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ABSTRACT

Across buried sedimentary basins, the dissolution-prone nature of evaporite sequences
drives the formation of collapse structures (e.g., sinkholes), fundamentally transforming
landscapes at large scales. Understanding where, why, and how such structures form is
crucial, given they pose geological hazards that may threaten human safety and
infrastructure stability, or may affect subsurface resource extraction and geological
storage. Here, we use 3D seismic reflection and borehole data from the Southern North Sea
Basin to document giant (km-wide and several hundred-metres deep) collapse structures
within the upper part of the evaporite-dominated, Zechstein Supergroup (Permian). We
show that these features, which form both isolated, sub-circular sinkholes and polygonal,
valley-like networks, are developed at the basin-scale (>10,000km?). Critically, these
structures invariably overlie gypsum buildups capped by thick halite deposits (100—300m),

with seismic-stratigraphic relationships enabling precise dating and facilitating accurate
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modelling. We propose that the transformation of gypsum to anhydrite during early burial
initiated the extrusion of NaCl-undersaturated water, which provoked hypogenic
dissolution of the capping halite, leading to collapse at the depositional surface. The
resulting Permian landscape was buried and thus preserved by a potash infilling unit. To
the best of our knowledge, the basin-wide development of this type of giant salt dissolution-

induced collapse structure has not previously been described in the stratigraphic record.

INTRODUCTION

Geomorphological depressions can form due to the subsurface dissolution of rocks, being widely
documented on Earth and other planetary bodies (e.g., De Mille, et al., 1964; Adams et al.,
2009). In evaporite-dominated successions, these structures form in response to chemical
saturation imbalances within percolating pore fluids, more specially where NaCl-undersaturated
fluids encounter highly soluble rocks such as halite. This process can create large (>10m wide
and deep), aerally extensive (i.e., up to several km?), subsurface cavities evolving into collapse
structures, such as sinkholes or dolines (e.g., Arkin and Gilat, 2000). These dissolution-induced
structures, extensively described in the rock record (e.g., Hardage, et al., 1996), pose significant
(geo)hazards to human safety and industrial operations, where evaporite dissolution renders areas
unstable and largely uninhabitable (e.g., Arkin and Gilat, 2000).

In addition to dissolution by fluids undersaturated with respect to a specific chemical phase,
there are several other diagenetic processes that may occur during early burial of evaporite-
dominated sequences. For example, the transformation of gypsum (CaSO4:2H20) to anhydrite
(CaSO0s.), a reversible de-re-hydration reaction, can result in substantial volume/density changes

in the subsurface rock mass, as well as liberating pore water (Stewart, 1963). In layered evaporite
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sequences (LES; sensu Rowan et al., 2019), which comprises a mixture of evaporite and other
rock types, a variety of coupled diagenetic-dissolution-deformation processes should occur.
Whereas traditional methods, such as the analysis of mine or surface exposures, are constrained
by the scale and/or lack of broad stratigraphic context, imaging by 3D reflection seismic
reflection data can help determine the presence, geometry, distribution, and genesis of salt
dissolution-induced deformation. Here we use these data to study the Zechstein Supergroup
(ZSG) LES, a pan-European, Permian stratigraphic unit that records polycyclic deposition of
carbonate, clastic, and evaporite rocks (Taylor, 1998). Because of: 1) nearly continuous imaging
by 3D seismic reflection data; 2) extensive borehole data; and 3) a well-established, trans-
national stratigraphic framework, it is an outstanding geological laboratory for investigating
dissolution-induced collapse structures within LES. We focus on the third Zechstein cycle (Z3),
and more specifically on the spatial and possibly genetic relationship between anomalously thick

zones (ATZs, Fig. 1aa’, Moneron, 2025) of anhydrite and overlying potash-filled depressions.

