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Preface

A new Danish Climate Act was decided by the Danish Government and a large majority of
the Danish Parliament on June 26", 2020. It includes the aim of reducing the Danish green-
house gas emissions with 70% by 2030 compared to the level of emissions in 1990. The first
part of a new Danish CCS Strategy of June 30", 2021 includes a decision to continue the
initial investigations of sites for potential geological storage of CO; in Denmark. GEUS has
therefore from 2022 commenced seismic acquisition and investigations of potential sites for
geological storage of CO; in Denmark.

The structures decided for maturation by the authorities are some of the largest structures
onshore Zealand, Jutland and Lolland and in the eastern North Sea (Fig. 1.1). The onshore
structures include the Havnsg, Gassum, Thorning, and Radby structures, and in addition the
small Stenlille structure as a demonstration site. The offshore structures include the Inez,
Lisa and Jammerbugt structures. A GEUS Report is produced for each of the structures to
mature the structure as part of the CCS2022-2024 project towards potential geological stor-
age of CO..

The intension with the project reporting for each structure is to provide a knowledge-based
maturation with improved database and solid basic descriptions to improve the understand-
ing of the formation, composition, and geometry of the structure. Each report includes a de-
scription overview and mapping of the reservoir and seal formations, the largest faults, the
lowermost closure (spill-point) and structural top point of the reservoir, estimations of the
overall closure area and gross-rock volume. In addition, the database will be updated, where
needed with rescanning of some of the old seismic data, and acquisition of new seismic data
in a grid over the structures, except for the Inez and Lisa structures, which have sufficient
seismic data for this initial maturation.

The reports will provide an updated overview of the database, geology, and seismic interpre-
tation for all with interests in the structures and will become public available. Each reporting
is a first step toward geological maturation and site characterization of the structures. A full
technical evaluation of the structures to cover all site characterization aspects related to CO
storage including risk assessment is recommended for the further process.
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Dansk sammendrag

Regeringen og et bredt flertal i Folketinget vedtog i juni 2021 en kgreplan for lagring af CO,,
der inkluderer undersggelser af potentielle lagringslokaliteter i den danske undergrund. Der
er derfor udvalgt fire store strukturer pa land med dataindsamling og kortleegning til videre
modning: Havnsg, Gassum, Ragdby og Thorning, samt den mindre Stenlille struktur til de-
monstrationslagring (Fig. 1.1). Derudover indsamles nye data til kortlaeegning og modning for
den kystneere Jammerbugt struktur, mens de to strukturer Inez og Lisa, leengere mod vest i
Nordsgen, kortleegges og modnes baseret pa eksisterende data.

Gassum strukturen er en stor struktur, der ligger i det gstlige Midtjylland, mellem Hobro,
Mariager og Randers. Tidligere og nye seismiske data viser strukturens form, og de nye
seismiske data viser desuden tilstedeveerelsen af flere stgrre forkastninger omkring toppen
af strukturen. Korrelation af de seismiske data til Gassum-1 boringen centralt i strukturen og
andre naertliggende boringer giver vigtig information om geologien af reservoir og segl.

Dette sammendrag opsummerer forundersggelsen og den initiale vurdering af lagringsmu-
ligheden i Gassum strukturen. Vurderingen bygger pa tolkning af eksisterende samt nye geo-
logiske og geofysiske data og viden (Kapitel 3-5) og belyser undergrundens geologiske op-
bygning i og omkring Gassum strukturen (Kapitel 6-7). Vurderingen har fokus pa strukturens
form, starrelse, overordnede opdeling inklusive reservoir- og seglforhold, geologiske risiko-
faktorer, iseer stgrre forkastninger og segl, og der foretages en vurdering af statisk lagrings-
kapacitet for det primaere reservoir (Kapitel 8). Desuden opsummeres anbefalinger til yderli-
gere modning af strukturen hen imod en mulig COz-lagring (Kapitel 9, 10).

