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The storage of CO; in deeply buried geological formations provides a contribution to mitigate hard-to-abate COy
emissions from industry. Robust geological models and capacity estimations are crucial for the successful
planning and implementation of safe storage projects. This study focuses on the COy storage potential of the
Middle Buntsandstein Subgroup within the Exclusive Economic Zone of the German North Sea. We have mapped
a total of 71 potential storage sites based on existing 3D models, seismic and well data. Static CO5 capacities are
calculated for each structure using Monte Carlo simulations with 10,000 iterations to account for uncertainties.
All potential reservoirs are evaluated based on their potential capacity, burial depth, top seal integrity and trap
type. We have identified 38 potential storage sites with burial depths between 800 m and 4500 m, reservoir
capacities (P50) above 5 Mt CO; and suitable sealing units. The estimated cumulative static storage capacity
percentiles of these structures range between P10 = 902.08 Mt and P90 = 5508.93 Mt, with P50 = 2554.10 Mt.
We expect the best storage conditions on the West Schleswig Block, where salt-controlled anticlines with
moderate burial depths, large reservoir capacities and limited lateral flow barriers are the dominant trap types.
Relatively poor storage conditions can be expected for small (P50 < 5 Mt CO3), deeply buried (> 4500 m) and
structurally complex potential storage sites in the Horn and Central Graben. Our study highlights the most

prolific reservoirs and discusses the most suitable locations for further exploration.

1. Introduction

Carbon dioxide removal from the atmosphere and capture from in-
dustrial sources is considered an important tool to mitigate human made
climate change and reach the 1.5 °C goal of the Paris agreement (IPCC,
2018). One technology is the capturing of carbon dioxide (CO3) and its
sequestration in deeply buried geological formations, widely known as
Carbon Capture and Storage (CCS). Despite the availability of the
technology, and its potential to counterbalance the hard-to-abate re-
sidual emissions from industry, the development of large-scale CCS
projects has been slow over the past decade (Martin-Roberts et al.,
2021). The implementation of large-scale CCS projects depend on a good
coordination between policy makers and industry stakeholders, tech-
nology development in terms of COy capture, development of moni-
toring technologies as well as robust geological models to plan and
implement safe subsurface storage of CO2 (Celia, 2017; Damen et al.,
2009).
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The North Sea has become one of the most promising locations for
CO4, storage in Europe due to its extensive regions with promising ge-
ology, data availability, and existing infrastructure. Several studies
investigated the CO, storage potential for Denmark, the Netherlands,
Norway and the UK showing high storage potential in a variety of
geological settings in abandoned hydrocarbon fields and saline aquifers
(Anthonsen et al., 2014; 2016; Bentham et al., 2014; Halland et al.,
2013; Holloway et al., 2006; Lloyd et al., 2021a). In contrast to the
well-studied hydrocarbon provinces of its neighbours, the German
sector of the North Sea remains relatively understudied with sparse data
in terms of modern 3D seismic and available well data. Understanding
the storage potential of this region is crucial for expanding CCS options
in the German North Sea. Initial screening work in this area focussed on
the identification of trap types and the distribution of potential reservoir
and seal units for potential carbon dioxide storage sites (Bense and
Jahne-Klingberg, 2017). The authors indicated that the Middle Bunt-
sandstein Subgroup is the most prolific target for large-scale CO5 storage
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Fig. 1. Map showing the study area including used 2D and 3D seismic reflection data and wells that target the Middle Buntsandstein Subgroup. Structural elements

after Thole et al. (2021).

developments offering lateral continuous reservoir and seal facies. First
estimates of the static storage potential onshore and offshore Germany
do not cover the entirety of the German North Sea (Knopf and May,
2017; Vangkilde-Pedersen et al., 2009). Such capacity estimates need
further evaluation in terms of geological setting, preliminary storage
safety assessments, and ranking in terms of geotechnical feasibility
(Lloyd et al., 2021b).

Our study aims to comprehensively assess the static CO, storage
potential of the Middle Buntsandstein Subgroup in the German North
Sea EEZ, utilizing existing geological data and a Monte Carlo simulation
approach. We further map faults in the main sealing units and discuss
the most prolific targets for further exploration and detailed reservoir
modelling.

2. Geological setting
2.1. Tectonic history

The area of work is located within the Southern Permian Basin,
which covers large parts of Central Europe (Fig. 1). This intra-cratonic

basin was formed in latest Carboniferous and Early Permian times
after a wrench induced collapse of the Variscan mountain belt in

response to a dextral translation between Africa and Europe during the
break up of Pangea (Pharaoh et al., 2010; Ziegler, 1990). Extensive
volcanism, thermal doming and erosional thinning of the crust was
followed by thermal subsidence of the basin in the Early Permian that
controlled the basin dynamics until the Mid-Triassic (Bachmann and
Hoffmann, 1997; van Wees et al., 2000; Wilson et al., 2004). Subsidence
outpaced sedimentation in the Late Permian and the basin was flooded
by the Arctic Sea causing the deposition of thick evaporitic successions
of the Zechstein (Fig. 2) (Geluk, 2005; Tucker, 1991). East-west orien-
tated rifting related to southward propagation of the Arctic-North
Atlantic rift system in the Triassic controlled the accelerated subsi-
dence of the Central, Horn and Gliickstadt Graben (Kley et al., 2008;
Pharaoh et al., 2010). The latter ones were dominantly active during the
Early Triassic and show major syn-depositional thickness increase dur-
ing the deposition of the Buntsandstein succession (Kilhams et al., 2018;
Rohling, 1991). Salt movements initiated pillow build-up in the Middle
to Late Triassic with piercing salt domes and rim-synclines developed
during Triassic, Jurassic, Late Cretaceous or Cenozoic times, varying
locally in the basin (Fig. 2) (Buchanan et al., 1996; Mohr et al., 2005;
Warsitzka et al., 2018). Rifting persisted until the Mid-Jurassic when
crustal separation of the Central Atlantic Rift and the opening of the
Tethys Ocean caused a reorientation of the stress field (Fig. 2) (Pharaoh
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Fig. 2. Stratigraphic column of the German North Sea with a focus on the West Schleswig Block and the Central Graben including the stratigraphic framework and
seismic reflectors (after Thole et al., 2020). The generalised tectonic events are adapted from Warsitzka et al. (2018) and Pharaoh et al. (2010).
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etal., 2010). Thermal doming and uplift in the Central North Sea caused
deep erosion into Lower Jurassic and Triassic strata and development of
the Cimmerian Unconformity (Fig. 2) (Pharaoh et al., 2010; Underhill
and Partington, 1993). Rifting along the Jurassic-Cretaceous transition
caused the development of transtensional basins (Ziegler, 1990). This
stress induced uplift in combination with an eustatic sea-level low stand
lead to widespread erosion in the area of the Southern Permian Basin
and a basin-wide unconformity complex — often referred to as ‘base
Cretaceous’ or ‘late Cimmerian’ unconformity (Fig. 2) (Kyrkjebg et al.,
2022; Pharaoh et al., 2010). A subsequent phase of thermal subsidence
and sea-level rise in the Late Cretaceous caused extensive transgression,
flooding of the Southern Permian Basin and the deposition of thick chalk
deposits (Pharaoh et al, 2010; van der Molen et al, 2005).
North-east-orientated stresses occurred due to the counter-clockwise
rotational convergence of Africa-Iberia with Europe during the closure
of the Tethys and the Alpine Orogeny (Fig. 2) (de Jager, 2003; Dezes
et al., 2004; Kley, 2018; Kley and Voigt, 2008). Decoupling effects of the
Zechstein salt caused locally variable inversion and fault reactivation
patterns in the southern North Sea (Kley and Voigt, 2008). The Cenozoic
is characterised by subsidence in the North Sea thermal sag basin (Kley
et al., 2008; Ziegler, 1990).

