Geothermics 116 (2024) 102842

Contents lists available at ScienceDirect

Geothermics

e 4

ELSEVIER

journal homepage: www.elsevier.com/locate/geothermics

Contrasting influence of salt structures and faults on the geothermal
potential of regional structural highs: The Cleaver Bank High, Southern
North Sea

Qiang Zhang , Tiago Alves

3D Seismic Lab, School of Earth and Environmental Sciences, Cardiff University, Main Building, Park Place, Cardiff CF10 3AT, United Kingdom

ARTICLE INFO ABSTRACT

Keywords: High-quality 3D seismic reflection data, complemented by 448 bottom-hole temperatures (BHTs) from 48
Salt structures boreholes, are used to investigate the influence of salt structures and faults on the geothermal potential of the
Faults

Cleaver Bank High, Southern North Sea. Developed salt structures include multiple salt diapirs, salt pillows and a
salt wall, with their presence influencing local geothermal potential. Strata deposited above the Zechstein Group
record geothermal gradients that are enhanced proportionally to the thickness of this salt unit. Conversely, strata
buried below the Zechstein Group reveal a moderate decreasing trend in geothermal gradients as salt thickens.
Large supra-salt faults can act as fluid paths to deep and hot fluid into shallow strata, resulting in the presence of
high geothermal gradients in shallow strata. Importantly, geothermal gradients on the footwall of these faults are
much higher than that on the corresponding hanging-wall, decreasing as one moves away from them. For
example, average geothermal gradients on the footwall of the largest supra-salt fault (Fault A) are, relative to its
immediate hanging-wall, 105 % higher in the North Sea Group, 26 % higher in the Chalk Group, and 41 % higher
in the Rijnland, Upper and Lower Germanic Trias Groups. Additionally, sub-salt faults influence the geothermal
gradient of supra-salt strata in parts of the study area where there is very thin, or even absent, salt (<100 ms; or
~230 m), forming distinct low-amplitude trails of fluid above these same faults. They also indirectly influence
geothermal gradient by controlling the position, geometry and distribution pattern of salt structures. As a cor-
ollary, three potential geothermal exploration targets are suggested on the Cleaver Bank High, one located on the
footwall of a large supra-salt fault, one above thick salt, and a third target above very thin Zechstein strata where
low-amplitude fluid chimneys are found. The results in this work can be applied to similar salt-bearing structural
highs in Northern Europe and worldwide.

Geothermal potential
Cleaver Bank High

1. Introduction

The use of geothermal energy for industrial and domestic purposes
has increased for the past 35-40 years, accompanying an ever-rising
demand for low-carbon energy (e.g. Gallup, 2009). Geothermal energy
is considered as an important and potential resource in many a sedi-
mentary basin (Erdlac et al., 2007; Busby, 2014; Daniilidis and Herber,
2017; Alves et al., 2022). Alas, its deployment is still limited when
compared to other sources of energy due to its inherent high production
and maintenance costs (Younger et al., 2012; Mijnlieff, 2020). In addi-
tion, geothermal energy sites are also often affected by some of the
drilling hazards occurring in conventional oil and gas fields, at the same
time requiring reliable, long lasting hydraulic yields and appropriate
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water temperatures (ideally beyond 150°C) to produce energy (Glaas
et al., 2018; Vidal and Genter, 2018; Reinecker et al., 2019). Local
geothermal gradient, reservoir architecture, lithology and
industrial-scale water flow rate (or hydraulic yield) are particularly
known geological factors controlling thermal energy output in many
geothermal projects (Yang et al., 2000; Van Wees et al., 2012; Daniilidis
and Herber, 2017; Reinecker et al., 2021).

A positive aspect concerns the fact that local geothermal gradients in
sedimentary basins are greatly enhanced by the presence of buried salt
intervals. This means that higher-than-normal temperatures occur above
thick salt, and lower temperatures below, a phenomenon known as the
‘chimney effect’ (Jensen, 1983, 1990; Wilson and Ruppel, 2007; Canova
et al., 2018; Nolan, 2021). Such an effect results from salt having a
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thermal conductivity that is two to four times greater than in other
sedimentary rocks (Zhuo et al., 2016; Jackson and Hudec, 2017; Ray-
mond et al., 2022). In parallel, faults in sedimentary basins, including
salt-rich basins, can play an important role in focusing heat and fluid in
the upper crust. They may act as favourable migration paths for deep
and hot fluid, resulting in local temperature anomalies at shallow depths
(Wood et al., 2001; Cloetingh et al., 2010; Hinz et al., 2014; McLean
et al., 2018).

Salt structures are well developed on the Cleaver Bank High and
include salt diapirs, pillows and walls. Salt diapirs and walls reflect the
presence of ductile salt masses piercing their overburden, with salt walls
being more elongated than salt diapirs (e.g. Jackson and Hudec, 2017).
Salt pillows are upwellings of salt with a concordant overburden that is

Geothermics 116 (2024) 102842

parallel to the upper salt contact (e.g. Jackson and Hudec, 2017). Salt
structures on the Cleaver Bank High experienced multiple phases of
growth, and their distribution was controlled by NW-striking sub-salt
faults (Oudmayer and De Jager, 1993; Remmelts, 1995). These
NW-striking sub-salt faults were intersected by conjugate NE-striking
sub-salt faults, all of which record multiple phases of tectonic reac-
tivation (Schroot and Haan, 2003; Ligtenberg et al., 2011; Van Ojik
et al., 2020). In parallel, a large number of supra-salt faults are observed
on the Cleaver Bank High, having accommodated local stresses resulting
from prolonged halokinesis (Ten Veen et al., 2012; Zhang and Alves,
2023).

The aim of this paper is to investigate the influence of salt structures
and faults on the geothermal potential of the Cleaver Bank High, as an
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Fig. 1. (a) Bathymetric map of NW Europe and its continental margin. The red polygon highlights the location of Fig. 1b). (b) Bathymetric map showing the position
of the Dutch sector of the Southern North Sea, as bounded by the grey polygon. The Broad Fourteens Basin, Central Netherlands Basin and West Netherlands Basin are
highlighted by a black solid line, whereas the Cleaver Bank High and Winterton High are highlighted by a black dash line. The red rectangle marks the location of the
3D seismic volume. Bathymetric map is taken from the Bathymetric Data Viewer in National center for Environmental Information (https://www.ncei.noaa.gov/ma
ps/bathymetry/). (c) Variance map (Z = —1800 ms two-way time) highlighting the position of different salt structures developed in the study area. The seismic

profiles in Figs. 4-6 are shown as black lines.
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example of a regional structural high in the Southern North Sea. In
summary, this work addresses the following research questions:

(a) Is there an influence of salt structures on the geothermal potential
of regional structural highs, such as the Cleaver Bank High?

(b) How do faults developed on structural highs control the
geothermal potential of sub- and supra-salt strata?

(c) What potential geothermal exploration targets can be identified
on the Cleaver Bank High?

2. Geological setting

The Cleaver Bank High is an important hydrocarbon producing area
of the Southern North Sea in which gas is produced from both West-
phalian and Upper Rotliegend sandstones (Fattah et al., 2012) (Fig. 1a).
It spans ~8000 km? and bounds the Broad Fourteens Basin to the north
(Quirk, 1993) (Fig. 1b and c). The Cleaver Bank High was first part of a
foreland basin during the Variscan orogeny and was later affected by
multiple tectonic episodes (Ziegler, 1990; De Jager, 2007) (Fig. 2).
Importantly, the Zechstein Group decouples the Permian Rotliegend
Group below from Triassic-Holocene strata above (Stewart and Coward,
1995; Ten Veen et al., 2012; Alves and Elliott, 2014). Previous work
identified multiple basement fault trends beneath the Zechstein Group,
the main evaporitic unit in the Southern North Sea (Schroot and Haan,
2003; Ligtenberg et al., 2011).
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2.1. Upper palaeozoic

During the Carboniferous, the Cleaver Bank High was located in a
foreland position relative to the Variscan orogen, and became the locus
of important sedimentation (Limburg Group; Ziegler, 1990; De Jager,
2007). The Variscan orogeny, the tectonic event responsible for the
closure of the Proto-Tethys Ocean, imposed a general N-S compressional
regime along northern Europe at the end of the paleozoic (Devonian and
Early Carboniferous; Schroot and Haan, 2003; Van Ojik et al., 2020). At
this time, three different fault trends (E-W, NW-SE and NE-SW),
inherited from older basement weakness zones, became active on the
Cleaver Bank High (Schroot and Haan, 2003).