STRATIGRAPHIC FRAMEWORK

In the North Sea, the ZSG comprises five main seismo-stratigraphic units (Z1-5, e.g., Smith and
Crosby, 1979; Geluk, 1999) (Figs. 1, 2; Fig. S1, Supp. Material!). The Z3 cycle includes the
~50m-thick, anhydrite-dominated Z3a, the 100-200m-thick, halite-dominated Z3h, and the K-
Mg-rich Z3k potash layer, locally up to 90m thick (Smith and Crosby, 1979; Taylor, 1998). Z3a
contains anomalously thick (up to ~150 m compared to a background thickness of ~45m) zones

(ATZs, van Gent et al., 2011, Moneron, 2025; Fig. 2D-G), interpreted as syn-depositional
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gypsum build-ups (Moneron, 2025). These ATZ networks are mapped across the South Permian
Basin (Fig. 1) and are capped by halite (Z3h), followed by Z3k, a basin-wide K-Mg-rich unit
comprising sylvinite, carnallite, kieserite, and bischofite (Coelewij et al., 1978; Raith et al.,
2017). Z3k reflects extreme hydrological isolation and desiccation (e.g., Czapowski and
Bukowski, 2010), with its with highly variable proportions of K-Mg salt (e.g., sylvite, carnallite
and bischofite) linked to basin physiography, diagenesis, and intra-Z3k deformation (e.g., Raith
et al., 2017). The Z3k thickness variability is attributed to halokinesis and salt remobilisation
(Smith and Crosby, 1979). Z3k is capped by the Roter Salzton or “red salt clay”, a ~15 m-thick,
isopachous layer (Grant et al., 2019) defining the transition to the Z4 unit (Richter-Bernburg,

1955), conformably overlying the upper Z3k sequence continuous reflections (Fig. 2)

DATA AND METHODS

Seismic And Well Data

We use ~16,000km? of 3D seismic data from the Southern North Sea, primarily the SNS
MegaSurvey (PGS, 2015), which merges 86 individual surveys, and the Cavendish survey
(WesternGeco) (Fig. 1). Both datasets share comparable polarity and resolution. Data are
displayed with SEG “normal” polarity and zero-phase wavelets, i.e., a downward increase and
decrease in acoustic impedance are defined by positive (red) and negative (blue) reflections,
respectively. Nineteen wells (Figs. 1, S3) were used to generate seismic-to-well ties and to
analyse the lithology and stratigraphic architecture of the Z3 (Fig. S2). Wells were chosen based
on available petrophysical logs and VSP data, and clear evidence from seismic data that they

penetrate Z3k.
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A “Seismic-To-Well Tie And Mapping” section is provided in the Supp. Material

RESULTS

The basal unit of the Z3 sequence, Z3a, is laterally extensive and predominantly composed of
anhydrite, with claystone layers. Borehole and seismic data show that Z3a is locally defined by
anomalously thick zones of anhydrite (van Gent et al., 2011; Moneron, 2025). These ATZs have
a continuous basal reflection (Base Z3) and an elevated, though sometimes discontinuous, upper
surface (Top Z3a) (Moneron, 2025 e.g., Fig. S5b-d). Moneron (2025) shows that the ATZs are
developed across the studied portion of the South Permian Basin, forming an extensive (>
100km), interconnected network of sinuous ridges and elliptical mounds, with individual

segments extending over tens of kilometres (Fig. 3A).

The overlying Z3h is expressed in seismic reflection data by weakly to moderately, locally
chaotic reflections (lower part) and more continuous, sub-horizontal, stronger reflections (upper
part). It forms a regionally and lithologically consistent layer of massive halite with minor
anhydrite inclusions (Fig. 2). In undeformed areas, Z3h maintains a relatively uniform thickness,
except in areas where it thins across ATZs in Z3a (Fig. 2D, 2F). Critically, borehole cuttings
reveal that anhydrite inclusions in Z3h are predominantly located near its basal contact with Z3a
(Fig. 2), with more of these inclusions appearing in the regions between the base Z3k

depressions and underlying ATZs (e.g., Fig. 2G).

Z3h halite is overlain by a base Z3k irregular surface, along which 1km wide and 300m deep
depressions are developed (Figs. 2D, 2F). The depressions flanks dip 10-20°, and exhibit a

distinct, “stepped, staircase-like” morphology (e.g., centre left of Fig. 3B), clearly truncating
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underlying Z3h halite (Figs. 3C-D). In map-view, the 1->10km long and 0.5-1.5km wide base-
Z3k depressions are elongate, curvilinear, or sub-circular (Figs. 3B-C). Notably, they directly

overlie and mimic the geometry of the underlying ATZ networks (Fig. 3A, Moneron, 2025).