2.2. Stratigraphy

Triassic sediments of the Buntsandstein, Keuper and Muschelkalk
and their equivalents conformably overly the sabkha-dominated upper
Zechstein deposits (Fig. 2) (Ziegler, 1990). The Buntsandstein Group
was deposited under semi-arid conditions in the almost completely
landlocked Southern Permian Basin, which was located between 20° and
30° N (Bachmann et al., 2010). Sedimentation was controlled by wet-dry
cycles and tectonic pulses (Geluk and Rohling, 1997; McKie and Wil-
liams, 2009). The Lower Buntsandstein consists of fine-grained playa
lake deposits in the basin centre and alluvial and fluvial sedimentary
systems that were restricted to the basin margins (Fig. 2) (Rohling,
1991). Individual tectonic pulses in the Olenekian controlled sedimen-
tation, created topography along swells and enhanced subsidence along
the Horn, Giickstadt and Central Graben (Bachmann et al., 2010; Zie-
gler, 1990). The four tectonostratigraphic units of the Middle Bunt-
sandstein Subgroup (Volpriehausen, Detfurth, Hardegsen, and Solling
Formations) are associated with these individual tectonic pulses (Fig. 2)
(Geluk and Rohling, 1997). The pre-Solling pulse was the strongest and
caused the extensive Hardegsen Unconformity (Fig. 2) (Rohling, 1991).
Erosional bases are overlain by aeolian- and fluvial sandstones that
grade into thin-bedded silt- and mudstones deposited in a playa lake
environment (Olivarius et al., 2015). Sediment was sourced from the
Variscan massive in the south and the Mid-North Sea High and Ring-
kgbing Fyn High in the north (Fig. 1) (Bourquin et al., 2009; Kortekaas
et al., 2018; Olivarius et al., 2017). Sediment transport was dominated
by river systems during wet periods and reworked by aeolian processes
during dry periods (McKie and Williams, 2009; Olivarius et al., 2017).
Aeolian processes decrease towards the top of the succession, except for
local depocentres and syn-sedimantary faulting (de Jager, 2014). The
overlying Rot Formation of the Upper Buntsandstein is deposited in a
sabkha environment and mainly consists of evaporites, red marls, and
clay deposits (Fig. 2) (Bachmann et al., 2010). A major transgression of
the Tethys from the southwest in Anisian times caused the deposition of
shallow marine carbonates of the Muschelkalk sequence (Fig. 2) (Geluk,
2005). During the Ladinian and Rhaetian, the Southern Permian Basin
was dominated by deltaic, hypersaline and non-marine deposits of the
Keuper Group (Fig. 2) (Bachmann et al., 2010). Most of the Jurassic
stratigraphy is missing due to deep incision by the Middle and Late
Jurassic unconformities, except for parts of the Central and Step Graben
(Fig. 2) (Arfai et al., 2014; Kyrkjebg et al., 2022; Miiller et al., 2023).
Here, Jurassic deposits mainly consist of marine mudstones and locally
developed fluvial-deltaic deposits of the Central Graben Subgroup and
shallow marine sandstones of the Scruff Greensand equivalents (Fig. 2)
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(Bouroullec et al., 2018; Michelsen et al., 2003). Elsewhere, Triassic
sediments are unconformably overlain by marine mudstones of the
Lower Cretaceous and Chalk deposits of the Upper Cretaceous (Fig. 2)
(van der Molen, 2004).

2.3. CO;y reservoir and seal formations

Triassic sandstones of the Middle Buntsandstein Subgroup are pro-
lific reservoir rocks that have been investigated for decades (Bachmann
et al., 2010; Geluk et al., 2018; Kortekaas et al., 2018). Fluvio-aeolian
sandstones at the base of the Volpriehausen, Detfurth and Solling For-
mations are well-correlated across the basin, with local depocentres
along swells and syn-sedimentary faulting may control local reservoir
distribution and quality (de Jager, 2014; Fontaine et al., 1993; Olivarius
et al., 2015). Sandstones of the Solling Formation may form prolific
reservoir rocks along basin margin and within local depocentres (de
Jager, 2014; Olivarius et al., 2017). Reworked aeolian sandstones tend
to have the best reservoir properties and, with some exceptions, are
dominant along the basin margins and the lower part of the Buntsand-
stein Group (Olivarius et al., 2017, 2015). However, in-situ porosity and
permeability data of the Buntsandstein Group from the German North
Sea are sparse, as most past exploration data were gathered onshore or
different stratigraphic intervals (Dethlefsen et al., 2014). Exploration
data from the Netherlands provide a suitable distribution of porosity
values over a large depth interval (down to 4500 m) for a regional
assessment (NLOG, 2023; van Kempen et al., 2018). A reservoir thick-
ness of 10 m is considered suitable for potential CO storage (Bense and
Jahne-Klingberg, 2017; Miiller and Reinhold, 2011). A suitable seal with
capillary entry pressures well above the injection pressures and a min-
imum thickness of 20 m is provided by claystone and evaporites (Bense
and Jahne-Klingberg, 2017; Chadwick et al., 2008; Miiller and Reinhold,
2011). The most important seal for the Buntsandstein Subgroup in the
Dutch and German sectors are the evaporites and mudstones of the
Upper Buntsandstein (Fig. 2) (Bense and Jahne-Klingberg, 2017; Kil-
hams et al., 2018). Mudstones of the Solling Formation act as a sealing
unit in parts of the Netherlands, but may only contribute locally towards
seal thickness in the German sector of the North Sea (Fontaine et al.,
1993). The silt-prone interbedded facies between the reservoir units of
Volpriehausen, Detfurth and Hardegsen may act as local barriers, but do
not represent reliable regional seal formations (Fig. 2) (Korevaar et al.,
2023). In the Central and Mads Graben area (Fig. 1), as well as in areas
where the Upper Buntsandstein seal is partly eroded, marine mudstones
of the Upper Jurassic and Lower Cretaceous act as important seal for-
mations (Miiller et al., 2023).