Datagrundlag

Gassum strukturen er deekket af aeldre refleksionsseismiske data med 2D profiler af sparsom
teethed og kvalitet indsamlet i 1960’erne, 1970’erne og 1980’erne, samt et teettere netvaerk
af nye refleksionsseismiske data indsamlet i 2023 for dette projekt (Fig. 4.1.1). De eeldre
dataseet er generelt af darlig kvalitet med meget stgj. Derfor blev der i februar til maj 2023
indsamlet ti nye 2D refleksionsseismiske profiler pa i alt 221 km ved hjeelp af vibroseis-last-
biler som seismisk kilde og et dobbelt optagesystem bestaende af en landstreamer med ge-
ofoner trukket bag lastbilerne og tradlgse geofoner i vejsiden. Disse data har markant for-
bedret deekning og kvaliteten af data samt tolkningsmulighederne over strukturen og flan-
kerne. Uppsala Universitet gennemfarte indsamlingen og processeringen pa vegne af
GEUS, med vibroseis-lastbiler fra polske Geopartner Geofizyka og med feltassistance fra
universitetsstuderende fra Kgbenhavns og Uppsala universiteter. COWI varetog ansggnin-
ger om tilladelser, logistik, dele af kommunikationen og den Igbende borgerkontakt. Der blev
i forbindelse med indsamlingen informeret pa tre informationsmgader for borgere, via projekt-
webside, informationsbreve og flyers, samt pa to besggsdage.

Det nye 2D seismiske indsamling (GEUS2023-GASSUM) har forbedret datagrundlaget over
toppen og flankerne af Gassum strukturen og muligg@r en vaesentlig forbedret kortlaegning,
seerligt af forkastninger i toppen af reservoir og segl.
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Tolkning

Gassum strukturen er en geologisk fire-vejs-lukning, som er opstaet som fglge af dannelsen
af en dybtliggende saltpude i det underliggende Zechstein salt. Saltpudens veekst hesevede
de overliggende lag, herunder reservoir og segl, op gennem millioner af ar gennem Trias og
Jura til ind i Kridt tid, hvorved der blev dannet en stor lukket antiklinal. Det primaere reservoir-
segl par i Gassum strukturen er Gassum-Fjerritslev formationerne (Kapitel 6, 7). Beskrivelser
fra boringer viser, at Gassum Formationen og store dele af Fjerritslev Formationen indehol-
der henholdsvis gode reservoir og segl intervaller. Derudover er der et sekundeert, hgjerelig-
gende reservoir-segl par i Frederikshavn-Vedsted formationerne samt et dybereliggende re-
servoir-segl par i form af Skagerrak Formationen og de overliggende @rslev—Falster—Tgnder
formationer. Som omtalt i rapporten danner Haldager Sand og Flyvbjerg formationerne sand-
synligvis yderligere reservoirer i strukturen.

Strukturen lukker pa flere stratigrafiske niveauer fra Trias til Jura. Seerligt vigtigt er lukningen
pa toppen af Gassum Formation (tidlig Jura alder) med det primzaere reservoir, som har fokus
i denne vurdering. Gassum Formationen har en tykkelse pa ca. 130 m i Gassum-1 boringen,
som ligger taet pa toppen af strukturen, og har en god lateral kontinuitet baseret pa korrelation
med de neertliggende boringer Hobro-1, Kvols-1 and Voldum-1. Gassum Formationen bestar
i Gassum-1 og de neertliggende boringer af sandsten med lerstenslag.

| Gassum-1 boringen har Gassum Formationen en netto tykkelse af reservoirsandsten pa
56,7 m. Etreservoir i Gassum Formationen defineres som en sandsten, der har et ler-indhold
<0.5% og porgsitet >10%. Gassum Formation sandstenen i Gassum-1 boringen har en gen-
nemsnitlig porgsitet pa 28,5% og en gennemsnitlig permeabilitet pA 1500 mD (midlet over
kernemalingerne), hvilket giver gode reservoiregenskaber (Kapitel 7).

Der er gennemfert en opdateret tolkning af Gassum strukturen pa baggrund af eksisterende
data kombineret med de nye seismiske data (Kapitel 6). Der anvendes boringskorrelation og
seismiske profiler for at identificere seismiske refleksioner og intervaller, der kan korreleres
med de geologiske formationer. Tolkningen viser, at toppen af reservoiret, som er kortlagt
ved Top Gassum Formationen i Gassum strukturen, er veldefineret og lukker med et areal
pa 280 km? i 2300 m dybde.