At the end of the Carboniferous, tectonic subsidence on the edges of
the Variscan orogen preceded regional thermal uplift and igneous
underplating, phenomena that resulted in the erosion of Upper
Carboniferous strata (Fattah et al., 2012). In some areas, more than
1000 m of the Carboniferous Coal Measures were eroded below a
regional Base Permian Unconformity (Quirk, 1993). Older fault were
also reactivated in the latest Carboniferous-Early Permian, forming
large-scale NE-SW and NW-SE conjugate fault systems (Ziegler, 1990).

Thermal cooling and regional subsidence predominated in the study
area after latest Carboniferous-Early Permian tectonics. Aeolian, fluvial
sediments and desert-lake deposits were deposited in the Late Permian
as part of the Rotliegend Group (Van Wees et al., 2000; Doornenbal and
Stevenson, 2010) and subsequently covered by evaporites, carbonates
and clays in the Zechstein Group, which reflect a late period of crustal
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Fig. 2. Tectono-stratigraphic chart for the Cleaver Bank High summarising main stratigraphic units and their character (from Harding and Huuse, 2015). Multiple
tectonic events and four tectonic evolutionary phases are highlighted. Seven important seismic-stratigraphic horizons, correlated with data from well K08-07, are

shown on the seismic profile.
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extension and subsidence (Fattah et al., 2012). On the Cleaver Bank
High, tectonic extension followed a E-W direction during the Permian
(Van Qjik et al., 2020).

2.2. Mesozoic

The Triassic was marked by E-W extension (Ziegler, 1990) and,
consequently, the Cleaver Bank High records the accumulation of silty
claystone, minor evaporites, carbonates and sandstones in the Upper
and Lower Germanic Trias Group (Fig. 2). Extension near the study area
still followed an E-W direction during the Early Jurassic (Early Kim-
merian tectonic phase), and thus controlled the deposition of the Altena
Group within the Broad Fourteens Basin (Fig. 2). Halokinesis started at
this time, promoting structural decoupling between sub- and supra-salt
strata (James, 2003).

Thermal doming and uplift of the Cleaver Bank High occurred in the
Middle and Late Jurassic (Ziegler, 1990; De Jager, 2007). This tectonic
phase was associated with continental rifting and resulting sea-level fall,
causing widespread erosion of structural highs in the Southern North
Sea; the so-called Mid and Late Kimmerian phases (Ziegler, 1990; De
Jager, 2007; Ten Veen et al., 2012). On the Cleaver Bank High, Upper
Triassic and Lower Jurassic strata are completely absent (Quirk, 1993).

Sea level rose once again during the Early Cretaceous and the study
area was gradually flooded. As a result, siliciclastic intervals in the
Rijnland Group (Fig. 2) accumulated over Triassic strata and, locally, the
Zechstein Group (Schroot and Haan, 2003). The main direction of
extension was reoriented to NE-SW from the Late Kimmeridgian to the
Early Cretaceous (Deckers and van der Voet, 2018).

Regional thermal subsidence prevailed in the Late Cretaceous and a
thick succession of limestones, the Chalk Group, was subsequently
deposited (Fattah et al., 2012) (Fig. 2). The Alpine orogeny was initiated
in Central Europe at this same time due to convergence of the African
and Arabian plates with Eurasia (De Jager, 2007; Fattah et al., 2012).
This resulted in the onset of NW-SE tectonic compression on the Cleaver
Bank High. Moderate halokinesis occurred due to this same compres-
sion, as suggested by the local thinning of the Chalk Group strata to-
wards salt structures.

2.3. Cenozoic

On the Cleaver Bank High, Cenozoic sediments are unconformable
over the Chalk Group. They consist of clays, silts and fine to coarse sands
(Fig. 2). Two inversion episodes affected the study area during the
Paleogene; the Mid-Paleogene Pyrenean and the Late Paleogene Savian
tectonics. Apatite fission-track data show that the Cleaver Bank High
was locally uplifted during the Pyrenean inversion (Alberts et al., 1991).
In contrast, Savian tectonic inversion was milder and marked by a broad,
regional unconformity separating Paleogene from Neogene strata
(Chen, 2016). During the Cenozoic, the main direction of compression
remained orientated NW-SE, and reverse faults, thrusts and pop-up
structures were locally formed (Van Ojik et al., 2020). In addition, salt
movement occurred in the Eocene-Oligocene, accompanying tectonic
inversion (Glennie, 1997; Harding and Huuse, 2015; Deckers et al.,
2022). Major fold structures cored by salt pillows were initiated or
amplified during the multiple Cenozoic tectonic phases (Stewart and
Coward, 1995; Stewart, 2007; Ten Veen et al., 2012; Hernandez et al.,
2018).

3. Data and methods
3.1. Seismic, borehole and temperature data

This work uses a three-dimensional (3D) seismic reflection volume
from the Cleaver Bank High (Southern North Sea), complemented by

448 bottom-hole temperatures (BHTs; see Supplementary File 1) gath-
ered from forty-eight (48) exploration boreholes (Fig. 1). The seismic
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volume was acquired in the southern end of the Cleaver Bank High, a
structural high bordering the Broad Fourteens Basin to the north, and
covers an area of ~2120 km? with an average water depth of 35 m
(Fig. 1). Inline and crossline spacings for the seismic data are 25 m, as
they have been processed with a 25 x 25 m bin size. Stratigraphic and P-
wave velocity (Vp) data, obtained from boreholes tied to discrete seismic
reflections, reveal a minimum vertical resolution (A/4) ~40 m below the
main salt unit in the study area, and ~12 m in the shallowest Cenozoic
strata. The seismic data are zero-phased and displayed using the Euro-
pean SEG polarity convention, in which an increase in acoustic imped-
ance is shown as a red seismic reflection, while a decrease in acoustic
impedance coincides with black seismic reflections (Brown, 2001).

Apart from BHTs, the 48 wells drilled in the study area provide
Gamma Ray (GR), Lithology, Density (RHOB) and Sonic (DT) data.
Hence, well correlations are completed in this work to identify litho-
logical variations and establish a chronostratigraphic framework for the
interpreted seismic-stratigraphic units (Figs. 2 and 3). Hence, five (5)
key seismic-stratigraphic units are defined and correlated with borehole
data (Figs. 3 and 4). Thickness maps for four (4) of these units are
compiled to highlight major thickness variations associated with hal-
okinesis and tectonic inversion. In addition, fault maps from four (4) key
horizons, superimposed on the areas where the Zechstein Group is >400
ms, highlight any relationships amongst faults and salt structures.

BHTs are systematically corrected in this work due to the fact that
raw BHTs obtained from the well geophysical logs are usually cooler
than true formation temperatures (e.g. Chapman et al., 1984; Deming,
1989). Importantly, a total of 12 BHTs (out of 448) acquired from sonic
cement bond logs (CBLs) effectively represent the true formation tem-
perature - CBLs commonly run from days to years after drilling,
recording the maximum BHT read by a thermometer, or probe (Holgate,
2005). These 12 BHTs have not been corrected as highlighted in Sup-
plementary File 1.

The remaining 436 BHTs (out of 448) are corrected by applying the
modelling tools provided by ZetaWare, Inc (Corrigan, 2003). These tools
include three correction methods for BHTSs; the Horner correction, the
Time-Since-Circulation correction and the Last-Resort correction (Cor-
rigan, 2003). The Horner correction can be used when three of more
self-consistent BHTs from a given depth are available, with this
correction involving the plotting of BTHs in a given well vs. time
(Chapman et al., 1984). Based on a study of 983 BHTs and associated
equilibrium temperature estimates (Teq), the Teq uncertainty (1 sigma)
using the Horner correction is + 8 °C (Corrigan, 1997).

Time-Since-Circulation corrections are suggested when time-since-
circulation information is available but deemed unsuitable for the
Horner correction (Corrigan, 2003). With the Time-Since-Circulation
correction, uncertainty in Teq estimates (1 sigma) is in the order of +
6-12 °C with a post-circulation time of 10 h, decreasing to + 3-6 °C with
a post-circulation time of 30 h (Corrigan, 2003).

When only BHTs are available with no time-since-circulation infor-
mation, a Last-Resort correction is recommended by simply adding 18°C
to the original temperatures (Corrigan, 2003). For the Last-Resort
correction, the expected Teq uncertainty is & 9 °C (Corrigan, 2003).