3. Data and methods
3.1. Data and reservoir mapping

The stratigraphic framework and horizons are based on existing 3D
models that cover the Ducks Bill (DB) and the Central German North Sea
(CNS) (Thole et al., 2022, 2020; Wolf et al., 2015) (Fig. 1 & 2). Addi-
tionally, we use available 2D and 3D seismic reflection data of different
vintages and varying resolution for local reinterpretations and horizon
gridding around individual potential storage sites (Data Repository - DR.
1). Seismic data and existing 3D models were loaded in Aspen EPOS™
and SeisEarth applications, shifted according to a common datum to
allow for coherent interpretation. The seismic data are displayed in zero
phase, with European polarity, where an increase in acoustic impedance
is represented by a trough (Brown, 2001). A time-to-depth conversion
was performed using regional velocity models for the Ducks Bill
(Doornenbal et al., 2021) and the Central German North Sea (Bense
et al., 2022). Individual trap structures are mapped along 50 m spaced
contour lines along the top reservoir surface to identify local spill points.
The top seal of sandstone reservoirs in the Middle Buntsandstein Sub-
group is represented by the base of Upper Buntsandstein, the first
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regional sealing unit. In areas where this top seal is eroded, the base of
the Upper Jurassic or Lower Cretaceous was defined as the top reservoir
unit. The reservoir top surface and polygons delimiting individual
reservoir structures are loaded in ArcGIS Pro, where each polygon is
attributed according to its location, trap type, depth (top and base),
net-sandstone thickness and porosity. For the potential reservoir thick-
ness all sandstone beds above one metre thickness are considered within
the Middle Buntsandstein Subgroup. This net-sandstone thickness was
taken from well reports and log data of 39 former exploration wells and
correlated using the Spline tool in ArcGIS Pro (DR. 1). Data availability
varies greatly throughout the area of work with no wells penetrating the
Middle Buntsandstein Subgroup in the Horn and Central Graben and
sparse data in the Ducks Bill. Additional wells were added along the
Dutch and Danish borders to support the thickness estimation (Fig. 1).
The long correlation distances between some of the wells may cause
increased uncertainties compared to wells just a few kilometres apart.
These uncertainties can be accepted locally due to little thickness vari-
ability apparent in seismic data and the lateral continuous nature of the
Middle Buntsandstein sedimentary systems. Unreasonably high
net-sandstone thickness values occurred towards the Danish sector on
the north-eastern shoulder of the Horn Graben, where values exceeded
the overall thickness of the Middle Buntsandstein Subgroup. A dummy
well was added on the north-eastern shoulder of the Horn Graben mir-
roring reasonably values from the other side of the Graben with similar
seismic thicknesses of the Middle Buntsandstein Subgroup (Fig. 1).

3.2. Parameterisation and capacity calculation

We performed Monte Carlo simulations with 10,000 iterations for
each mapped structure to derive the probability distribution of static
CO4, storage capacity as follows:

K=A -M-®-pg, SE 6]

Given the data availability, we focus on structural trapping where
the migration of supercritical CO5 in the reservoir along buoyancy and
pressure gradients is mitigated by a suitable seal (sensu Chadwick et al.,
2008). The calculation is based on Eq. (1), where each parameter is
given an individual error distribution according to the available data
and uncertainty; K is the effective storage capacity; A = area of the
reservoir; M = reservoir net thickness; ¢ = average porosity; pco, =
density of COg; SE = storage efficiency factor. We used the software
“Grapher” (Version 11.0.659) by Golden Software Inc. to perform
spreadsheet-based Monte Carlo simulations. Built-in functions “randn(x,
y)”, to generate normally distributed real random numbers with mean x
and standard deviation y, and ‘“randu(x)”, to generate uniformly
distributed real random numbers from the interval [0, x], were used to
generate probability distributions for the input parameters (each
parameter with 10,000 values). For the parameters area (A), net thick-
ness (M), and CO density (pco,) we assumed a normal distribution with
a given mean and standard deviation, whereas for storage efficiency (SE)
we assumed uniform distribution.

The area and average thickness for each individual reservoir is
calculated using the Zonal Statistic Tool in ArcGIS PRO for the appro-
priate raster. The input data in terms of area, thickness and depth for
each potential storage site are given in DR. 2. The data distribution was
taken according to the standard deviation of the raster data and addi-
tional +/—5 % to honour the uncertainty of the underlying 3D models
and seismic data. In-situ porosity data are not available for the Middle
Buntsandstein in most areas of the German North Sea. We used publicly
available porosity data of the Middle Buntsandstein from the
Netherlands (NLOG, 2023; van Kempen et al., 2018). This analogue is
suitable due to the well-established stratigraphic correlation and lateral
homogenous facies distribution of the Middle Buntsandstein Subgroup
(Bachmann et al., 2010; Geluk and Rohling, 1997; Kortekaas et al.,
2018). We filtered the data according to the minimum and maximum

International Journal of Greenhouse Gas Control 136 (2024) 104175

formation depth providing analogue porosity samples at each individual
storage site. For each sample histogram, we performed a random variate
sampling with 10,000 random samples that represents a matching
likelihood distribution for each depth interval (DR. 3). For the above
calculations, we used python (3.10.2) and the scipy (1.8.1) functions
rv_histogram() and rvs(). The latter deploys a uniform random number
generator (MT19937 bit generator, seed=2409) and performs an inverse
transform sampling method for the random variate sampling (Baum-
garten and Patel, 2022).

Due to the lack of site specific and regional pressure and temperature
data in the deep subsurface, we were not able to calculate site-specific
CO, densities. To provide reasonable estimates, we calculated average
CO5 density values for the target depth interval below 800 m. We
considered an average hydrostatic pressure gradient of 10 MPa/km and
an average temperature gradient of 30 K/km and applied a formula by
Span and Wagner (1996) to calculate CO5 densities for the average
depth interval (average min., average mean, average max.) of all map-
ped reservoir structures below 800 m. The resulting densities of the
supercritical COz did not vary much within the considered depth range
and averaged at ca. 0.67 t/m°. A standard deviation of 0.05 t/m> was
chosen to reflect effects of assumed temperature gradient variations (25
— 35 K/km) on the density.

The storage efficiency factor, i.e., the amount of CO, effectively
stored in the available pore space, depends on several factors such as
facies variability, trap type and lateral connectivity of the reservoir (e.g.,
anticline versus four way structural closure) (Chadwick et al., 2008). In
addition to reservoir characteristics, storage efficiency is also depending
on factors concerning storage operation schemes or regulatory con-
straints (Bachu, 2015). We have applied a range of 5 % to 20 % for the
storage efficiency factor to account for a large variability of trap types
encountered in this study and uncertainties regarding porosity and
permeability distribution. This range is in accordance with other
regional static CO9 storage estimates, which makes comparison across
borders possible (Knopf and May, 2017; Vangkilde-Pedersen et al.,
2009). We chose a uniform distribution for the storage efficiency factor
in the Monte Carlo simulations, due to limited data and resulting
inability to predict the probability range of the efficiency value for each
storage site.