The irregular surface defining the base of Z3k is capped by regionally correlatable, sub-
horizontal layers of K-Mg salts (mainly sylvite, carnallite, and polyhalite), with variable
proportions of intercalated halite (Figs. 2, S2-S4). Z3k contains a relatively thick (10s of m) layer
of K-Mg salts that that is identified in cuttings, defined by a distinct shift to high GR values, and
is expressed as a high-amplitude reflection in seismic data, allowing regional mapping across

most studied wells.

Noteworthily, Z3k thickens by up to 250% into the base-Z3k depressions, where sub-horizontal
reflections in the lower half of Z3k are observed to onlap the flanks of these depressions (Fig.
3C-G). Borehole data also show that base-Z3k depressions controlled not only the bulk thickness
of Z3k, but also its composition, as the ratio of K-Mg salts to halite in Z3k is significantly higher
within the base-Z3k depressions (i.e., above the ATZs of Z3a; Fig. 2G). Importantly, thickness
and lithology variations in Z3k appear independent of the structural configuration of the
underlying Z3a, remaining isopachous irrespective of whether Z3a is sub-horizontal or folded
(Fig. S5E-G). Further analysis of borehole and seismic data reveals that the base-Z3k
depressions are aligned above the ATZs (Moneron, 2025), with thicker Z3k sequences (113m vs.
74m in non-ATZ areas; Fig. 2, Fig. S7) overlying relatively thin Z3 halite (Z3h) and the deeper

ATZs (Figs. 2C-F).
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INTERPRETATION AND DISCUSSION
From Gypsum Buildups To Salt Collapse

While we have established that the depressions are collapse features (evidenced by the truncation
of the underlying Z3h halite, Fig. 3C) rather than structural formations caused by halokinesis, a
key question arising from our data is: “Why do the base-Z3k depressions consistently align with
ATZs in the Z3a anhydrite?”. Based on their spatial relationship, observations from other salt
basins, and the composition of the Z3 unit, we propose that the answer may lie in diagenetic

transformations during early burial.

Following ATZ accumulation and a shift in brine chemistry from gypsum to halite saturation
(Fig. 4A), early burial triggered the transformation of Z3a gypsum to anhydrite (e.g., Peryt et al.,
2010), releasing 30-40% of its rock volume as mineral-bound water (Borchert and Baier, 1953;
Langbein, 1987). Loading by the overlying halite caprock led to compaction, increased pore
pressure (Fig. 4B), and hydrofracturing along fractures and bedding planes. These fractures
provided pathways for the upward migration of NaCl-undersaturated brines, which, upon contact
with halite, induced thermal-chemical disequilibrium, dissolution, fluid mobility, and
destabilising the caprock, leading to its collapse (Fig. 4C). Anhydrite inclusions in the lowermost
Z3h are consistent with anhydrite precipitation from upward-flowing fluids (Fig. 2G) (Behlau
and Mingerzahn, 2001). These linked processes seem similar to hypogene karst formation in
other sedimentary basins (Bayari et al., 2009), where thermodynamic processes drive the upward
migration of overpressured, undersaturated fluids. This genetic link explains why the curvilinear
and elongated geometries of the base-Z3k depressions (Fig. 3) mimic those of the underlying

Z3a anhydrite networks.
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Our model requires anhydritisation at ~300 m burial depth (c. 100-150 ms with halite velocity of
~4.5km/s; Grant et al., 2019). Assuming surface temperatures of 25-35°C during Z3h halite
deposition (e.g., in the Dead Sea; Sirota et al., 2017) and a geothermal gradient of 30°C/km
(Gluyas et al., 2018), Z3a would have reached >40°C, optimal for gypsum dehydration (Stewart
et al., 1963; Hardie, 1967). This interpretation also aligns with documented Z3k composition

alterations, attributed to gypsum dewatering in the underlying Z3a (Borchert and Muir, 1964).