Based on the Teq uncertainty caused due to three correction methods,
the Horner correction for BHTs performs better than the Time-Since-
Circulation correction. The Time-Since-Circulation correction for BHTSs
has a lower uncertainty in Teq than the Last-Resort correction. Thus, the
Horner correction for BHTs is chosen over the Time-Since-Circulation
correction, and the latter is chosen over the Last-Resort correction.

In this work, only three (3) out of 436 BHTs data are suitable for the
Horner correction method. A total of 242 BHTs are suitable to be cor-
rected by using the Time-Since-Circulation method, and the remaining
191 BHTs are simply corrected based on the Last-Resort correction
method. The detailed correction method used for each BHT has been
listed in Supplementary File 1. In addition, measured depths (MDs) of 96
BHT data recorded from inclined boreholes are converted into true
vertical depths (TVDs). Finally, corrected BHTs are tied in this work to
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the five interpreted seismic-stratigraphic units, so as to ensure that each
of these units has more than 20 corrected BHTs.

3.2. Correlations amongst BHTs and main lithostratigraphic units

Most wells terminate below the Zechstein Group, so this work was
able to separate the Upper Rotliegend and Limburg Groups in terms of
their geothermal potential. Geothermal gradients are calculated
considering the seafloor temperature as 7.8°C at the present-day water
depth of 35 m (Defant, 1961; Evans and Coleman, 1974).

Normal probability plots are compiled to calculate P90, P50 and P10
probabilities for the corrected BHTs and geothermal gradients in each
stratigraphic unit (Table 1). P90 means that there is, at least, a 90 %
probability that the values will equal or exceed the low estimate for
BHTs or geothermal gradients; P50 indicates at least a 50 % probability
that the values estimated will equal or exceed the best estimate for BHTs
and geothermal gradients; P10 represents a 10 % probability of the
calculated values to equal or exceed the higher estimate for BHTs and
geothermal gradients. In addition, vertical depth is plotted against
corrected BHT and geothermal gradient to highlight any depth-
dependent changes.

Subsidence and thermal models (1D modelling on PetroMod® 2021)
for wells K11-10, K11-02 and K12-12 are used to investigate the burial

and thermal histories of the Cleaver Bank High. Stratigraphic units
recorded in well completion logs, and their corresponding lithologies,
are obtained from the Dutch Oil and Gas portal (NLOG) (see Supple-
mentary File 2). Main uplift and erosion phases are considered in the
study area, especially the Saalian and Mid-Late Kimmerian events. The
amount of eroded material is estimated based on the erosion maps
published by Fattah et al. (2012), assuming that the depositional
thicknesses of the Step Graben Formation, the Hospital Ground For-
mation, the Altena Group, the Upper Germanic Trias Group and the
Lower Germanic Trias Group are 50, 200, 200, 400 and 500 m,
respectively. Palaeo-water depth curves are also compiled based on the
published literature (Fattah et al., 2012) as well as the lithologies and
depositional environments recognised for specific units. The palaeo
temperature at the sediment water interface (SWIT) is calculated with an
integrated PetroMod tool, which considers palaeowater depth and the
evolution of ocean surface temperatures through time depending on the
palaeolatitude of the study area.

Basal heat flow is based on the work of Fattah et al. (2012), where
values for well K01-02 were calculated using the 1D tectonic heat flow
modelling tool PetroProb (Van Wees et al., 2009). Importantly, well
K01-02 is close to wells K11-10, K11-02 and K12-12 in this work, at a
distance of ~ 45 km, and reveals similar geological conditions and burial
histories to those of the Cleaver Bank High. Thermal conductivity values
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Basin. Salt diapirs have irregular geometries, different heights and widths. The location of the seismic profiles is shown in Fig. 1c. Labels on the borehole trajectories
indicate the depth of BHTs numbered in Supplementary File 1.
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Table 1
Corrected BHTs and geothermal gradients for different stratigraphic units calculated using normal probability plots.
Stratigraphy units Well Number P90 P50 P10
Number of Corrected Gradient Corrected Gradient Corrected Gradient
BHT data BHT (°C) (°C/km) BHT (°C) (°C/km) BHT (°C) (°C/km)
Supra-salt North Sea Group (Seismic Unit 5) 13 22 50.7 42.0 61.4 63.1 72.1 84.1
strata Chalk Group (Seismic Unit 4) 23 42 57.8 333 76.2 47.0 94.7 60.6
Rijnland, Upper and Lower 14 24 76.0 329 94.5 40.6 113.1 48.4
Germanic Trias Groups (Seismic
Unit 3)
Zechstein Zechstein Group (Seismic Unit 2) 39 123 92.6 30.1 108.5 35.2 124.4 40.2
salt
Sub-salt Upper Rotliegend Group (Seismic 28 74 112.6 30.3 121.7 32.8 130.9 35.2
strata Unit 1)
Limburg Group (Seismic Unit 1) 44 163 114.6 30.6 125.3 32.9 136.0 35.2
Supra-salt strata 35 88 54.4 31.7 77.5 49.3 100.7 66.8
Sub-salt strata 48 237 113.8 30.5 124.2 32.9 134.6 35.2
All stratigraphic groups 48 448 84.7 27.2 110.7 36.7 136.7 46.2

are calculated in this work based on a pre-defined thermal conductivity
model - the Sekiguchi Model on PetroMod® 2021. Radiogenic heat
production is calculated for the rock matrices for each of the lithologies.
The compaction model is based on the Hydrostatic Athy’s law Model
where the porosity versus depth curve is a theoretical curve that assumes
a hydrostatic pressure and a uniform lithological column. The initial
geological model does not include faults and assumes open fluid flow
boundaries. Temperature simulations run assuming hydrostatic condi-
tions and only conductive heat flow is assumed in the model. Salt
movement and, as a consequence, any related thermal effects are not
considered in the models. Nevertheless, modelled present-day temper-
atures and corrected BHTs are provided, and these are able to highlight
the temperature differences between them, and the influence of faults on
local temperatures. Vertical thermal conductivities are shown, indi-
cating the influence of lithology variations on geothermal gradients.

Temperature and geothermal gradient maps are compiled for specific
stratigraphic intervals so to highlight the influence of salt structures on
geothermal potential. Temperature maps are calculated using BHTSs
gathered around the horizon of interest, within an interval 200 m above
or below this latter. Average geothermal gradients are used to compile
geothermal gradient maps when there is more than one temperature
measurement for a particular stratigraphic interval. We note that
anisotropy effects of deviated wells were not considered when compiling
these maps; hence, temperature and geothermal gradient maps
compiled in this work are not 100% precise. Nevertheless, corrected
BHTs and geothermal gradients from wells located around faults, mostly
vertical wells, are recorded in two specific tables, highlighting the in-
fluence of specific structures on the geothermal potential of the study
area (Tables 2 and 3).

4. Seismic stratigraphic units
4.1. Unit 1 (Pre-Zechstein units)

Unit 1 is bounded at its top by horizon HO, a high-amplitude seismic
reflection that correlates with the base of the Zechstein Group (Figs. 2
and 4). Its base is delimited by the acoustic basement, which occurs at a
depth of ~3000 ms two-way travel time (twtt). Unit 1 comprises a ~750
ms thick package with low- to high-amplitude seismic reflections. Sub-
salt strata, especially those below thick salt, are usually of low ampli-
tude and show local velocity pull-ups (Figs. 4-6).

Most wells drilled in the study area terminate within the Upper
Rotliegend or Limburg Groups. Dominant lithologies include sandstone,
sandy clay and shale. Gamma-ray and density values change dramati-
cally with depth, indicating sharp lithological changes in these two
stratigraphic groups (Fig. 3). Sub-salt faults are ubiquitous, and most
propagate upwards through horizon HO. However, their lower tips are
usually hard to observe in seismic data as many sub-salt faults propagate

below the acoustic basement (Figs. 4-6).

4.2. Unit 2 (Zechstein group)

Unit 2 is the primary seismic interval of interest to this study,
correlating directly with the Zechstein Group. Its base coincides with
horizon HO, whereas its top is horizon H1, a high-amplitude reflection
(Figs. 4-6). Unit 2 consists of chaotic to transparent seismic reflections,
though it locally shows distinct high-amplitude reflections. The thick-
ness of Unit 2 varies from 0 ms in salt welds to over 1600 ms in salt
diapirs (Figs. 4-6 and 8).