3.3. Structural complexity and fault analysis

Structural complexity plays an important role for COy storage in
saline aquifers due to its influence on injection pressure, lateral migra-
tion of pore fluids within the reservoir, into adjacent hydraulic units, or
potential leakage pathways along faults (Birkholzer et al., 2015;
Rutqvist, 2012). Although faults may not necessarily pose a risk in terms
of their sealing capacity and reactivation potential, it is indispensable to
evaluate their location, hydraulic properties, and geometrical
complexity, if sites should be characterized for potential CO5 storage.
The higher the anticipated structural complexity of a screened area is,
the greater the efforts for site characterization have to be and the larger
the uncertainties will be in further safety assessments. Overall project
risks tend to be larger in structurally complex regions compared to
tectonically simpler settings. Hence, in a site screening phase, a struc-
tural analysis can be helpful for a preliminary site ranking. According to
the regional scale of our work, we mapped major fault systems that are
in connection with the top seal and potentially the seabed. We used the
fault planes of the TUNB Model (Thole et al., 2022) to calculate linea-
ments along fault intersections and the intersections with key horizons
such as the top reservoir, polygonal fault systems along the Mid Miocene
Unconformity (MMU) and seafloor (depth plus 100 m due to poor
seismic resolution at shallow intervals) (Fig. 2). With this information,
we are able to differentiate between five classes of faults in the over-
burden of potential storage formations: Class 1 - Faults from the top of
the reservoir reaching near the seafloor with large displacement and
potential lateral connection to non-sealing units; Class 2 - Faults from
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the top of the reservoir to the seafloor with minor displacement; Class 3 —
Faults in the seal with potential connection to the polygonal fault sys-
tem; Class 4 - Minor faults in the seal; Class 5 - No faults. Additionally,
we qualitatively discuss the distribution of salt diapirs and pillows that
may form lateral barriers and complicate fluid migration and pressure
dissipation. A potential lateral confinement or baffle is assumed if a
displacing fault or salt diapir is present within 5 km distance to the
potential storage site. Other causes for confinement are erosive un-
conformities (i.e., erosion or pinch out of the reservoir) or if a structural
domain is isolated from the rest of the reservoir formation, such as in a
graben setting. The attributes “unconfined” without barriers or baffles,
“semi-confined” with one or more sides blocked by a barrier and
“confined” with all sides potentially blocked for fluid migration are
assigned to each potential storage sites (DR. 2 & Table 1). These
description are used to discuss the lateral confinement of individual
potential storage sites in certain tectonic domains and identify the most
suitable target area for future exploration.

4. Results

4.1. Middle Buntsandstein reservoir mapping, net-sandstone and seal
thickness

We mapped individual trap structures along the base surface of the
Upper Buntsandstein and the base of the Lower Cretaceous where it is
directly overlying the potential reservoir unit of the Middle Buntsand-
stein Subgroup (Fig. 3A & DR3). The net-sandstone thickness map based
on the 39 former exploration wells is shown in Fig. 3B. Net-sandstone
thicknesses in the Ducks Bill are relatively constant with average
values around 85 m in the southwest and up to 140 m in the north, in the
Mads Graben (Fig. 3B). Maximum net-sandstone thickness in the central
part of the German North Sea are reached in the Horn Graben with up to
210 m close to the Danish border. Thicknesses gradually decrease in the
southern and south-western branches of the Horn Graben down to 120 m
and 80 m, respectively. The net-sandstone thickness on the West
Schleswig Block decrease from 120 m in the southwest to 35 m in the

Table 1
The 20 largest potential CO, storage sites based on their P50 percentiles.
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northeast of this tectonic domain. Local minima are encountered in the
East Frisia — Ems Estuary Region with 30 m and along the G&L Platform
with only 20 m.

The Middle Buntsandstein is absent or eroded along the Schillgrund
High, G&L Platform, the inverted Mads Graben and locally along salt
diapirs and uplifted salt pillows. The main seal unit for the aquifers of
the Middle Buntsandstein Subgroup in the EEZ of the German North Sea
are the Upper Buntsandstein and Lower Cretaceous (Fig. 2 & 4). The
evaporites and mudstones of the Upper Buntsandstein are continuously
overlaying the Middle Buntsandstein aquifers with a suitable thickness.
It reaches thicknesses of 170 m in the Mads Graben and gradually
thickens to 1200 m in the Central Graben (Fig. 4A). In the central part of
the German North Sea, the Upper Buntsandstein reaches its maximum
thicknesses of 1400 m in the Horn Graben, thinning towards the
southern and south-eastern branches. Its thickness across the West
Schleswig Block remains relatively constant at about 200 m (Fig. 4A).
Regional erosive unconformities and local erosion above salt pillows and
diapirs can disrupt the seal continuity of the Upper Buntsandstein
(Fig. 3A, 4A & 5). Extensive erosion occurred along the Mads Graben
where dipping Triassic strata is overlain by Upper Jurassic mudstones
along the west shoulder forming a stratigraphic trap (Fig. 6B & D). Large
scale erosion also occurs along the Schillgrund High and the G&L Plat-
form where Lower Cretaceous mudstones act as the main seal (Figs. 3A,
4B & 5B). Smaller erosive events along the Horn Graben during the
Keuper caused erosion of the Upper Buntsandstein that decreases the
seal thickness below 20 m in CNS_17 (Fig. 4A). Complete or partial
erosion of the Upper Buntsandstein seal is also common above salt di-
apirs along the Horn Graben and above salt pillows on the West
Schleswig Block (Fig. 5). Along these erosive contacts, the Upper
Buntsandstein and Lower Cretaceous marine mudstones can form com-
pound top seals to reach the minimum thickness of 20 m such as in
CNS_24 (Fig. 5D). The marine mudstones of the Lower Cretaceous show
varying thicknesses up to 800 m in the north of the Ducks Bill and
Central German North Sea. It is widely eroded across the Ducks Bill
where it is absent along the Mads High, Step Graben and can only locally
contribute as a seal for underlying aquifers. In the Central German North

Lead No. Trap type Tectonic area Fault class Confinement (sides) Well penetration  Area [km?] Thickness (m) Apex depth (m) P10 (Mt) P50 (Mt) P90 (Mt)
CNS_20 salt-strat Horn Graben S - confined (3) 0 388.13 119.13 692.81 152.84 562.43 1164.29
CNS_13 salt Horn Graben 2 confined (3) 0 302.52 157.35 1900.00 119.07 383.51 891.76
CNs_24 anticline West Schleswig Block 2 open 1 251.12 97.98 1181.07 159.59 368.11 685.70
CNS_9 salt-strat Horn Graben 5 confined (3) 0 323.30 118.14 1798.79 103.67 314.83 733.53
CNS_34 anticline-salt West Schleswig Block 2 semi-confined (2) 1 283.12 59.33 905.40 80.36 220.41 440.12
CNS_19 salt-strat West Schleswig Block - open 1 207.70 74.59 424.05 72.49 204.26 396.77
CNS_6 salt-strat Horn Graben SW 5 confined (4) 1 243.62 99.25 1833.42 72.09 200.53 459.56
CNS_32 anticline-fault West Schleswig Block - semi-confined (1) 0 116.03 80.29 777.64 45.01 124.23 240.38
CNS_7 salt G&L-Plattform 5 confined (4) 0 117.03 81.03 1370.31 30.16 88.13 207.23
CNS_4 anticline-strat Horn Graben SW 5 confined (4) 0 104.51 87.63 232461 28.92 83.84 184.64
CNS_18 anticline West Schleswig Block 4 open 0 140.71 61.47 1674.17 25.02 83.37 186.30
CNs_17 salt Horn Graben 5 confined (3) 0 59.22 170.84 3201.70 20.46 76.94 178.40
CNS_33 anticline West Schleswig Block ] open 1 203.15 50.94 1809.48 26.11 72.62 191.00
CNs_16 fault Horn Graben 3 confined (3) 0 46.43 186.64 2813.20 21.83 68.99 161.32
CNS_26 anticline West Schleswig Block 5 open 1 74.50 67.48 1417.02 24.47 66.33 127.47
CNS_22 strat G&L Plattform 5 semi-confined (2) 1 90.45 46.84 1371.77 25.52 61.24 114.13