De nye data viser desuden en markant, ca. 15 km lang gst-vest gaende forkastningszone
neer toppen af strukturen, nord for Gassum-1 boringen. De stgrste forkastninger er normal-
forkastninger og er givetvis dannet ved streekning af lagene forarsaget af beveegelserne i
den dybe saltpude. Forkastningerne er identificeret pa flere af de seismiske profiler og straek-
ker sig fra Drslev Formationen op til Kridt pakken (Chalk Group), med den stgrste teethed i
Gassum, Fjerritslev og Frederikshavn Formationerne. Forskydningerne i toppen af Gassum
Formationen og i seglet (bl.a. Fjerritslev Formationen) er op til ca. 40-60 ms, svarende til op
til omkring 100 m. Tilstedeveaerelsen af en forkastning nord for Gassum-1 boringen var kendt
fra de fa eeldre seismiske linjer, men de nye data viser, at forkastningszonen er betydeligt
lzengere og har stgrre forsaetning end hidtil antaget. Derudover ses mindre forkastninger i
den sydlige del af strukturen, som ogsa kan have en betydning for lagring af CO,.

Pa grund af forkastningernes betydelige forsaetninger og laterale udstraekning i Gassum For-
mationen (primaere reservoir) og Fjerritslev Formationen (primeere segl) i og omkring toppen
af strukturen bgr der foretages en naermere undersggelse af forkastningerne i forbindelse
med yderligere modning af strukturen. Grundet afstanden mellem de 2D seismiske profiler
er det nuveerende datagrundlag stadigveek ikke tilstraekkeligt til en fyldestggrende undersg-
gelse af segl-integriteten og eventuel risiko for leekage af CO,, samt hvorvidt nogle
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forkastninger kan danne barrierer (compartments) ifm. COz-lagring. En yderligere modning
af strukturen bgr derfor baseres pa nye teetliggende seismiske (3D) data og yderligere tekni-
ske vurderinger.
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1. Summary

The subsurface in Denmark has many deep structures offshore and onshore, and some of
these are suited for CO; storage. Eight structures named in Fig. 1.1 were selected for initial
investigation and maturation through seismic acquisition, geological analyses, and renewed
mapping during 2022-2024 by GEUS, with cooperating partners on acquisition and pro-
cessing (see chapter 4).

New 2D seismic data were acquired across the Gassum structure to improve the database
with more dense, good quality seismic data. The improved seismic database is used in this
report — together with well logs from the Gassum-1 well near the top of the structure and with
ties to other nearby wells — to improve the understanding of the structure in terms of its geo-
logical development, the lowermost closure (spill-point) and top point at the top of the reser-
voir, the overall closure area and potential static storage capacity, the largest faults, and
details of reservoir and seal successions for this initial maturation. The new seismic data and
grids in two-way time of key seismic horizons are available at the GEUS CCS data webpage.
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Figure 1.1. Map of Danish structures with potential for geological storage of CO,. The named
dark green structures (Stenlille, Havnsg, Radby, Gassum, Thorning, Jammerbugt, Lisa and Inez)
are currently investigated with acquisition of new data and updated mapping in GEUS’ CCS pro-
ject during 2022—2024. This reporting is for the Gassum structure, and the study area is marked
with a red rectangle.
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The new 2D seismic survey (GEUS2023-GASSUM) included in the present reporting was
acquired in the spring 2023 and consists of ten seismic lines with a total line length of c. 221
km across the structure (Chapter 4).

The Gassum structure is a geological four-way dip structure with an areal extent of around
280 km? (Fig. 1.2). The main reservoir-seal couples of the Gassum structure are the Gassum
Formation and Fjerritslev Formation, which are shown in Figure 1.3. Descriptions of well logs
show that the Gassum Formation and large parts of the Fjerritslev Formation contain suitable
reservoir and seal intervals, respectively. In addition, a secondary, shallower reservoir-seal
couple is provided by the Frederikshavn Formation and the Vedsted Formation, and a deeper
situated reservoir-seal couple of the Skagerrak Formation and the @rslev—Falster—-Tgnder
formations. As discussed in the report, the Haldager Sand and Flyvbjerg formations possibly
form additional reservoirs in the structure. See Chapter 7.1 for more details on the reservoirs.

The Gassum Formation is c. 130 m thick in the Gassum-1 well located near the centre of the
structure (Figs. 1.2, 1.3). There is a large lateral continuity based on mapping with seismic
correlation from the nearby Hobro-1, Kvols-1 and Voldum-1 wells. The Gassum Formation
consists in the Gassum-1 and nearby wells of sandstones with interbedded claystones. The
net sand thickness in the Gassum-1 well is 56.7 m providing a net to gross ratio of 0.46.