Unit 2 is mainly composed of salt with low gamma-ray and density
values (Fig. 3). However, its upper boundary includes a thin layer of
claystone, which in some areas presents high gamma-ray values and low
density values (Fig. 3). Dolomite stringers — the high-amplitude features
previously mentioned as occurring within salt — are also observed in Unit
2, but are fragmented and gently folded. Faulting is common at its base,
but its top is less compartmentalised, except in the northern part (Figs. 7
and 9). In some areas where thin salt exists, large sub-salt faults prop-
agate into supra-salt strata (Fig. 4).

4.3. Unit 3 (Rijnland, upper and lower Germanic Trias Groups)

Unit 3 is bounded at its base by horizon H1, whereas its top is
delimited by horizon H4, a high-amplitude reflection correlating with
the base of the Chalk Group (Figs. 4-6). On the Cleaver Bank High, Unit
3 includes the Rijnland (KN), Upper (RN) and Lower (RB) Germanic
Trias groups, plus the Altena Group (AT) in the small portion of the
Broad Fourteens Basin covered by the 3D seismic volume (Fig. 4a). The
Altena and Rijnland Groups are bounded at their bases by horizons H2,
H3, respectively (Fig. 4-6). Unit 3 consists of low-amplitude to trans-
parent seismic reflections in its lower part, changing to high-amplitude
seismic reflections at its top. Seismic reflections are often truncated
beneath the Rijnland Group, marking an angular unconformity between
the Rijnland and the Germanic Trias Groups (Figs. 4-6). The thickness of
Unit 3 ranges from 0 to 900 ms, showing a marked increase towards the
south (Fig. 8).

Unit 3 consists of shales and marls, but thin anhydrite has also been
drilled at particular locations (Fig. 3). Variable gamma-ray and density
values dominate this unit. Faults are not common, except for a few large
faults, and crestal faults above salt structures (Figs. 4-7). Nevertheless,
small faults are developed around the base of Unit 3 in the northern part
of the study area (Figs. 7 and 9).

4.4. Unit 4 (Chalk group)

The base of Unit 4 coincides with horizon H4, and its top with ho-
rizon H5, a high-amplitude reflection that correlates with the base of the



Table 2
Corrected BHTs and geothermal gradients recorded from twelve (12) wells located next to Fault A, highlighting the influence of this fault on local geothermal gradient. The highest geothermal gradient and its corre-
sponding corrected BHT are listed below when there is more than one temperature measurement for a seismic-stratigraphic unit. Well locations are shown in Figs. 1c and 4.

Well Position Distance to Thickness of North Sea Group Chalk Group Rijnland, Upper and Lower Zechstein Group Upper Rotliegend Group Limburg Group
Name the fault the Zechstein Germanic Trias Groups
(m) salt (m) Corrected Gradient Corrected Gradient Corrected Gradient Corrected Gradient Corrected Gradient Corrected Gradient
BHT (°C) (°C/km) BHT (°C) (°C/km) BHT (°C) (°C/km) BHT (°C) (°C/km) BHT (°C) (°C/km) BHT (°C) (°C/km)
K11-10 Footwall 2450 1283 46.9 121.8 - - 78.4 65.4 104.7 48.5 - - 128.0 33.8
K11-02 Footwall 9526 899 - - 67.1 67.9 82.3 44.1 - - 116.4 34.6 118.8 33.0
K11-07 Hanging 566 722 - - 88.1 48.0 - - 81.0 36.6 101.0 34.1 119.8 34.3
wall
K11-01 Footwall 2623 1493 - - 77.5 60.9 89.1 49.3 - - - - - -
K08-11 Footwall 2586 132 52.8 84.0 87.9 49.5 - - 117.5 34.0 - - 119.8 31.1
K11-11 Hanging- 3472 396 - - - - - - 109.5 33.5 - - 123.6 31.2
wall
K11-08 Hanging- 806 77 65.0 54.3 67.4 39.0 - - 113.8 32.0 121.4 33.0 124.0 31.8
wall
K12-12 Hanging- 2373 83 71.2 45.9 101.0 36.0 - - 95.0 31.8 125.0 32.4 122.0 30.8
wall
K09-06 Footwall - 1709 - - - - - - 87.4 44.6 117.3 31.5 125.0 31.3
K12-04 Hanging- 5501 182 - - 73.4 46.8 119.8 37.5 - - 128.0 33.0 131.1 33.8
wall
K09-10 Footwall - 1781 - - 54.8 44.7 - - 98.9 42.9 115.4 29.0 - -
K09-07 Footwall 6093 486 - - 80.3 44.4 - - 113.4 32.3 115.0 329 132.8 37.0
Average values for 4656 1112 49.9 102.9 73.5 53.5 83.3 52.9 104.4 40.5 116.0 32.0 124.9 33.2
footwall
Average values for 2544 292 68.1 50.1 82.5 42.5 119.8 37.5 99.8 33.4 118.9 33.1 124.1 32.4
hanging-wall
Difference (%) for 83 281 -27 105 —-11 26 -31 41 5 21 -2 -3 1 3
footwall to

hanging-wall
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Table 3

Corrected BHTs and geothermal gradients measured from wells located next to two large NW-striking crestal faults above a salt pillow, a fluid path and a large hard-linked fault (Fault B). The highest geothermal gradient

and its corresponding corrected BHT are listed below when there is more than one temperature measurement for a seismic-stratigraphic unit. Well locations are shown in Figs. 1c, 5 and 6.

Zechstein Group Upper Rotliegend Group Limburg Group

Rijnland, Upper and
Lower Germanic Trias

Chalk Group

North Sea Group

Position Distance to Thickness of

Well
Name

the Zechstein

the fault

Groups

Corrected
BHT (°C)

salt (m)

(m)

Gradient
(°C/km)

Gradient Corrected
BHT (°C)

(°C/km)

Corrected
BHT (°C)

Corrected Gradient
(°C/km)

BHT (°C)

Gradient
(°C/km)

Gradient
(°C/km)

Corrected
BHT (°C)

Gradient

(°C/km)
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BHT (°C)

34.2
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41.6

87.0

100.5

65.3
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Lower North Sea Group (Figs. 4-6). Unit 4 comprises low-amplitude to
transparent seismic reflections in the eastern part of the study area,
changing to moderate- to high-amplitude seismic reflections in the west.
Its thickness is relative uniform, with an average value of 650 ms,
though local strata thinning is observed near salt structures (Figs. 4-6).

Unit 4 is mainly composed of chalk and limestone with low gamma-
ray and high density values (Fig. 3). Thin marl intervals have also been
drilled in its interior. Similarly to Unit 3, faults are scarce, except above
salt structures (Figs. 4-7).

4.5. Unit 5 (North sea group)

Unit 5 is bounded at its base by horizon H5, whereas its top coincides
with the seafloor (Figs. 4-6). This unit includes the Upper (NU), Middle
(NM) and Lower (NL) North Sea Groups. The base of the Upper North
Sea Group is marked by horizon H6. Its thickness ranges from 100 to
over 1600 ms, showing low-amplitude to transparent seismic reflections
in its lower part, but moderate- to high-amplitude seismic reflections
towards the top. Strata in Unit 5 thins out on the flanks of salt structures,
especially next to the large salt diapirs (Figs. 4 and 8).

Unit 5 is composed of siliciclastic sediments, with high gamma-ray
and low density values in its lower part, but low gamma-ray in its
upper part (Fig. 3). The unit comprises claystone and shale in its lower
part, but sandy clay and sandstone in its upper part. Faulting is common
in its lower part, especially where polygonal faults are present, but most
are delimited by horizon H6. There are also multiple crestal faults above
salt structures, propagating from Unit 4 (Figs. 4 and 6).

5. Salt structures and fault families on the Cleaver Bank High
5.1. Geometry and distribution of salt structures

Salt structures on the Cleaver Bank High experienced multiple phases
of growth, with their geometry and distribution revealing obvious dif-
ferences. Salt diapirs are mainly developed in the eastern and south-
eastern sectors of the study area, showing triangular or sub-circular
shapes in plan view (Fig. 1). Salt diapirs mainly strike to the NW and NE,
similarly to sub-salt faults (Figs. 7-9).