DB_15 salt-fault Central Graben 3 confined (3) 0 79.66 83.84 3550.61 12.86 51.05 116.24
CNS_15 anticline Horn Graben 5 semi-confined (2) 0 83.85 82.06 2125.73 12.52 43.59 125.26
DB_2 fault-strat Mads Graben 3 confined (4) 0 60.72 85.41 2619.12 15.10 43.16 99.77
DB_28 anticline West Schleswig Block 5 open 0 72.01 56.77 1736.90 11.18 35.98 83.22
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Sea area it is very continuous and only locally eroded at the top of some
salt pillows and salt diapirs (Fig. 4B). The unconformities along the
Schillgund High and G&L Platform are prone to the formation of strat-
igraphic traps (Fig. 5B). However, seal thickness close to or below the
screening threshold of 20 m are recognised along several reservoirs
below the Lower Cretaceous Unconformity (CNS_21 & 22) or along local
uplifted areas and faults above salt pillows and diapirs (CNS_19, 20 &
32) (Fig. 4B). These trap structures have been excluded for further
evaluation in this regional study.

4.2. Traps and storage capacity

The static CO, storage capacities are calculated with Monte Carlo
simulations (10,000 iterations) to derive a probability distributions of
potential CO, storage capacities for each trap structure (DR. 4). From
these distribution, percentile values of 10 %, 50 % and 90 % are
calculated for each structure, in order to represent both conservative and
optimistic estimates. The P10 is the value where 10 % of iterations yield
lower capacity values, the P50 represents the median and the P90 is the

P50 of static capacities [per 10,000 iterations in Mt]
0.10 1.00 10.00 100.00 1000.00

10000.00
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value where 90 % of all iterations yield lower capacity values. The trap
structure are genetically linked to the tectonic evolution of the structural
domains and are associated with anticlines, faults, salt diapirs, strati-
graphic traps or a combination of them. Combined trap styles are in
place when one or more sides of a potential storage structure are
controlled by a different trapping mechanism than the overall structure.
This could be a trap structure that consists of an anticline, with one side
closed by a salt diapir.

We mapped a total of 71 traps with an apex depth range between
2400 m to 4962 m in the Ducks Bill and 424 m to 3731 m in the central
part of the German North Sea. The deepest trap structures are associated
with the Horn, Mads, Step and Central Graben systems. The traps in the
Ducks Bill are all located in the Central, Step, and Mads Graben systems
and are associated with faults or salt structures or are classified as mixed
trap types (Fig. 7A to C). They tend to be relatively small with only 7 out
of 28 structures show P50 values above 10 Mt of CO5 (Fig. 7). Some
notable exceptions are the structures DB_2, 15 and 17, which show P50
values between 30 and 50 Mt CO,. The largest traps (P50 > 50 Mt) are
encountered in relatively shallow depths on the West Schleswig Block,
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the G&L Platform, and the flanks of the Horn Graben. The eight largest
trap structures reaching P50 values > 100 Mt with the largest structure
being CNS_20 with a P50 value of 562 Mt CO, (Table 1). The West
Schleswig Block is dominated by anticline related traps as well as mixed
forms combining salt, fault, and stratigraphic traps (Fig. 5, Fig. 7B & C).
The East Frisia — Ems Estuary and south-western extension of the Horn
Graben are dominated by salt diapir related trap types and show low to
medium P50 values (< 1 Mt up to 25 Mt CO5) with some exceptions (e.
g., CNS_4 & CNS_6 in Fig. 3). Anticline related traps and associated
mixed trap types show good lateral reservoir connectivity on the West
Schleswig Block (Fig. 5). Fault and salt diapir related structures tend to
have a high possibility for compartmentalisation due to lateral fluid flow
barriers such as salt walls and the juxtaposition of sealing lithologies and
reservoir rocks along faults (Fig. 5A, B & Fig. 6C). Stratigraphic traps are
relatively rare and associated with erosion during the Early Cretaceous
and Upper Jurassic. They occur where Middle Buntsandstein strata is
eroded along paleo highs, such as the G&L Platform, the Schillgrund
High, or the inverted Mads Graben in the northeast of the German EEZ
(Fig. 6D). Similar to structural traps, they tend to have complex geom-
etries and are prone to the occurrence of lateral fluid baffles, especially
when they are located close the salt walls (e.g., DB_1 and CNS_6 in
Fig. 3A, Fig. 5B & Fig. 6D).