A reservoir is defined as a sandstone containing a volume of shale <0.5% and with porosities
>10%. The Gassum Formation sandstones in the Gassum-1 well have average porosity of
28.5% and average permeability of 1500 mD (mean value of core measurements), providing
good reservoir properties.

The primary seal for the Gassum Formation in the structure is the Fjerritslev Formation, which
is several hundred-meter-thick mudstone successions of Early Jurassic age, and it includes
generally good to very good sealing mudstones. The lowermost part of the formation (F-la
Mb) includes a number of thin siltstone and sandstone beds, which probably to some extent
reduce the seal quality, whereas the upper and thickest part of the formation (F-1b to F-IV
Mb) is a good quality seal. Above this formation are the secondary seals, which includes the
Vedsted Formation mudstones and Rgdby Formation marl and chalk of Early Cretaceous
ages. Above these follows the km-thick Upper Cretaceous Chalk Group, which is overlain by
thinner younger deposits. Safe storage in the Gassum Formation of natural gas and moni-
toring for potential leakage through many years has proven that primary Fjerritslev Formation
seal is efficient in the Stenlille structure. The same stratigraphic seal formation is also ex-
pected in the Gassum structure. See also Section 7.2 for more details on the seals.
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Figure 1.2. Depth-structure map of the Top Gasssum in meters (m) below mean sea level (b.msl)
shown with the largest faults as black, filled polygons and the location of the Gassum-1 well. The
map is produced with a 250x250 m grid and mildly smoothed. Note that the lowest closing contour
is 2300 m.
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Figure 1.4. 2D seismic line P5 from GEUS2023 GASSUM-RE2023 showing the Gassum struc-
ture from Top-Zechstein level, with the salt pillow and overlying stratigraphic units incl. Gassum
Fm and Fjerritslev Fm near the Gassum-1 well. The interpreted faults are shown with black lines.

The new data and mapping confirm that the Gassum structure has closures at the Top Gas-
sum Formation and also at shallower levels including the top of the secondary reservoir of
the thick sandstone intervals of the Frederikshavn Formation. The area of the lowermost
closure on the Top Gassum depth-structure map is ¢. 280 km? at the closing contour of c.
2300 m depth below mean sea level (Fig. 1.2). The top of the structure at the Top Gassum
map is at c. 1375 m depth, and the relief of the structure at Top Gassum is thus c. 975 m
The calculations in this study show a significant static storage capacity of the Gassum For-
mation of 498 Mt CO (Chapter 8).

A major fault zone is present near the top of the structure (Figs. 1.3, 1.4) causing offsets in
top Gassum Formation as well as the seal (e.g., Fjerritslev Formation) of up to 40—60 milli-
seconds, corresponding to c. 100 m offset. The fault zone can be identified at multiple seismic
profiles. It trends east-west and extends for c. 15 km along the top of the structure, near and
north of the Gassum-1 well. The presence of a fault north of the Gassum-1 well was known
based on the old seismic data, however, the new data show that the fault is both much longer
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and has a larger offset that previously known. The faults near the top of the structure should
be further evaluated to identify possible risks such as leakage along the fault planes and the
possible compartmentalization of the reservoir. Other smaller faults are present at other parts
of the structure, which may also affect the possibilities for CO; storage.

The new 2D seismic data has significantly improved the seismic database with more dense,
good quality seismic data. However, additional seismic acquisition, in particular of 3D data
over the Gassum structure and the potential injection and storage areas is recommended,
for more detailed interpretation prior to COz injection, as there is still some distance between
the line data coverage. This can improve site-specific knowledge with more details on the
faults, reservoir and seal and provide input to modelling of CO, migration and analyses of
geological and other technical uncertainties and risks. Repeated seismic surveys in same
place can subsequently contribute to monitor the extent of the CO, migration, together with
other monitoring techniques (e.g., well logging, downhole seismics, micro seismicity, surface
deformation, etc). The knowledge from the investigated structures will be included in the fur-
ther work of the authorities to reveal opportunities and requirements towards further matura-
tion for potential geological CO; storage.
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2. Introduction

Carbon capture and storage (CCS) is an important instrument for considerably lowering at-
mospheric CO2 emissions (IPCC 2022). Geological storage of CO; is known from more than
30 sites situated in many countries, including Norway (Sleipner), Canada (Weyburn) and
Germany (Ketzin), since the first started more than 25 years ago (e.g., Chadwick et al. 2004)
and more than 190 facilities are in the project pipeline (Global CCS Institute 2022).