The two largest salt diapirs in the study area are bounded by a large
NE-striking supra-salt fault separating the Cleaver Bank High from the
Broad Fourteens Basin (Figs. 4, 7 and 9). This fault is herein named
‘Fault A’ as it is one of the main structures in the study area. In seismic
data, salt diapirs have irregular geometries with differing heights and
widths (Fig. 4). Their height ranges from ~700 to over 1600 ms twtt that
is much higher than salt pillows (Fig. 8d).

Salt pillows are developed in the western and middle sectors of the
study area, showing rhomboid to rectangular shapes in plan view
(Fig. 1). Similarly to the salt diapirs mentioned above, they are also NW-
to NE-striking. On seismic profiles, they overlie many NW- and NE-
striking sub-salt faults (Figs. 4-6 and 9). Their heights vary from 200
to 850 ms twtt, values that are lower than those of the salt diapirs
(Figs. 5 and 6). In addition, a single salt wall occurs in the western sector
of the study area in association with a large NE-SW strike-slip fault
(Figs. 1 and 5). This large strike-slip fault is herein named ‘Fault B’ as it is
one of the main structures in the study area. The salt wall has a width of
~2.5 km, spanning a limited area in the study area. The salt wall shows a
taper shape on seismic profiles, and is ~700 ms twtt tall (Figs. 4-6).

5.2. Faults developed on the Cleaver Bank High

Faults are common on the Cleaver Bank High, and can be separated
into three groups based on their spatial distribution and stratigraphic
position relative to the Zechstein Group: (a) sub-salt, (b) supra-salt and
(c) hard-linked faults. Supra-salt faults are faults developed above the
Zechstein Group. Sub-salt faults are faults developed beneath the
Zechstein Group, and do not cross its top boundary. Hard-linked faults
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Fig. 5. TWTT seismic profile across the largest NE-striking hard-linked fault (Fault B), showing multiple salt structures, faults and fluid-flow features. Seven seismic
horizons tied to data from four wells are shown by different colour lines and labels, while faults are shown as black lines. Fault B is a large NE-striking dextral strike-
slip fault, which is near vertical and propagated from sub-salt units into the North Sea Group. Salt pillows and wall have shown different geometries, heights and
widths. The location of the seismic profile is shown in Fig. 1c. Labels on the borehole trajectories indicate the depth of BHTs numbered in Supplementary File 1.
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HO = Base of the Zechstein Group; H1 = Base of the Upper and Lower Germanic Groups; H3 = Base of the Rijnland Group;
H4 = Base of the Chalk Group; H5 = Base of the Lower North Sea Group; H6 = Base of the Upper North Sea Group

Fig. 6. TWTT seismic profile across the large NW-striking crestal faults, showing multiple salt structures and faults. Seven seismic horizons tied to data from four
wells are shown by different colour lines and labels, while faults are shown as black lines. Two large crestal faults are imaged near Well K07-FD-105, propagating into
the Upper North Sea Group. These crestal faults influence the geothermal gradient distribution around the salt pillows in the figure, as Table 3 denotes high
geothermal gradients next to these faults. The location of the seismic profile is shown in Fig. 1c. Labels on the borehole trajectories indicate the depth of BHTSs
numbered in Supplementary File 1.

are faults originating beneath the Zechstein Group that propagate Lower North Sea Groups (Figs. 4-7). Faults in the North Sea Group were

directly, or are linked, to structures in supra-salt strata. formed in the Cenozoic, and include salt-related and polygonal faults
(Figs. 4-7 and 9). Salt-related faults are developed around salt struc-

5.2.1. Supra-salt faults tures, accommodating the stress produced due to the growth of these
A large number of supra-salt faults are developed in the study area, structures (Zhang and Alves, 2023). Their length usually ranges from
but most are restricted to the North Sea Group, especially the Middle and 400 to 3500 m, and their maximum displacement between 14 and 90 m.
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TWTT structural map from the base of the North Sea Group (Horizon H5)

Depth
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TWTT structural map from the base of the Chalk Group (Horizon H4)
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Fig. 7. TWTT structural maps for four key horizons in the study area, including the base of the North Sea Group (Horizon H5), Chalk Group (Horizon H4), Lower
Germanic Trias Group (Horizon H1) and Zechstein Group (Horizon HO), respectively. (a-c) Maps with the position and spatial distribution of salt structures and supra-
salt faults, highlighting the influence of halokinesis on the depth variation of overlying horizons. (d) Map showing the spatial distribution of sub-salt faults that
mainly consist of NW- and NE-striking faults. The location of the seismic profiles shown in Figs. 4-6 is shown by the white lines.
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Fig. 8. Isochron maps for four key seismic-stratigraphic units in the study area, including the North Sea Group (Seismic unit 5), Chalk Group (Seismic unit 4),
Rijnland, Upper and Lower Germanic Trias Groups (Seismic unit 3) and Zechstein Group (Seismic unit 2), respectively. (a-c) Maps showing the thickness variation in
three supra-salt stratigraphic units, marking the thinning of strata towards salt structures. (d) Map highlighting the thickness variation in the Zechstein salt, and the
distribution of salt structures. The location of the seismic profiles in Figs. 4-6 is shown by the white lines.
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Faults at the base of the North Sea Group (Horizon 5) and Zechstein salt (>400 ms thick)

Faults at the base of the Chalk Group (Horizon 4) and Zechstein salt (>400 ms thick)
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Fig. 9. Fault maps at four key horizons superimposed on the areas of the Zechstein salt (>400 ms thick), including the base of the North Sea Group (Horizon H5),
Chalk Group (Horizon H4), Lower Germanic Trias Group (Horizon H1) and Zechstein Group (Horizon HO), respectively. (a-c) Maps with the distribution of supra-salt
faults, highlighting that thick Zechstein salt controls the formation and development of supra-salt faults. Additionally, large supra-salt and hard-linked faults bound
the thick Zechstein salt. (d) Map with the distribution of sub-salt faults, highlighting the control of sub-salt faults on the position and distribution of overlying salt
structures. NW-striking faults are shown by thin red lines. NE-striking faults are shown by thin blue lines, except for Fault A and B marked by thick blue lines. The
location of the seismic profiles in Figs. 4-6 is shown by black lines.
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In contrast, polygonal faults are usually developed away from salt
structures, formed by the volumetric contraction of very fine-grained
sediments compacting and dewatering during the initial burial phases
of strata (Cartwright and Lonergan, 1996; Cartwright et al., 2003). The
length of polygonal faults varies from 200 to 1500 m, and their
maximum displacements range from 25 to 60 m. Although faults are
abundant in the North Sea Group, they are developed in strata placed at
a depth shallower than ~1670 ms twtt (Figs. 4-7).

A few large supra-salt faults offset the strata above the Zechstein
Group. They detach on the top of the Zechstein Group evaporites and
may even propagate into these latter (Figs. 4-7). These large supra-salt
faults are mainly NE- and NW-striking, the largest of which are NE-
striking and formed due to NW-SE Mesozoic extension (Fig. 9a-c).
They have also experienced multiple phases of activity during the
Mesozoic and Cenozoic (Figs. 4 and 5). The larger NE-striking faults are
mainly located along the boundary of thick salt intervals (>400 ms)
(Fig. 9). For example, Fault A bounds two large salt diapirs (Figs. 7 and
9), and its measured length is 36,678 m, for a maximum displacement of
1647 m. Comparatively, NW-striking supra-salt faults are usually
developed above salt structures, locally showing en echelon arrange-
ment (Fig. 9). They are mainly crestal faults whose formation is asso-
ciated with the growth of salt structures. The largest NW-striking fault
has the length of 10,600 m, and its maximum displacement reaches to
391 m. In parallel, there is also a cluster of small supra-salt faults with
random strikes developed above thin salt (<400 ms) in the northern
sector of the study area (Figs. 6, 7 and 9). These faults were likely formed
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due to salt movement during the Early Jurassic, as they have small
throws and show local thickening of strata on their immediate hanging-
walls, at the level of horizon H1 (Fig. 6).

5.2.2. Sub-salt faults

Sub-salt faults are well developed on the Cleaver Bank High, striking
to the NW and NE (Figs. 4-7 and 9). They are usually longer than supra-
salt faults, with lengths varying from 0.7 to 15.8 km (Figs. 7 and 9). NE-
striking faults intersect NW-striking faults, forming rhomboid or rect-
angular shapes in plan view. Many of these sub-salt faults bound the area
where thick (>400 ms) Zechstein salt is observed, and their strikes are
similar to those of overlying salt structures (Figs. 7-9). This implies that
sub-salt faults controlled the position and distribution of salt structures
in the study area.