4.3. Structural complexity and fault analysis

To understand potential fluid pathways within storage complexes,
their overburden and hydraulically connected units, we analysed the
structural complexity around potential reservoir structures in the EEZ of
the German North Sea. The intersection lineaments of each fault with
the top seal unit of the Upper Buntsandstein, polygonal faults and the
seafloor (+100 m) are shown in Fig. 8. Pre-Zechstein faults are
commonly in contact with reservoir units along the main structural
lineaments of the Mads Fault, the Coffee Soil Fault and the western
shoulder of the Horn Graben. They tend to neither have a connection to
overlaying non-sealing units, polygonal faults nor reach up to near-
seafloor level (Fig. 5 & 6). Salt movement along faults in the pre-
Zechstein that reach into Mesozoic strata along the Horn Graben
caused a sealing effect and only limited connection between faults and
reservoir was mapped in these areas (Fig. 5A). Faults that dominantly
displace the Mesozoic are often connected to potential reservoirs of the
Middle Buntsandstein Subgroup. They are commonly associated with
salt movement on the West Schleswig Block and tectonic activity in the
main graben systems. Due to relatively shallow burial depth of potential
reservoir rocks on the West Schleswig Block (around 2000 m) they often
extend into the Cenozoic strata and in some cases reach the seafloor
(Fig. 3A, 5, 7 & 8A). The deeper buried Ducks Bill tends to prevent this
extension into young strata, but a connection to the well-developed
polygonal fault network can be observed in DB_2, 16 and 17 (Fig. 8B).
Based on these cross-cutting relationships, we classified the individual
trap structures in five different potential fluid migration systems (Fig. 7D
& 8B). We identified five Class 1 structures, where faults from the top of
the reservoir reach close to the seafloor with large displacement and
potential connectivity into non-sealing units (Fig. 5A, D & 8B). Another
four structures show faults from top-reservoir to the seafloor with minor
displacement (Class 2) (Fig. 8B). Six of these structures are located on
the West Schleswig Block and three in the Horn Graben and its southern
extension (CNS_13, 8 und 20). The mapped Class 2 structures show
generally large capacities and include six of the largest trap structures
(P50 >100 Mt COy) (Fig. 5D, 8C & Table 1). Five Class 3 structures with
faults in the seal with a potential connection to the polygonal fault
system network are mapped in the Central, Mads, Horn Graben and the
East Frisia — Ems Estuary areas. Local minor faults (Class 4) in the sealing
unit were observed seven times in different locations of the study area.
The rest of the potential storage sites show no faults in the top seal of
potential reservoirs (Class 5) (Fig. 8B). In addition to fault-reservoir
connectivity, the distribution of faults and salt diapirs are important
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as they can represent lateral fluid barriers and baffles. Mesozoic faults
and its associated diapirs are the dominant trap type in the Central
Graben (Fig. 7C & 8A). The close proximity and juxtaposition with non-
reservoir rocks causes a compartmentalisation, for example structure
DB_1 in the Mads Graben (Fig. 6D). The increased fault density in some
areas further decrease the size of individual trap structures in the Central
and Mads Graben (Fig. 7C). In the central part of the German North Sea
diapirism is well-developed along the bounding faults of the Horn
Graben and its southern and south-western extension as well as the East
Frisia - Ems Estuary region (Fig. 5A-C & 8A). Potential reservoir rocks of
the Middle Buntsandstein Subgroup within these structural domains are
laterally disconnected and confined. The best lateral connectivity of the
Middle Buntsandstein Subgroup is observed on the West Schleswig Block
(Fig. 8A). This structural domain is dominated by salt pillows that
created latterly open anticline traps or mixed traps associated with them
(Fig. 5& 7B-C). Faults tend to be limited to salt pillow and diapir tops
and do not pose a major factor for compartmentalisation (Fig. 5).

5. Discussion
5.1. Static COy storage capacities and uncertainties

We calculated the probability distribution of static CO2 storage ca-
pacities via Monte Carlo simulations for 71 individual trap structures in
the EEZ of the German North Sea. All parameters included in the
calculation (Eq. (1) are associated with individual uncertainties due to
limited data availability, data resolution, or geological setting (e.g.,
structural complexity or salt structures). The accuracy of mapped trap
structures, reservoir and seal thickness depend on the resolution of the
geological model (regional vs. reservoir scale) as well as the availability
and quality of seismic and well data, which strongly vary in the German
sector of the North Sea. The Ducks Bill is well covered by 3D seismic data
whereas the Central German North Sea dominantly contains 2D seismic
lines of different quality and limited spatial coverage (Fig. 1). Additional
uncertainties in regional 3D models occur due to velocity anomalies and
uncertain mapping of horizons along steeply dipping strata, salt walls, or
in deep buried graben structures (Faleide et al., 2021; Hoetz et al., 2011;
Jones and Davison, 2014; Wellmann et al., 2010). To account for these
uncertainties in the areal extent of individual reservoirs, we added an
extra of 5 % standard deviation for each reservoir.

Equally important for the calculation of the overall CO; storage ca-
pacities, is the net-sandstone thickness. The main targets in the Middle
Buntsandstein Subgroup in the EEZ of the German North Sea are the
regional continuous basal sandstones of the Volpriehausen, Dethfurth,
and Solling Formations (Fig. 2) (Bachmann et al., 2010; Kortekaas et al.,
2018). Above each basal sandstones the deposits fine into interbedded
silt- and mudstones. A limited long-term sealing potential of these
interbedded layers for CO; is anticipated, because of analogies with
hydrocarbon traps in the Netherlands (Korevaar et al., 2023). Experi-
ence of CO; storage in the Utsira Sand showed how eight intra-formation
mudstones of metre-scale affected the expansion of the CO, plume until
it reached the main top seal (Cavanagh and Haszeldine, 2014; Chadwick
et al., 2004; Hermanrud et al., 2009). We therefore consider the inter-
bedded silt- and mudstones as horizontal fluid flow baffles and barriers
that postpone CO, migration towards the main top seal of Upper Bunt-
sandstein mudstones and evaporites, and the marine mudstones of the
Lower Cretaceous. Due to this migration potential towards the main top
seal and good lateral connectivity, all sandstones with a thickness > 1 m
within the Middle Buntsandstein Subgroup were included in the
net-sandstone thickness estimation. This approach facilitates a good
regional overview of the distribution of potential sandstone reservoirs,
but cannot reflect local variability in terms of thickness and lateral
connectivity. Furthermore, facies variability or diagenetic alterations
are not taken into account that affect porosity and permeability distri-
butions (Olivarius et al., 2015). To honour this, an additional standard
deviation of 5 % was added to the thickness variability across individual
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trap structures. The limited in-situ porosity data for the Middle Bunt-
sandstein in the German North Sea was offset with available data from
the Netherlands (Kortekaas et al., 2018). Although the data are spread
across a wide area, the data density (>15,000 data points) enabled us to
extract a value range for the depth interval of each reservoir. The
resulting likelihood distribution used for the Monte Carlo simulations
further buffers the uncertainty in regards of facies distribution within
the Buntsandstein interval.

In addition to the data uncertainties, only a certain fraction of the
pore space within the trap can be filled by CO as it has to replace in-situ
brines during injection (Bachu et al., 2007). The actual amount depends
on the complex interaction of different mechanisms such as the disso-
lution of CO; in saline fluids, residual trapping, pressure increase during
injection, or well planning and design (Chadwick et al., 2008). The
percentage of available pore space that can be effectively filled with CO,
can be described by an efficiency factor that was established based on
numerical simulation and case studies (Haeri et al., 2022; Kopp et al.,
2009a, b). We used storage efficiency factors of 5 % to 20 % with a
uniformly distribution in the Monte Carlo simulations. This ensures a
reasonable certainty range being also in accordance with efficiency
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ranges used for past capacity assessments (sensu Vangkilde-Pedersen
et al., 2009; Knopf and May, 2017). Although an efficiency parameter is
included, some storage projects show less CO, storage capacity during
the active sequestration phase of the project (Anthonsen et al., 2016).
This effect is buffered by our given likelihood distribution for each
reservoir. Dynamic modelling of CO; injection on the basis of detailed
geological models of individual reservoirs is necessary to verify and
refine the estimates of static CO, storage capacities presented here.