The Danish subsurface is highly suited for CO; storage, and screening studies document an
enormous geological storage potential that is widely distributed below the country and adja-
cent sea areas (Larsen et al. 2003; Anthonsen et al. 2014; Hjelm et al. 2022; Mathiesen et
al. 2022). The significant Danish storage potential is based on the favorable geology that
includes excellent and regionally distributed reservoirs, tight seals, large structures, and a
relatively quiescent tectonic environment. The largest storage potential is contained within
saline aquifers, and the Danish onshore and nearshore areas contain a number of these
structures with a potentially significant CO; storage potential (Hjelm et al. 2022).

The Gassum structure is one of these structures and is a relatively large structure geograph-
ically located in eastern part of Jutland (Fig. 1.1), and geologically in the central part of the
Danish Basin (Fig. 3.1). The structure was only covered by a limited number of old, poor
quality 2D seismic lines, acquired in the 1960s, 1970s and 1980s. However, in 2023 new
seismic data for this project was acquired (see Chapter 4). The seismic lines can be tied to
the Gassum-1 well located near the centre of the Gassum structure as well as other nearby
wells, which document the geology. The Gassum structure is expected to have storage po-
tential for resources such as CO., and this structure with the Gassum Formation is the focus
of this study, but also a shallower and a deeper reservoir-seal couple of the structure is de-
scribed.

Earlier screening projects by GEUS for structures relevant for CCS have also evaluated the
Gassum structure for potential CO; storage. A comprehensive summary with an evaluation
of the CO; storage potential in Denmark, including an initial evaluation of the Gassum struc-
ture, was provided by Hjelm et al. (2022).

In this study, the Gassum structure is investigated further based on evaluation of the inte-
grated database of old and new seismic data, with correlation to wells, to characterize its
tectonic and depositional evolution, composition with reservoir-seal couples, faults and ge-
ometry towards maturation for potentially geological storage of COs-.
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3. Geological setting

The Gassum structure is located in the Danish Basin which forms the eastern part of the
WNW-ESE trending Norwegian—Danish Basin (Vejbaek 1997, Nielsen 2003). To the south
the Danish Basin is separated from the North German Basin by the Ringkabing-Fyn High,
and to the north and northeast by the Sorgenfrei-Tornquist Zone which further north is limited
by the Skagerrak-Kattegat Platform (Figs. 3.1, 3.2). Both the Norwegian—Danish Basin and
the North German Basin are intracratonic basins formed by stretching of the lithosphere
which caused Carboniferous—Permian rifting with extension and normal faulting followed by
basin subsidence. The Ringkebing-Fyn High probably formed at the same time due to less
stretch than the basin areas (Vejbaek 1997). The tectonism led to large, rotated fault blocks,
intrusive volcanism, extensive erosion, and mostly coarse siliciclastic deposition
(Rotliegende) affecting large parts of the basin (Vejbaek 1997; Michelsen & Nielsen 1991,
1993; Nielsen 2003).
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Figure 3.1. Map of the main structural elements including highs, basins, and main faults onshore
and offshore Denmark. The elements include the Danish Basin, the Sorgenfrei-Tornquist Zone,
the Skagerrak-Kattegat Platform, the Ringkebing-Fyn High, and the northern part of the North
German Basin. The study area is indicated with the red square. Positions of deep wells are also
marked. Modified from Nielsen (2003).
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After mainly evaporites (Zechstein Group) developed in shallow basin areas during late Per-
mian time, the region subsided and thick Triassic clay and mud-dominated successions
formed with a few sandstones and minor carbonate and salt deposits (Bunter Shale, Bunter
Sandstone, @rslev, Falster, Tgnder, Oddesund, Vinding formations; Figs. 3.3, 3.4, 3.5A,B).
Sandstones are in particular known from the Bunter Sandstone Formation but are also pre-
sent along the northern basin margin in the Skagerrak Formation (Bertelsen 1978, 1980).
During latest Triassic (Rhaetian) and into the earliest Jurassic (Hettangian—early Sinemurian)
times the coastal to continental areas were repeatedly overstepped by the sea depositing
the Gassum Formation (Fig. 3.6). The relative sea-level rise resulted during the Early Juras-
sic in the deposition of thick claystone-dominated successions with some silty and sandy
layers (Fjerritslev Formation), which have been correlated basin wide in several depositional
sequences and members (Nielsen 2003; Michelsen et al. 2003).