Impact of diagenesis-induced collapse on the Permian landscape and deposition

As described above, the base-Z3k depressions controlled lithology variations in the Z3k
sequence, with the depressions being enriched in K-Mg salt (Fig. 2). Z3h halite deposition
terminated with episodic exposure and desiccation of the basin floor, under isolated, shallow-
water conditions, leading to the accumulation of the Z3k unit (Fig. 4C) (e.g., Czapowski et al.,
2012; Raith et al., 2017). The stepped, staircase-like flanks of the base-Z3k depressions (e.g.,
centre left of Fig. 3B), resembling marine terraces formed during sea-level fall (cf. retreating
coastline of the Dead Sea; Ghazleh and Kempe, 2009), suggest basin desiccation and punctuated
7.3k deposition, driven by evaporation-refreshing cycles that fluctuated salinity (Krupp, 2005)
and deposited alternating halite and K-Mg salts on the depression flanks (e.g., Borchert and
Muir, 1964; Raith et al., 2017). The Z4 Roter Salzton (Richter-Bernburg, 1955), capping the Z3k

unit (Fig. 2-3), indicates the eventual establishment of marine conditions (Fig. 4D).

Implications
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The coupled diagenetic, fluid flow, and dissolution processes we describe offer a framework for
interpreting analogous features in salt basins globally. For example, gypsum-rich basins, like the
Dead Sea, are also deformed by sinkholes (Arkin and Gilat, 2000), which may also be caused by
hypogenic evaporite dissolution, similar to the mechanisms proposed here. Salt basins influenced
by early salt tectonics, particularly those containing hydrated sulphate deposits (e.g., Célini et al.,
2024), could develop anomalously locally thickened lithologies within an LES, preconditioning
them for spatially variable, diagenesis-induced deformation in a similar way to that documented
here. As such, understanding the distribution of underlying thickness variations in evaporites,

associated with the subsurface temperature and pressure regime, is critical.

CONCLUSIONS

This research highlights the role of gypsum diagenesis in shaping evaporite-bearing basins,
exemplified by the Zechstein Basin. Analysis of 3D seismic and borehole data reveals a multi-
stage process where gypsum-to-anhydrite transformation releases pore water, triggering halite
dissolution and forming collapse structures later infilled with potash. The alignment of
depressions with gypsum mounds underscores how thickness heterogeneities influence surface
stability, offering a new framework for understanding large-scale salt collapse and its global

implications.
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FIGURE CAPTIONS

Fig. 1 Map showing study area, seismic reflection data extent, (black polygons with transparent
fill—SNS Megasurvey; red polygon—Cavendish survey) and the distribution of collapse
structures. The dots represent the wells colour-coded as shown in Fig. 2, and located in Fig. S2.
Paleogeography (inset) modified after Geluk (1999) and Taylor (1998). aa’: Profile showing the
internal stratigraphy of the ZSG. Salt collapse-prone areas are interpreted from underlying ATZ
networks (Moneron, 2025). ATZ—Anomalously Thick Zone. UK—United Kingdom. NL—
Netherlands. NPB—Northern Permian Basin. SPB—Southern Permian Basin. PB—Polish Basin.
MNSH-—Mid North Sea High. The bathymetric map is modified from emodnet.eu/. Coordinates

are in degrees (UTM WGS84).

Fig. 2 A-B. Well-tied seismic sections imaging the ZSG, showing the general geophysical
expression of the unit, as well as the base-Z3k collapse structures and associated ATZs (located
in Fig. 1). C-F. Seismic sections showing thickness variations in the Z3k unit and its relationship
to ATZs in the lower part of the Z3 interval. G. Stratigraphic correlation (datum=base Z4)
through the areas shown in (C-F). Location of the four wells in Fig. 1. For the graphs in (G), 19
wells were analysed: 13 crossing a flat base Z3k surface and 6 penetrating base Z3k depressions

spatially aligned with underlying ATZs (Table of Fig. S7).

Fig. 3. A. Location of enlargements, ATZ networks, and cross-sections for Z3k thickness
assessment. B-C. Structure maps of the base Z3Kk, highlighting depressions and associated

stratigraphic relationships. The white dashed polygon in B represents a data gap caused by a
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dyke. D. Typical Z3k depression over an ATZ, with truncation patterns, Z3k onlaps, and a
schematic representing metrics for measuring normalised thickness variations (in G). E.
Thickness map of the Z3k layer. F. Upper inset: Dip map of the base Z3k with a 10° cutoff,
corresponding to ~35 ms thickness (lower inset). G. Normalised Z3k thickness distributions,

showing a distinct thickness increase over ATZs (~30 cross sections analysed, Table of Fig. S7).