5.2. Structural complexity, compartmentalisation and potential fluid
migration pathways

Depending on the regional stress field, local pressure increases due to
CO; injection might reactivate existing faults, increase their perme-
ability or induce micro-seismicity (Guglielmi et al., 2021; Rutqvist,
2012). Potential alteration of fault permeability complicates our un-
derstanding of regional sealing mechanisms and increases the need for
dynamical modelling to better understand fault behaviour (Cappa et al.,
2022). Therefore, initial assessments for industrial-scale CO, storage
needs to take into account fault distribution and orientation to
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Fig. 9. A) Average simulated CO, storage capacity versus apex depth plots of potential reservoirs in the EEZ of the German North Sea. The wings show the P10 and
P90 likelihood range for each potential reservoir structure (DR. 3 & 4). B) Probability distribution of all potentially technical feasible reservoir structures that have
been positively assessed in the EEZ of the German North Sea. C) Probability distribution of all positively assessed reservoir structures in the West Schleswig Block
area, probably representing the promising storage location for CO, in the Middle Buntsandstein Subgroup in the German North Sea.
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incorporate the necessary resources for further data acquisition towards
fault parameterisation and dynamic modelling of fault behaviour and
pressure limitation (White and Foxall, 2014). Our mapping shows that
seals of several potential storage sites are intersected by faults. Espe-
cially, Class 1 faults should be of concern as they reach near the seafloor,
show major displacements, and have a potential to act as fluid migration
pathways into adjacent non-sealing units. Reservoirs associated with
such faults should be excluded in the exploration ranking, especially if
they are shallow and have a reservoir apex depth less than 800 m, such
as CNS_19, 20 and 32 (Fig. 5A-C, 7D & 9A). Reservoirs that are inter-
sected by Class 2 faults are often associated with salt pillow growth or
diapirism causing crestal faulting of the top seal that reaches close to the
seafloor (Fig. 5D & 8C). The four structures (CNS_13, 23, 24 and 34)
associated with these faults are included in the overall capacity calcu-
lation, but demand careful evaluation and modelling to determine their
suitability for storing supercritical CO». Structures CNS_24 and 34 are of
greatest interest, as they can potentially store large capacities of CO, and
are in an open to semi-open system on the West Schleswig Block
(Fig. 5D, 9 & 10). This hydraulic connectivity may facilitate good
pressure dissemination along the laterally well-connected sandstone
beds, and injection pressures could stay below the faults reactivation
pressures. CNS_13 is, although the second largest structure, less
favourable due to its location in the Horn Graben (Fig. 5A & 9).
Potentially high initial pressures, uncertainty of reservoir quality and
the confined setting of the Horn Graben increase the chance for rela-
tively low storage efficiency and fault reactivation (Rutqvist, 2012;
Tillner et al., 2013; Zhou et al., 2008). Polygonal fault networks, espe-
cially those connected to top seal faults, require thorough investigation
to assess their potential as fluid pathways (Class 3). Trap structures with
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a potential connection to polygonal fault networks are mainly located in
the Ducks Bill with DB_2, DB and 17 being the largest structures in the
area (Fig. 6, 9 & 10). There are bright spots associated with shallow gas
accumulations mapped above DB_15, which could indicate fluid
migration pathways along faults (Miiller et al., 2018). The origin of these
gas accumulations is not fully known. One possibility is the upwards
migration of gas from Jurassic source rocks (Miiller et al., 2020), or as
suggested by studies in the Netherlands a microbial origin (de Bruin
et al., 2022). Although bright spots and chimneys are a good indicator
for fluid migration, there need to be fluids in place to recognize prior to
CO; injections. Also, vertical acoustic blanking may be associated with
fluid migration structures have been shown to be caused by gas accu-
mulations in paleo fluvial channels or paleo valleys (Ahlrichs et al.,
2024; de Bruin et al., 2022). Regardless of fluid indicators in place,
polygonal faults are associated with fluid migration in other geological
systems and a thorough investigation of fault reactivation and seal
integrity needs to be carried out for these potential storage sites (Hustoft
et al., 2007). Storage sites devoid of significant faults in the seal are
considered the most promising sites for further exploration (Class 4 and
5).

Additionally to potential fluid migration pathways, the structural
complexity of a CO; storage site plays a crucial role in its performance
and safety. Lateral barriers that limit fluid movement can prevent
pressure equilibration between subsurface volumes, when CO; displaces
in-situ brines, thus increasing reservoir pressures (Birkholzer et al.,
2015). This pressure increase in closed or semi-closed aquifers limits the
CO,, storage capacity of individual reservoirs and others nearby (Bir-
kholzer and Zhou, 2009; Schafer et al., 2012; Zhou and Birkholzer,
2011). Strong compartmentalisation can be observed in possible storage
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sites located in the Mads, Central, and Horn Graben, where faults and
salt diapirs could restrict lateral fluid flow (Fig. 4, 5 & 6). The limiting
effect of high pressure on CO, storage capacity is enhanced if the Middle
Buntsandstein reservoirs in the deep parts of the graben structures un-
derwent inversion and are subject to natural overpressures (Peeters
et al., 2018). These sites may be less advantageous than others as they
are prone to increased drilling risks and static storage capacities may be
overestimated compared to dynamic capacity assessments. If not
over-pressured, deep-buried reservoir structures can be prone to
diagenetic cementation effects that facilitate the deterioration of reser-
voir quality (Bjgrlykke, 2014). Similarly complex and prone to over-
pressure generation are the stratigraphic traps and mixed trap types
associated with these, such as DB_1 in the Mads Graben and CNS_9 and 6
along the Schillgrund High (Fig. 5B & 8). These reservoir structures
consist of dipping beds with a hydraulic connection with the deeper
parts of the basin, a lateral flow barrier due to faults (DB_1) or salt walls
(CNS_9), and a sealing unit above an erosive unconformity at the top of
the structure (Fig. 5B & 6D). The evaluation of faults and salt diapirs in
terms of potential fluid migration and reservoir compartmentalisation
showed that the West Schleswig Block is the most suitable area in the
EEZ of the German North Sea for further exploration and the selection of
a suitable CO, storage site.

5.3. Potential storage site evaluation

We give a complete overview of the existing potential CO5 storage
sites and their static storage capacity in the EEZ of the German North Sea
(Fig. 10, DR. 2 & 4). Some of these mapped storage sites appear more
suitable for further investigation in terms of storage capacity, trap type,
hydraulic connectivity, burial depth and potential fluid migration
pathways. We apply cut off criteria to distinguish less suitable reservoirs
from more promising ones. We further rank and discuss the most
favourable reservoir structures that should be selected for further in
depth dynamic modelling of multiphase flow systems to calculate rigid
CO4, storage capacities. The cut off criteria are a minimum burial depth
of >800 m, a seal thickness of 20 m, a minimum P50 of >5 Mt CO,, and a
maximum apex depth of 4500 m (Fig. 9A). The maximum depth is
related to likely economically and geotechnically reasonable drilling
depth, pressure distribution, and limited availability of porosity data in
depths greater than 4500 m (Kortekaas et al., 2018).