Mainly Middle-Late Jurassic regional uplift and salt mobilization led to formation of struc-
tures, associated faults, and major erosion in large parts of the basins, with a hiatus expand-
ing towards the Ringkabing-Fyn High (Fig. 3.3) (Nielsen 2003). However, fault-related sub-
sidence continued in the Sorgenfrei-Tornquist Zone, where sand and mud were deposited
(Middle Jurassic Haldager Sand Formation). Regional subsidence occurred again during the
late Middle Jurassic and generally continued until Late Cretaceous—Paleogene time, when
subsidence was replaced by uplift and erosion related to the Alpine deformation and the
opening of the North Atlantic. The deposits from the last period of subsidence consist of
Upper Jurassic—Lower Cretaceous mudstones and sandstones (Flyvbjerg, Bagrglum, Freder-
ikshavn, Vedsted and Ragdby formations) followed by thick Upper Cretaceous carbonate and
calcareous deposits (Chalk Group), which were formed throughout the Danish Basin. Finally,
Cenozoic including Quaternary successions were deposited in the Danish Basin, with epi-
sodic uplift (Japsen & Bidstrup 1999; Japsen et al. 2007). Deposits of sandstone in the Late
Jurassic—Early Cretaceous interval are mainly known from the Flyvbjerg and Frederikshavn
formations.

The significant amounts of sediments deposited throughout the Mesozoic period caused un-
derlying deposits of Zechstein salt to be plastically deformed and in some places to move
upwards along zones of weakness. This resulted in uplift of the underlying layers in some
places (salt pillows) or breaching by the rising salt (salt diapirs). Above the salt structures,
the layers may be absent or partly absent due to non-deposition or erosion, whereas in-
creased subsidence along/in the flanks of the salt structures (in the edge depressions) may
have led to corresponding layers being extra thick in these areas.

The Bunter Sandstone, Gassum and Frederikshavn formations all contain potential sand-
stone reservoirs in the Gassum structure. However, in this study the Gassum Formation is
considered the prime reservoir for CO; storage as it is overlain by a several hundred meters
thick mudstone-dominated succession of the Fjerritslev Formation, which in general is con-
sidered as having good seal properties.
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Figure 3.2. Map of the main structural elements onshore and offshore Denmark, including highs,
basins, and main faults. The location of the study area around the Gassum structure is marked
with a white square. The elements include the Norwegian—Danish Basin (of which the eastern
part in Denmark is the Danish Basin), the Sorgenfrei-Tornquist Zone, the Skagerrak-Kattegat
Platform, the Ringkgbing-Fyn High, and the northern part of the North German Basin. Modified
from Vejbaek & Britze (1994).
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Figure 3.3. Generalized stratigraphy from south to north in the Danish Basin in which the Gas-
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(2003).
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GEUS

Figure 3.5. Paleogeographic
maps of Denmark and southern
Scandinavia illustrating the pos-
sible distribution of general dep-
ositional environments. The
Gassum structure area is
marked with a small red circle.

(A) Late Permian (Zechstein)
sea (dark blue), coastal near ar-
eas (light blue) and onshore ar-
eas (orange red). From Ras-
mussen & Nielsen (2020).

(B) Early—Middle Triassic (incl.
the Bunter Sandstone Fm) domi-
nated by desert with local sand
dunes, lakes and sabkhas. From
Rasmussen & Nielsen (2020).

(C) Late Triassic (Rhaetian) to
earliest Jurassic (Hettangian—
early Sinemurian) Gassum Fm
distribution in Denmark. From
Olivarius et al. (2022). Earlier
work (e.g., Nielsen 2003,
Vosgerau et al. 2020, see also
Section 7.1) show that the Gas-
sum Fm is composed of several
depositional sequences with re-
gressions—transgression cycles
and deposition in onshore, near-
shore, and shallow marine envi-
ronments.
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Figure 3.6. Paleogeographic maps of Denmark showing the inferred distribution of general dep-
ositional environments during the Jurassic time. From Hettangian to Toarcian or Aalenian (A-C),
the Danish area was characterized by deposition of marine clays with some layers and beds of
siltstone and sandstone, forming the present-day Fjerritslev Formation which is the primary seal
of the Gassum Formation. During the Aalenian—Callovian (D-E) regional uplift took place and
large areas, including the Gassum structure area (red circle), was characterized by erosion and/or
non-deposition. In the Late Jurassic (F—G), renewed subsidence in the central part of the Danish
Basin led to redeposition of marine mud (Bgrglum Fm) and in more proximal areas also marine
sand (Frederikshavn Fm). From Petersen et al. (2008) modified from Michelsen et al. (2003).
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4. Database