Fig. 4. Four-stage conceptual model for the genesis of potash-filled depressions in the Zechstein Basin. A.
Formation of gypsum ATZs during Z3a deposition. B. Burial under Z3h halite and compaction of gypsum
layers. C. Gypsum dehydration to anhydrite releases brines, inducing halite dissolution, subsidence, and

collapse. D. Depressions infilled with K-Mg salts during Z3k deposition, transitioning to stability with Z4

claystones. Insets: Cross-sectional views of evolving topography.
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Supplemental Material:

Seismic-To-Well Tie And Mapping

We generated synthetic seismograms to tie lithological and seismic-stratigraphic boundaries
interpreted from the wells and seismic data, respectively (Fig. S2). Borehole data included
drilling cuttings (9m sampling frequency) and petrophysical logs (e.g., GR, DT, RHOB), which
together enabled a detailed stratigraphic analysis of Z3k and mapping of its bounding seismic
reflections (base and top Z3k). Seismic and well-logs show that: (1) top Z3k corresponds to a
positive reflection (Fig. S2), marking the downward transition from Z4 claystone to K-Mg-rich
layers, with GR logs showing values up to 150 API; and (2) base Z3k corresponds to another
positive reflection (Fig. S2), corresponding to a thick Z3k K-Mg-rich layer directly overlying the
halite-dominated Z3h.

Key seismic horizons identified in synthetic seismograms were mapped across the study area
(Fig. S6) and interpreted on a seeded auto-tracked horizon picking from an original ~25 x 25m

manual grid picking.

Zechstein Stratigraphy

Evaporite accumulation was strongly influenced by environmental variations, which led to the
subdivision of the stratal architecture of the whole unit (e.g., Tucker, 1991; Mitchum and van
Wagoner; 1991; Goodall et al., 1992). Four to five (Z1-Z5, Figure 2) main Zechstein seismo-
stratigraphic cycles have been recognised and correlated across the (Taylor, 1998; Geluk, 2005;
Peryt et al., 2010) and correspond to main “evaporitic cycles” (Warren, 2006), leading to a wide
variety of basin-scale lithologies: shale, carbonates, sulphates, halite and K—Mg salts anhywhere

in the central SPB (Figure 2) (e.g., Geluk et al., 2007: Biehl, 2014; Raith et al., 2016; Pichat, 2022).
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Typically, the basal unit in each cycle consists of carbonates, interbedded and then overlain by
anhydrite, followed by thick deposits of halite, capped with an interbedded mixture of halite,
anhydrite, and K-Mg (potash) salts (Smith, 1981; Ziegler, 1990; Taylor, 1998; Peryt et al., 2010).
In the Zechstein Group, the ratio of carbonates to evaporites declines progressively from the older

cycles to the more recent ones (Taylor, 1998; Geluk, 1999) (Figure 2).

Stratigraphy Of The Z3k

The Z3 cycle follows a complete evaporitic sequence (Warren, 2006) beginning with clastic
deposits, transitioning with carbonate and sulphate layers, and progressing to halite before
culminating in K-Mg salts (Smith and Crosby, 1979). In this study, the upper elements of the Z3
(Z3k) unit were primarily examined as they are central to this analysis. The Z3k (Fig. 2c-g),
documented mainly (1) from mining sites overlying salt structures in the southeast UK (Armstrong
et al., 1951; Stewart, 1963; Smith, 1979, 1981; Talbot et al., 1982; Kemp et al., 2016), Germany
(Richter-Bernburg, 1955; Herrmann and Knipping, 1993; Krupp, 2005) Poland (Podemski 1974,
Dawidowski 1976, Czapowski 2006, Czapowski and bukowski 2010; Czapowski 2012) and (2)
from offshore data (e.g., petrophysical logs and drill cuttings, Smith and Crosby, 1979; Pichat,
2022), is a chloride-dominated layer over the Z3 halite, and comprise mainly sylvinite, carnallite
and halite with minor occurrences of anhydrite, kieserite, and bischofite (Herrmann, 1991, Kemp
et al., 2016; Raith et al., 2017). The Z3k is 10m thick in marginal areas, with increasing thickness
distally reaching up to 40, and even more (90 m) due to alleged halokinetic deformation (Smith
and Crosby, 1979; Czapowski and bukowski 2010; Raith et al., 2017). Its formation involved
primary evaporitic deposition and early diagenetic recrystallisation reflecting salinity fluctuations