In seismic data, sub-salt faults are usually steep and with relatively
small throws (Figs. 4-6). They were mainly formed in the Upper
Palaeozoic, and likely inherited from pre-existing weakness zones in the
paleozoic basement (Ziegler, 1990; Schroot and Haan, 2003). These
faults have experienced multiple phases of reactivation, resulting in
their high length-throw ratios (Ligtenberg et al., 2011; Van Ojik et al.,
2020; Alves et al., 2022).

5.2.3. Hard-linked faults

There are only a few hard-linked faults in the study area, and most of
them show a prevalent NE strike (Figs. 5, 7 and 9). This can be explained
by the Mesozoic reactivation of NE-striking sub-salt faults, which caused
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Fig. 10. (a) Corrected BHT in five seismic-stratigraphic units as recorded from the 48 exploration wells analysed in the study area. The trendline of all (448)
corrected BHTs (See Supplementary File 1) shows a near-linear positive correlation with depth, with an average geothermal gradient of 38.54°C/km. (b) Geothermal
gradient calculated from all (448) corrected BHTs in five seismic-stratigraphic units in the study area. The trendline of all (448) geothermal gradients shows a near-

exponential decreasing trend in geothermal gradient with depth.
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them to propagate across the Zechstein Group to form hard-linked
structures. The largest hard-linked fault (Fault B) is located in the
western sector of the study area, and it is a large NE-striking dextral
strike-slip fault with a length of 19.4 km (Figs. 5, 7 and 9). Lateral offset
in Fault B reaches a maximum of ~9.1 km based on the distance between
two equivalent NW-striking faults that were offset by it (Figs. 7-9). In
addition, Fault B is nearly vertical and propagated from the sub-salt
Rotliegend Group into the relatively shallow supra-salt North Sea
Group (Fig. 5).

6. Subsurface temperature and geothermal gradients

BHT data reveal corrected temperatures ranging from 26.6°C to
145.7°C, with a near-linear positive correlation with depth (Fig. 10a).
The temperature trendline in Fig. 10a shows a gradient of 38.5°C/km. In
contrast, geothermal gradients vary from 26.3°C/km to 121.8°C/km,
highlighting a negative correlation with depth that follows an expo-
nential relationship (Fig. 10b). The lowest figure (P90), median (P50)
and the highest figure (P10) of corrected BHTSs and geothermal gradients
vary in different stratigraphic units (Table 1). The P90, P50 and P10
BHTs of supra-salt strata are higher than those in the Zechstein Group
and sub-salt strata (Table 1). Conversely, the P90, P50 and P10 of
geothermal gradients in supra-salt strata are much lower than those in
the Zechstein Group and sub-salt strata (Table 1).

The Limburg Group records the highest P90, P50 and P10 BHTs,
respectively 114.6°C, 125.3°C and 135.9°C (Table 1). The Upper Rot-
liegend Group has the second highest P90, P50 and P10 BHTs, which are
respectively 112.6°C, 121.7°C and 130.9°C. In contrast, the North Sea
and Chalk Groups have the lowest P90, P50 and P10 BHTs (Table 1). The
P90, P50 and P10 BHTs of the Zechstein Group (Seismic Unit 2) are
slightly higher than in the Rijnland, Upper and Lower Trias and Groups
(Seismic Unit 3). In terms of geothermal gradients, the North Sea and
Chalk Groups record the highest P90, P50 and P10 values for geothermal
gradients (Table 1). The Upper Rotliegend and Limburg Groups have the
lowest P90, P50 and P10 values for geothermal gradients, averaging
33°C/km. The P90, P50 and P10 values for geothermal gradients are
very similar for the Zechstein Group (Seismic Unit 2) and Rijnland,
Upper and Lower Trias and Groups (Seismic Unit 3), averaging 38°C/
km.

Temperature maps from four (4) key horizons, superimposed on the
areas of Zechstein Group (>400 ms thick), illustrate the recorded vari-
ations in subsurface temperatures (Fig. 11). They show the temperature
at the base of the North Sea Group (Seismic Unit 5) ranging from 40 to
82°C, with low-temperature zones mostly located in the western sector
of the study area. Zones with relatively high temperatures occur in the
northern and eastern sectors (Fig. 11a). Temperatures at the base of the
Chalk Group vary from 74 to 117°C, with low-temperature zones in the
northeast, northwest and south of the study area (Fig. 11b). Similarly to
the base of the North Sea Group, high-temperature zones are located to
the north, southeast and southwest. The data in Figs. 11a and 11b also
show that temperature distribution at the base of the Chalk (Seismic
Unit 4) and North Sea (Seismic Unit 5) groups does not correlate with
the presence of thick salt (>400 ms) below. In turn, at the base of the
Zechstein Group (Seismic Unit 2) and Rijnland, Upper and Lower Ger-
manic Trias Groups (Seismic Unit 3), temperatures show a good match
with the relative distribution of Zechstein salt (Fig. 11c and d). Zones
with thick Zechstein salt (>400 ms) record lower temperatures when
compared to zones with less than 400 ms of salt. Hence, BHTs at the base
of the Rijnland, Upper and Lower Germanic Trias Groups (Seismic Unit
3) vary from 65 to 128°C, while BHTs at the base of the Zechstein Group
(Seismic Unit 2) range from 95 to 135°C (Fig. 11c and d).

7. Burial and thermal histories of the Cleaver Bank High

The burial history of the Cleaver Bank High is similar to other
structural highs in the vicinity (e.g. De Jager, 2003, 2007; Fattah et al.,
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2012). Burial history models for three selected wells highlight two main
phases of subsidence and sedimentation during the Early
Triassic-Middle Jurassic (~250-175 Ma) and Early
Cretaceous-Holocene (~137-0 Ma), which led to the burial maximum
recorded in the study area at present (Fig. 12a,c and e). In parallel,
multiple phases of uplift and erosion occurred during the Late
Carboniferous-Early Permian (~307-264 Ma) and Mid-Late Jurassic
(~170-150 Ma), the latter of which is associated with the Mid-Late
Kimmerian phase (Fig. 12a, ¢ and e). Two other phases of uplift are
associated with tectonic inversion during the Late Cretaceous (Laramide
phase) and Late Oligocene (Savian phase), but recording smaller mag-
nitudes of uplift and erosion when compared to Mid-Late Jurassic uplift.

The thermal history for well K11-10 reveals two major temperature
maxima occurring in the Early Cretaceous and Cenozoic (Fig. 12a). Pre-
Zechstein units reached temperatures of up to 105°C during the Early
Cretaceous, increasing to over 110°C during the Cenozoic. In contrast,
wells K11-02 and K12-12 show one single temperature maximum
during the Cenozoic (Fig. 12c and e). The highest modelled temperature
for well K11-02 reaches 112°C, and is over 130°C in well K12-12.
Importantly, modelled present-day temperatures in well K12-12 show
a relatively good fit with the corrected BHTs analysed in this work
(Fig. 12f). Temperature differences between modelled present-day
temperatures and corrected BHTs for well K12-12 vary only from 0.6
to 12.4°C. Due to the thin salt encountered in well K12-12, modelled
temperatures above and below the Zechstein Group are not distinctly
affected by any salt thermal effect. Comparatively, a marked thermal
effect of salt is recorded in wells K11-10 and K11-02, which show
obvious variations in geothermal gradients above and below the Zech-
stein Group - salt is relatively thick near these two wells. Nevertheless,
modelled present-day temperatures in wells K11-10 and K11-02 do not
fit well with their corresponding corrected BHTs (Fig. 12b and d),
recording temperature differences of 20.1-33.2°C and 14.7-26.4°C,
respectively. This implies that subsurface temperatures in wells K11-10
and K11-02 are influenced by other factors apart from salt-related
thermal effects.

Vertical thermal conductivity for different stratigraphic units was
also modelled for wells K11-10, K11-02 and K12-12 (Fig. 12b, d and f).
Thermal conductivities in different stratigraphic units are mainly
controlled by their lithology, although local temperatures can also cause
some variability. In the pre-Zechstein units (Seismic Unit 1), thermal
conductivity varies between 1.3 and 1.9 W/(mK), values that mainly
depend on lithology. Thermal conductivity in the Zechstein Group
(Seismic Unit 2) ranges from 1.0 to 5.4 W/(mK). Salt records the highest
thermal conductivity which, in our models, slightly decreases with
temperature (burial depth). In contrast, interbedded claystones in the
Zechstein Group have the lowest thermal conductivities. As for the
Rijnland, Upper and Lower Germanic Trias Groups (Seismic Unit 3),
their thermal conductivities vary from 1.6 to 2.5 W/(mK), once again
depending on lithology. Thermal conductivities for the Chalk (Seismic
Unit 4) and North Sea Groups (Seismic Unit 5) vary between 1.8 and 2.5
W/(mK) and 1.5 to 2.5 W/(mK), respectively. They both show a slight
increase in thermal conductivity with increasing temperature (burial
depth).