4.1 Seismic data

The new seismic survey of GEUS2023-GASSUM (including the original processing and the
reprocessed GEUS2023-GASSUM-RE2023) and scattered lines of DNJ8183D, SSL6267
and PRKL7374A provide data for the interpretation of the Gassum area (Fig. 4.1.1). There is
a high variation in density of seismic lines from up to 4 to 5 km south and east of the Gassum-
1 well to c. 2 km adjacent and to the northwest of the Gassum-1 well. The quality varies from
excellent of the GEUS2023-GASSUM survey, to moderate of the DNJ8183D survey, and
poor to very poor of the remaining data (Fig. 4.1.2). The high quality GEUS2023-GASSUM
survey, however, is challenged by dimming of the signals at road bends and at the end of

each line (Fig. 4.1.3).
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Legend 2D seismic lines from surveys:
—  GEUS2023-GASSUM (new lines by Uppsala University)
] Mapping area GEUS2023-GASSUM-RE2023 (new lines reprocessed by RTS)

DNJ8183D (DN lines)
——  PRKL7374 (73 lines)
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Fig. 4.1.1. Database map with publicly available seismic surveys and deep well (Gassum-1) from
the study with line names (new lines are abbreviated ex. ‘P1’ from ‘GEUS23_GSM_P1’).
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SSL6267 AA16

DNJ8183D DNJ-400

Fig. 4.1.2. Four examples of seismic data quality in the study area. A) The new GEUS2023-
GASSUM survey with excellent quality. B to D) The older surveys shows a quality variation from

good to very poor.

Road bend

~TWT (m sec.)

Dimming of data in road bends

WAL

Fig. 4.1.3. Example of strong dimming of signals at road bends in the new GEUS2023-GASSUM-
RE2023 seismic data. The road bends are marked with arrows on both seismic section (line P9)

and shotpoint map.
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Seismic data mis-ties

All new seismic lines and vintage regional seismic lines for the Gassum structure (tie near at
Gassum-1 well) to coastal areas are examined for mis-ties. As the interpretation in Petrel is
performed with data at mean sea level lines are adjusted to fit this level. Time-shifts are
required for lines of the GEUS2023-GASSUM-RE2023 survey and for line DNJ-30 (Table
4.1.2). We use constant time shifts.

Table 4.1.1. Seismic surveys and lines used in the mapped Gassum area with time shifts

Survey Line: Vertical, constant time-shift (millisecond TWT)
GEUS2023-GASSUM GEUS23-GSM_P1, P2, P3, P5, P6, P7, P8, P9, P10A, P13: 0 ms

GEUS2023-GASSUM-RE2023 GEUS23-GSM_P1: -20 ms, P2: -20 ms, P3: -30 ms, P5: -20 ms, P6:
-30 ms, P7: -10 ms, P8: -10 ms, P9: -15 ms, P10A: -20 ms, P13: -30

ms
DNJ8183D DNJ-30: 20 ms, DNJ-400: 0 ms
PRKL7374A 73201, 73205, 73208, 73209: 0 ms
SSL6267 AA15, AA16, V11, V35: 0 ms

4.2 Seismic data acquisition and processing by Uppsala University

The new GEUS2023-GASSUM 2D seismic survey acquired over the Gassum structure in
2023 was organized by GEUS for the initial maturation described in this report, and with
Uppsala University in charge of acquisition and first processing. Each of the survey profiles
are named: GEUS23_GSN_P1, -P2, -P3, -P5, -P6, -P7, -P8, -P9, P10A, and P13 with a total
line length of c. 221 km. The positions of the profiles are shown in Fig. 4.2.1, where they are
abbreviated P1-P13. Line extensions include a reference to the type of the geophone re-
cording: streamer, wireless and merged (streamer & wireless together), and if the version is
stacked (stk), or stacked and migrated (mig) — e.g., GEUS23_GSN_P1 merged_stk. Link to
survey processing summary sheet: GEUS2023-GASSUM (geus.dk).