and basin dynamics (Krupp, 2005; Czapowski et al., 2012; Raith et al., 2017). The sporadic
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presence of bischofite “lakes”, /isolated depocenters in Poland (Hanczke, 1969; Krupp, 2005;
Czapowski et al., 2012) and the Netherlands (Pichat, 2022), combined with the occurrence of
"desiccation cracks" within the Z3k (Tomassi-Morawiec et al., 2008, 2009; Czapowski and
Bukowski, 2010; Czapowski et al., 2012; Raith et al., 2017), suggests episodic exposure and drying
of the basin floor, under isolated conditions. Overlying the Z3k is the basal Z4 Roter Salzton, or
“red salt clay” (Fig. 2; Richter-Bernburg, 1955, van Gent, 2011; Barabasch, 2019, Grant et al.,
2019), a decametric, almost perfectly isopachous basinwide clay layer capping the Z3 potash

traceable all over the SPB from the UK to the SE Netherlands.
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Fig. S2 Modelled synthetic seismogram, lithostratigraphy and seismic to well-tie approach for borehole 44/12a-5 (location in
Figures 1 and S2). From left to right: Litholog—interpreted lithology log from drilling cuttings obtained from the mudlogging
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of mean sea level. Pink dots within litholog represent anhydrite inclusions.
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Well Numher| Hauptanhydrit (ft) | Hauptanhydrit (m) | Thickness KMg (ft) IThickness Kmg (m) |Z3k Halite (m)| Z3k total (ft) 73k (m) | % of Kmg Salts within Z3k
Not over ATZs
43 _22a-3 183 55.7784 100 30.48 42.672 240 73.152 41.66666667
44 07-1 180 54.864 50 15.24 64.008 260 79.248 19.23076923
44_11-2 144 43.8912 110 33.528 42.672 250 76.2 44
44 _1la-4 159 48.4632 130 39.624 39.624 260 79.248 50
44_12-1 157 47.8536 40! 12.192 36.576 160 48.768 25
44 _12a-3 145 44.196 80! 24.384 47.244 235 71.628 34.04255319
44_12a-4 143 43.5864 40! 12.192 33.528 150 45.72 26.66666667
44_12a-6 202 61.5696 110 33.528 27.432 200 60.96 55
44 12a-A3 191 58.2168 155 47.244 38.1 280 85.344 55.35714286
44 _14-1 138 42.0624 70 21.336 42.672 210 64.008 33.33333333
44 21-4 126.3 38.49624 110 33.528 48.768 270 82.296 40.74074074
44 21a-6 118 35.9664 150 45.72 60.96 350 106.68 42.85714286
44 22-3 143 43.5864 120 36.576 54.864 300 91.44 40
Average 47.57928 97.30769231 29.65938462 44.54769231 243.4615385 74.207077 39.06884735
Over ATZs
44 12-2 528 160.9344 170 51.816 33.528 280 85.344 60.71428571
44_12a-5 505 153.924 350 106.68 51.816 520 158.496 67.30769231
44 14-2 481 146.6088 210 64.008 9.144 240 73.152 87.5
44/19b-6 310 94.488 190 57.912 30.48 290 88.392 65.51724138
44 22-4 470 143.256 410 124.968 39.624 540 164.592 75.92592593
44 22-7 283 86.2584 280 85.344 24.384 360 109.728 77.77777778
Average: 130.9116 268.3333333 81.788 31.496 371.6666667 113.284 72.45715385
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Fig. S7 Summary of metrics used in this study. A. Tabulated data comparing the thicknesses of Hauptanhydrit (Z3a), K-Mg salts,

and halite (Z3h) within and outside ATZs. Averaged thicknesses and proportions of K-Mg salts within the Z3k unit are also

provided, highlighting significant differences between areas overlying ATZs and those that do not. B. Cross-section indices

categorising sections over and outside ATZs, indicating the distribution and structural variability across study regions.
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