8. Discussion
8.1. Influence of salt structures on geothermal potential

Geothermal gradients in the Zechstein Group and overlying strata
show a positive correlation with salt thickness, indicating that higher
geothermal gradients occur above salt structures, following local in-
creases in salt thickness (Fig. 13). Conversely, geothermal gradients in
sub-salt strata show a slightly negative correlation with the thickness of
the Zechstein Group (Fig. 13). Negative correlations can be explained by
a greater heat flow from sub-salt to supra-salt strata in the areas where
salt is thicker. Interestingly, geothermal gradients record fluctuations in
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Fig. 11. Temperature maps superimposed on the areas of the Zechstein salt (>400 ms thick) at four key horizons, highlighting the subsurface temperature variations
in the study area. a-d) Temperature at the base of the North Sea Group (Horizon H5), Chalk Group (Horizon H4), Lower Germanic Trias Group (Horizon H1) and
Zechstein Group (Horizon HO), respectively. The Zechstein salt (>400 ms) is shown with the transparent black polygonal filling, and salt piercing boundaries in
different horizons are marked by white dashed polygon. The position of borehole data used to compile these maps is marked by black circles, and their names are

shown in Fig. 1c. The location of the seismic profiles in Figs. 4-6 is shown by the black lines.
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Fig. 12. Subsidence and thermal models for wells K11-10, K11-02 and K12-12, highlighting their modelled present-day temperatures, corrected BHTs and vertical
thermal conductivities. The subsidence and thermal models provide evidence that temperature maximum occurred in the Early Cretaceous and Cenozoic. Tem-
perature differences between modelled present-day temperatures and corrected BHTs for wells K11-10, K11-02 and K12-12 are respectively 20.1-33.2°C, 14.7-
26.4°C and 0.6-12.4°C. This suggests that subsurface temperatures in wells K11-10 and K11-02 are influenced by other factors than the presence of nearby

salt structures.

areas with a similar salt thickness, likely due to the differing burial
depths of the salt structures interpreted on seismic. This is because salt
thermal conductivity decreases with increasing temperature (Fig. 12b
and d), resulting in higher geothermal gradients above salt structures

17

that are relatively shallow (Raymond et al., 2022). Hence, if salt struc-
tures are deeper, the chimney effect of salt structures becomes less
important due to its relatively lower salt thermal conductivity. In
addition, the data in Fig. 13 show multiple outliers, implying that
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Fig. 13. Plot of geothermal gradient for different seismic-stratigraphic units vs. thickness of the Zechstein Group. Geothermal gradients in the North Sea Group
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correlation with the thickness of the Zechstein Group, a character explained by the presence of a greater heat flow from sub-salt to supra-salt strata in areas where salt

is thicker.

subsurface geothermal gradients are influenced by other factors.

The effect of salt structures on geothermal potential can be observed
on geothermal gradient maps (Fig. 14). Areas with thick Zechstein salt
(>400 ms) correlate with relatively high geothermal gradients (> 49°C/
km) in supra-salt strata (Fig. 14a). However, local geothermal gradients
are influenced by large supra-salt faults, especially around Fault A.
Similarly to supra-salt strata, areas with thick (>400 ms) Zechstein salt
are well matched to the higher geothermal gradients (>37°C/km) in the
Zechstein Group (Fig. 14b). Areas with thick Zechstein salt (>400 ms)
correlate with low geothermal gradients (<32°C/km) in sub-salt strata
(Fig. 14c).

It is important to stress the influence of the Chalk Group on
geothermal gradients (Fig. 15). Geothermal gradients in the North Sea
and Chalk groups show a negative correlation with the thickness of this
latter stratigraphic unit (Fig. 15). This can be explained by the low
permeability of the Chalk Group, which hinders heat transfer from un-
derlying strata. Geothermal gradients in the Zechstein Group (Seismic
Unit 2) and Rijnland, Upper and Lower Germanic Trias Groups (Seismic
Unit 3) also show a negative correlation with the thickness of the Chalk
Group (Seismic Unit 4). In contrast, geothermal gradients in the Upper
Rotliegend and Limburg Groups (Seismic Unit 1) do not show significant
changes relative to the thickness of the Chalk Group (Fig. 15).
Geothermal gradients in the two former units are not influenced by the
Chalk Group, as they are buried much below. In parallel, geothermal
gradients in shallow strata of the study area are also highly likely to be
affected by the palaeoclimate, especially the last glaciation periods (e.g.
Fuchs et al., 2015). This impact has been quantified by Fuchs et al.
(2015) at the Hannover within the Southern Permian Basin using pet-
rophysical well logs, not far from the study area, at a similar latitude.
The authors indicated that geothermal gradient perturbations caused by
palaeoclimatic impact can reach 10-12°C/km from the surface down to
~400 m, with such a geothermal gradient perturbation reduced to less
than 5°C/km below ~800 m (Fuchs et al., 2015). This implies that the
temperature and geothermal gradients measured in shallow strata, in
this work, could have been even higher without the palaeoclimatic
impact of past glaciations.
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8.2. The role of faults in influencing geothermal potential

Faults controlled the geometry, position and spatial distribution of
salt structures on the Cleaver Bank High (Figs. 7 and 9). Anomalies in
geothermal gradient are recorded close to faults as documented in Ta-
bles 2 and 3.

8.2.1. Direct influence of faults on geothermal potential

A direct influence on geothermal potential occurs when focused fluid
migration occurs along faults, when these faults act as effective paths to
deep and hot fluid (Fig. 16). This leads to higher-than-expected
geothermal gradients in shallow strata. However, the direct influence
of faults on geothermal potential is usually limited to the areas adjacent
to these structures. Their influence merely lasts for short periods, if no
new hot fluid is transmitted through faults, as heat can be quickly
rebalanced (Pruess, 2005, 2008; Li et al., 2018). The direct influence of
faults on geothermal gradients is introduced below by using Fault A as
an example.

Fault A is a growth fault propagating upwards from the Zechstein
Group into the Upper North Sea Group (Fig. 4). It was formed during the
Early Triassic, as shown by the thickening of the Upper and Lower
Germanic Trias Groups on its hanging-wall block (Fig. 4a). It is also a
part of a large NE-striking fault zone across the Southern North Sea (See
Fig. 1 in Ten Veen et al., 2012). In supra-salt strata, geothermal gradi-
ents on the footwall of Fault A are much higher than on its immediate
hanging-wall block (Table 2). Average geothermal gradients on the
footwalls of Fault A are respectively 105%, 26% and 41% in the North
Sea Group (Seismic Unit 5), Chalk Group (Seismic Unit 4) and Rijnland,
Upper and Lower Germanic Trias Groups (Seismic Unit 3), values that
are higher than on its immediate hanging-wall block (Table 2). In more
detail, geothermal gradients recorded in well K11-10 - located on the
footwall of Fault A - are the highest in all supra-salt strata, excluding the
Chalk Group due to the lack of BHT data for this interval, which are
respectively 121.8°C/km in the North Sea Group (Seismic Unit 5),
65.4°C/km in the Rijnland, Upper and Lower Germanic Trias Groups
(Seismic Unit 3) and 48.5°C/km in the Zechstein Group (Seismic Unit 2)
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Fig. 14. Geothermal gradient maps for supra-salt strata, Zechstein Group and sub-salt strata superimposed on the areas with Zechstein salt (>400 ms thick). (a) and
(b) Maps showing that areas with thick Zechstein salt (>400 ms thick) correlate with relatively high geothermal gradients. (c) Map highlighting that areas with the
thick Zechstein salt (>400 ms thick) relate to areas of low geothermal gradients. The Zechstein salt (>400 ms thick) is shown with a transparent black polygonal
filling. The position of borehole data used to compile these maps is marked by the black circles, and their names are shown in Fig. 1c). The location of the seismic
profiles in Figs. 4-6 is shown by the black lines.
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(Fig. 4a; Table 2). Comparatively, geothermal gradients recorded in
wells K11-08 and K12-12, i.e. on the hanging-wall block of Fault A,
approach the lowest values in each of the supra-salt units considered in
this work (Table 2).

