Closely spaced blocks generate shorter-wavelength 739 
deformation, with adjacent depressions and intervening highs occurring over relatively small lateral 740 
distances. Increasing the separation between blocks produces a corresponding increase in the spacing 741 
of the overlying folds. In the reference models, characteristic depression widths are approximately 742 
400–500 m, although these vary with the imposed block geometry and spacing. These experiments 743 
indicate that the spatial distribution of ATZs plays an important role in determining the lateral 744 
organization of minibasin systems. 745 

 746 

Fig. S16. Effect of anhydrite block spacing on the wavelength of overburden folds. The model results closely follow the 1:1 747 
relationship (dashed line), indicating that fold wavelength is primarily controlled by the spacing between adjacent anhydrite 748 
blocks.  749 

Overall, the sensitivity experiments reveal that different parameters govern distinct aspects of the 750 
evolving deformation. Density and viscosity contrasts primarily determine the rate of anhydrite 751 
sinking, while the continuity and strength of the basal anhydrite layer regulate the extent to which 752 
individual blocks can founder independently. In contrast, block dimensions and spacing predominantly 753 
influence the amplitude and wavelength of the resulting synclinal depressions. These relationships 754 
suggest that the geometry of minibasin systems reflects not only the gravitational instability of dense 755 
anhydrite bodies within halite, but also their initial distribution and mechanical connectivity. 756 

 757 

 758 



 759 

5. SUPPLEMENTAL IMPLICATIONS, LIMITATIONS AND OPEN QUESTIONS   760 

5.1. Implications 761 

Intrasalt heterogeneity has generally been read as a passive record of salt flow (Strozyk et al., 2012; 762 
Raith et al., 2016). Our results reverse that relationship for the earliest increment of deformation: the 763 
internal stratigraphy of a layered evaporite sequence, and the diagenetic history of its sulfate layers, 764 
can determine where the first structures develop in the overburden above it. In the SPB, this gives the 765 
mapped ATZ network predictive value. Because ATZ-cored synclines mark where salt was first 766 
withdrawn, and where welds and salt-thickness minima are therefore most likely, the network offers a 767 
basis for anticipating these features ahead of drilling, with bearing on seal continuity for CO₂ and 768 
hydrogen storage and on the siting of solution caverns (Caglayan et al., 2020). 769 

The mechanism is not specific to the Zechstein. Any basin in which sulfate was deposited as gypsum 770 
of laterally variable thickness, and later converted to anhydrite within halite, carries the same latent 771 
instability (Warren, 2006; Célini et al., 2024). In such basins the timing of that conversion, rather than 772 
the onset of regional tectonism, may set the clock for the first increment of salt movement, and the 773 
geometry of the sulfate, rather than that of the basement or the overburden, may set its pattern. 774 

5.2. Limitations 775 

The numerical models are deliberately simple, and four simplifications should be noted. None alters 776 
the first-order result, that densified ATZs founder and deflect the depositional surface above them, but 777 
each bears on the details. 778 

First, the models are two-dimensional. A polygonal network in three dimensions will distribute stress 779 
and compete for salt differently from a layer deflecting in section (Fernandez et al., 2020), and is 780 
likely to modify the amplitude and width of the depressions; it cannot, however, remove the density 781 
contrast that drives them. 782 

Second, halite is treated as a Newtonian fluid. This is appropriate for the onset of foundering, when 783 
differential stresses are highest and halite flow can be represented by a single effective viscosity, but 784 
not for the long-term arrest of attached ATZs, which reflects the stress dependence of halite creep at 785 
low differential stress (Li and Urai, 2016; Rowan et al., 2019). Experiments with a composite flow 786 
law, combining pressure-solution and dislocation creep, would test this directly. 787 

Third, the models include neither insoluble residue nor compaction, so soft welding (Wagner and 788 
Jackson, 2011) and the evolving strength of the clastic fill are not represented. Both act late in the 789 
evolution, after the depressions have formed. 790 

Fourth, the domain is only 5 km wide, and its free-slip side walls act as mirror planes, so the outermost 791 
ATZs are less restrained than the central ones and sink faster (Section 3.7). Quantitative comparisons 792 
therefore rely on the central ATZs. 793 

5.3. Open questions 794 

The threshold separating ATZs that organize overburden structure from those that do not is identified 795 
here only in outline. Its dependence on ridge width, continuity and burial rate, and on the thickness of 796 
halite beneath the ATZs, remains to be established, and three-dimensional experiments with stress-797 



dependent rheology are the natural next step. Testing whether ATZ-cored synclines are absent where 798 
the underlying salt is thin, or where the sulfate was never gypsum, would provide an independent 799 
check on the mechanism in other evaporite basins. 800 
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