A total of 24 potential storage sites can be excluded due to their
capacity and burial depth (Fig.9A). Most of them are located in the
deeply buried Mads, Central and Step Graben systems, where there is the
additional high chance for lateral compartmentalisation. Another three
reservoirs are excluded based on thin top seals (CNS_17, 21 and 22)
(Fig.4A & B). Further five reservoirs are excluded due to their low apex
depth (< 800 m), occurrence of Class 1 faults in their top seal and a
potential of lateral fluid migration into non-sealing units (CNS_8, 19, 20,
32 and 36) (Fig. 10). A Monte Carlo simulation with the remaining
potential reservoir structures gives a likelihood distribution of static
storage capacities with associated percentiles at P10 = 902.08 Mt, P50 =
2554.10 Mt, and P90 = 5508.93 Mt (Fig. 9B). However, it is not certain
that the whole capacities are available due to the discussed un-
certainties, such as compartmentalisation or regional pressure build-up
in storage formations caused by the interference of storage sites (Bir-
kholzer et al., 2015; Schéfer et al., 2012).

Our 20 best ranking prospects with respect to the median (P50) of
potential storage capacity are highlighted in Table 1. The largest
structures are generally located in the Central German North Sea with
two exceptions in the Central and Mads Graben (DB_15 and 2) (Fig. 10).
Three of these top 20 structures are excluded from the overall capacity
estimates as their apex depth is below the defined 800 m threshold and
their top seal is cut by Class 1 faults (CNS_20, 19 and 32) (Fig. 8B & 10).
One more trap is excluded as the local seal thickness is < 20 m (CNS_22).
Further three structures with considerable capacities have top seals with
Class 2 faults (CNS_13, 24 and 34). This may be a limiting factor in terms
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of injection pressure and the need for increased resources for geotech-
nical modelling, site characterization and monitoring (Ward et al.,
2016). Especially structures CNS_24 and 34 are interesting options for
further exploration due their potentially high capacity and good lateral
reservoir connectivity on the West Schleswig Block. These unconfined
anticline trap structures allow for a spatial pressure distribution and
dissipation, being more favourable over confined ones. Structure CNS_9,
for example, has a large anticipated storage capacity with a P50 value of
314 Mt COg, but the stratigraphic trap type in combination with the
lateral confinement along salt walls make it less favourable compared to
unconfined structures. The dynamic storage capacity may be less than
predicted as high natural fluid pressures may occur along the dipping
high permeable strata that would be further increased by CO5 injection
(Birkholzer et al., 2015; Peeters et al., 2018).

A regional storage in adjacent structures may be an option to develop
injection strategies for several of the individual reservoirs discussed in
this study and the utilisation of pore volumes between them. The
geologically most suitable area would be the well-connected reservoir
sandstones on the West Schleswig Block with open anticline traps and
little to no lateral confinement. The investigated trap structures on the
West Schleswig Block alone show static CO; storage capacity probabil-
ities of P10 = 386.18 Mt, P50 = 997.82 Mt, and P90 = 1975.91 Mt
(Fig. 9C). When the space in between these structure is included, ca-
pacities could increase further. This approach would need additional
work to model injection schemes and the regional migration of CO,
streams and formation water to utilize individual traps in a fill and spill
approach (Nilsen et al., 2015; Patruno et al., 2024). It would be crucial
to exclude structures CNS_20, 19 and 32 due to their Class 1 faults in the
top seal and the shallow apex depth of these structures. Although
detailed exploration of such a large area would need considerable re-
sources, a coordinated regional injection strategy could be developed.
Thus, provided sites and strategy are found to be suitable, the exploi-
tation of the available CO; storage capacity in the German North Sea
could be optimized. It has to be stressed that the work presented in this
article is based on geological considerations only. The success of CO5
projects will depend on other factors as well, such as environmental,
economical, legal or spatial planning constraints.

6. Future work

The precise storage potential of a trap within a saline aquifer depends
on a variety of factors such as the pore volume, the permeability, the
achievable CO, saturation, the dissolution of COs in saline pore fluids,
residual trapping potential and pressure distribution that may limit CO5
injection (Chadwick et al., 2008). Future work on the dynamic reservoir
and geotechnical modelling of individual potential storage sites is
needed to verify the outlined storage potential and safety considerations
(Bachu, 2015). An effective research strategy could involve selecting
two structures with variable settings, e.g., covering an anticline struc-
ture characterized by strong lateral aquifer connectivity and a more
intricate reservoir type within a confined setting. Potential candidates
would be CNS_24 and DB_1 as they would provide endmembers for
anticline and stratigraphic traps in laterally open and strongly confined
aquifer systems (Fig. 3 & 5D). Both of these reservoirs are directly tar-
geted by exploration wells to provide the necessary data for further
modelling efforts. For fault associated trap types geotechnical modelling
should focus on the fault reactivation and leakage potential to constrain
safe injection pressure ranges and monitoring strategies (Ward et al.,
2016; Wu et al., 2021). For detailed investigations in the West Schleswig
Block additional 3D seismic and well data would be necessary to lower
the uncertainty in terms of reservoir geometry, fault distribution, and
parametrisation. Additional efforts could focus on the evaluation of
legacy well data and regional parametrisation of promising areas, such
as the West Schleswig Block, to aid the development of large scale CCS in
the German North Sea. To facilitate further data acquisition and the
development of large scale CCS projects in the German North Sea a joint
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effort of research, industry and political stakeholders is crucial.
7. Conclusion

We undertook a comprehensive analysis of potential COy storage
sites in the Middle Buntsandstein Subgroup within the Exclusive Eco-
nomic Zone of the German North Sea. We mapped 71 potential storage
sites based on existing 3D models, seismic data and a total of 39 existing
exploration wells. Employing Monte Carlo simulations with 10,000 it-
erations, we created probability functions for likely static CO, storage
volumes for each of the mapped structures. Each of these structures
underwent further characterisation based on static storage capacity,
burial depth, trap type and structural complexity. Structures with a P50
< 5 Mt and those deeply buried below 4500 m were excluded from the
total capacity balance, due to geotechnical feasibility concerns. Addi-
tionally, structures with apex depths of less than 800 m, cumulative seal
thickness < 20 m, and potential fluid migration pathways along major
faults were excluded. The remaining structures yield a probability dis-
tribution of static CO; storage capacities (of all suitable structures) at
P10 = 902.08 Mt, P50 = 2554.10 Mt, and P90 = 5508.93 Mt. Structures
in deeply buried graben structures or complex fault and salt diapir-
related trap structures are prone to lateral confinement, which pre-
sents challenges in terms of pressure increase during injection and ca-
pacity prediction. Conversely, favourable conditions are expected on the
West Schleswig Block, including moderate burial depths, anticline
dominated trap types and good lateral reservoir connectivity. Geologi-
cally the West Schleswig Block stands out as the most promising target
for further exploration of carbon storage sites in the EEZ of the German
North Sea, offering a probability distribution of static CO; storage ca-
pacities of all suitable structures yielding percentiles at P10 = 386.18
Mt, P50 = 997.82 Mt, and P90 = 1975.91 Mt. We emphasize the ne-
cessity for additional data acquisition and recommend further dynamic
modelling of CO, storage for individual trap structures. Both will be
needed for the realisation of safe and effective storage projects in the in
the deep subsurface of the German North Sea.
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