Such an observation suggests the footwalls of large supra-salt faults
to be favourable geothermal exploration targets, a character justified by
the fact that salt in these footwalls is also thicker when compared to their
hanging-wall blocks (Fig. 4; Table 2). Thicker salt is likely to cause

20

‘chimney effects’ near the largest faults. More importantly, it is related
to fluid migration along Fault A into shallow strata, as multiple low-
amplitude trails of fluid are observed in the hanging-wall of Fault A in
Fig. 4a. This can also be confirmed by the distinct differences between
modelled present-day temperatures and corrected BHTs for wells
K11-10 and K11-02 that are located on the footwall of Fault A, as their
corrected BHTs are much higher than their modelled present-day tem-
peratures (Fig. 12b and d). In contrast, modelled well K12-12 that is



Q. Zhang and T. Alves

located on the hanging wall of Fault A is almost free of perturbations
caused by salt structures and faults, showing that its corrected BHTSs
relatively fit well with modelled present-day temperatures (Fig. 12f). In
addition, depth differences between the footwall of large supra-salt
faults and their corresponding hanging-wall can also partly account
for this observation, as geothermal gradient has a negative correlation
with depth (Fig. 10b). Footwalls are also effective structural traps for
fluid, so the fluid accumulated by diffusion and focused fluid migrations
are more likely to be preserved in the footwalls of faults (Fig. 16). This
has already been proven by the hydrocarbon accumulations thus far
encountered near some of the wells drilled in the study area.

The relative distance from the largest faults influences the
geothermal gradients recorded in supra-salt strata (Fig. 4; Table 2).
Geothermal gradient in the Rijnland, Upper and Lower Germanic Trias
Groups (Seismic Unit 3) gathered from well K11-10 is 65.4°C/km, a
higher value than the 44.1°C/km recorded in well K11-02 (Fig. 4a;
Table 2). These two wells are located on the footwall of Fault A, but well
K11-10 is located much closer to this fault (Fig. 4a; Table 2). This ex-
plains why the difference between modelled present-day temperatures
and corrected BHTs is larger for well K11-10 than for well K11-02
(Fig. 12b and d). These data prove that large supra-salt faults signifi-
cantly increase the local geothermal gradients in their vicinity, but their
influence decreases as one moves away from them. Furthermore, large
NW-striking crestal faults can influence the geothermal gradients
around salt structures (Figs. 6 and 16; Table 3). These faults propagate
into the Upper North Sea Group from the Zechstein Group (Figs. 6, 7 and
9), and high geothermal gradients are recorded next to these faults
(Table 3). In detail, the second highest geothermal gradient (100.5°C/
km), recorded in well KO7-01 within the North Sea Group, is located
next to the crestal faults in Fig. 6 (also see Table 3). The presence of this
high geothermal gradient is high likely be associated with the influence
of these crestal faults, though the underlying thick salt may have also
contributed in part (Figs. 13 and 16).

Sub-salt faults impose a direct influence on the geothermal potential
of the Cleaver Bank High. This usually occurs in the areas where the
Zechstein salt is very thin (<100 ms; or ~230 m), or even absent, pro-
moting fluid flow along sub-salt faults into supra-salt strata (Fig. 4c-e
and 16). As a key example, well K09-03 was drilled next to a low-
amplitude trail of fluid located above a salt weld (Fig. 4c). A relatively
high geothermal gradient (40.6°C/km) is recorded in well K09-03
within the Rijnland, Upper and Lower Germanic Trias Groups (Seismic
Unit 3; Table 3), suggesting fluid flow into supra-salt strata. The pres-
ence, near this well, of a relatively high geothermal gradient implies
very recent, if not active, fluid flow.

8.2.2. Indirect influence of faults on geothermal potential

An indirect influence of faults on geothermal potential is recorded
where higher geothermal gradients occur in supra-salt strata, but lower
geothermal gradients are observed in sub-salt strata (Figs. 13, 14 and
16). In the study area, faults control the geometry, position and spatial
pattern of salt structures, showing they have an indirect influence on the
Cleaver Bank’s geothermal potential.

Supra-salt faults are the most common faults in the study area, but
most are restricted to Cenozoic strata. Only a few large Mesozoic supra-
salt faults propagated upward into the North Sea Group (Figs. 4-6).
These large supra-salt faults exerted an effective control on the geometry
of salt structures, but not on their spatial distribution (Fig. 9). Sub-salt
faults are mainly NW- or NE-striking in the study area and experi-
enced multiple episodes of reactivation. They control the strike and
thickness of salt structures, creating the necessary accommodation space
on their hanging-wall blocks for thick Zechstein salt (Fig. 9). In parallel,
large hard-linked faults can influence the distribution of salt structures.
In the study area, a large strike-slip fault (Fault B) located in the western
sector of the study area resulted in the formation of a ~20 km long salt
wall (Fig. 5). The thickness of Zechstein salt changes on both sides of
Fault B, generating contrasting geothermal gradients in supra-salt strata
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(Figs. 5 and 14; Table 3). These exert large-scale and long-lasting con-
trols on geothermal gradients and subsurface temperatures when
compared with the direct influence of faults on geothermal potential.

On the Cleaver Bank High, the greatest geothermal energy potential
occurs at the footwall of large supra-salt faults, especially near Fault A.
The area near such faults records high geothermal gradients due to the
combined presence of thick Zechstein salt at depth and the migration of
hot fluid along these same faults. Another potential geothermal explo-
ration target is located above thick salt intervals in the Zechstein Group,
as thick salt can heat supra-salt strata up due to its good thermal con-
ductivity. The last potential geothermal exploration target in the Cleaver
Bank High coincides with the sector where thin salt (<100 ms) is
observed above dense sub-salt faults. Here, sub-salt fluid can flow up-
wards along the sub-salt faults, resulting in the migration of deep and
hot fluid across salt welds.

9. Conclusions

This work aimed at understanding the influence of salt structures and
faults on the geothermal potential of the Cleaver Bank High, Southern
North Sea. Salt structures and faults were analysed, and subsurface
temperature and geothermal gradient maps were compiled. The influ-
ence of salt structures and faults on the geothermal potential of the study
area was discussed. The main conclusions of this work can be sum-
marised as follows:

(a) Salt structures developed on the Cleaver Bank High include
multiple salt diapirs, salt pillows and a salt wall, all of which have
experienced multiple phases of growth. Their relative positions,
geometries and distributions are significantly controlled by sub-
salt faults and large NE-striking supra-salt faults.

The presence of salt structures has an important influence on the
geothermal potential of the study area. In more detail, strata
deposited above the Zechstein Group show higher geothermal
gradients proportionally to the thickness of Zechstein salt. In
contrast, the strata buried below this Group show a minor
decreasing trend in geothermal gradients with an increasing
thickness of salt. This proves the large-scale, long-lasting influ-
ence of salt on geothermal gradients and sub-surface
temperatures.

Faults developed on the Cleaver Bank High also play an impor-
tant role in influencing the geothermal potential. Large supra-salt
faults can act as migration paths for deep and hot fluid, resulting
in the presence of the high geothermal gradients in shallow
strata. Geothermal gradients on footwall blocks are usually
higher than that on the corresponding hanging-walls of large
supra-salt faults. However, it decreases with the distance away
from these faults, and their influence merely lasts for short pe-
riods, if no new hot fluid is transmitted through faults, as heat can
be quickly rebalanced.

Sub-salt faults influence the geothermal gradient of supra-salt
strata in the sector where there is very thin, or even absent, salt
(<100 ms), forming distinct low-amplitude trails of fluid above
these same faults. They indirectly influence geothermal gradient
by controlling the position, geometry and distribution pattern of
salt structures.

Faults and salt structures present a contrasting influence on
temperatures and geothermal gradients. As a result, three po-
tential geothermal exploration targets are summarised in the
study area, located at the footwall of large supra-salt fault, above
thick Zechstein salt, or areas with salt welds and dense sub-salt
faults.
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As a corollary, this work classifies the influence of tectonic faults on
the geothermal potential of the Cleaver Bank High as: a) direct, and b)
indirect. This highlights the contrasting influence of faults and salt
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structures on geothermal gradients.
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