In addition, GEUS issued a company reprocessing in 2023 of the survey: GEUS2023-GAS-
SUM-RE2023 (see chapter 4.3).
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Figure 4.2.1. Map with locations of the seismic profiles from the acquisition and processing report
(Malehmir & Westgate 2023). Red lines are locations of the final migrated seismic profiles (here
the profiles of wireless and merged files). Black lines are locations at the roads, where the seismic
data were acquired.

Acquisition of the seismic survey

Uppsala University was contracted to acquire and process a hew seismic survey with the ten
reflection seismic profiles of the survey GEUS2023-GASSUM, in a research and develop-
ment cooperation. The survey was conducted from February 2" to May 30%t 2023 (Figs.
4.2.1-4.2.3) and was delivered and reported in the acquisition and processing report of De-
cember 2023 by Malehmir & Westgate (2023) (Fig. 4.2.4).

The purposes of this cooperation acquisition project are mainly:

1. toimprove the database at the data-poor area around Gassum to mature the Gassum
structure towards potential storage of COy;

2. to acquire new seismic lines to improve the data coverage with modern data;

3. to acquire modern high fold data for imaging and interpretation of the shallow and
deeper subsurface, in particular the key reservoir (mainly Gassum Formation), seal
(mainly Fjerritslev Formation), faults and the geometry of the Gassum structure.

4. to expand knowledge of CCS operations through research and education, here in
cooperation with universities.

Collaboration partners

Uppsala University contracted the Polish company Geopartner Geofizyka with two small
trucks equipped with vibration hydraulic pistons as source for the vibro-seismic data. Stu-
dents in geophysics and geoscience from University of Copenhagen and University of Aarhus
were hired as field assistants to conduct field support, including deploying the wireless
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geophones and surveying their positions with Differential GPS, adjusting the landstreamer
and distributing information folders and flyers to citizens. COWI was contracted for acquiring
permits, logistical planning, assessments in relation to landowners and support on external
contacts to authorities and citizens.

Communication & meetings

Communication with the local community was provided through three public information
meetings on January 10", 2023 (Hotel Amerika, Hobro), on January 17", 2023 (Netvaerk-
shuset N1, Randers), and on June 6%, 2023 (Hotel Amerika, Hobro). A public visit day was
held on March 25™, 2023. Information flyers and folders were provided to landowners in the
vicinity of the acquisition, and information mainly on the website of project. In addition, local
medias made interviews and articles on the acquisition (e.g., DR @stjylland on April 4%, 2023:
"Danmarks undergrund bliver scannet for lagerplads til CO,"), TV2 NORD on March 13™,
2023: "Lokale om muligt CO»-lager: - Det er en udfordring, vi ma std sammen om at fa lgst",
and TV2 19 News reportage on March 5, 2023).

Survey design

The acquisition took place from February 2" to May 30", 2023, and the seismic data were
recorded along the ten lines shown in Figure 4.1.1.

Four to six streamer segments (20 units per segment)

Figure 4.2.2. (a) Operational setup of field equipment. (b) Micro-electromechanical systems
(MEMS) sensors mounted at 2 m intervals on a landstreamer towed behind the rear vibroseis
truck. (c) Two vibroseis trucks are operated with syncronised vibrations. (d) Wireless geophones
are planted every 10 m along the profile. Figure from Malehmir and Westgate (2023).
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Figure 4.2.3. Diagram of the data collection procedure. Figure from Malehmir and Westgate
(2023).

As seismic source, two small 12 tonnes vibroseis trucks (INOVA UNIVIB-326) were used
with synchronized vibrating hydraulic pistons lowered in firm contact with the road (Fig. 4.2.2,
Table 4.2.1). The vibroseis trucks operated at a peak force of 95 kN and generated syn-
cronised seismic sweeps every 10 m along the profile. The seismic sweeps had a linear
increase in bandwidth from 10 Hz to 140 Hz over 18 seconds. At every shot-point location,
this sweep was repeated three times to improve signal-to-noise ratio in the subsequent pro-
cessing.

When passing close to buildings, control measurements with a vibration monitor were carried
out near the foundation of the buildings to secure that vibrations stay below a threshold, as
defined by the German norm DIN 4150-3. If the vibrations approached the threshold, the
vibrations were done with a smaller force or in some case shot points were skipped.

Before the acquisition, the field personnel followed a road-safety course, and were equipped
with safety clothing during fieldwork. Every day started with a meeting for all field personnel
with a briefing of the day’s plan and any safety concerns.
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Figure 4.2.4. The front page and table of contents of the GEUS2023-GASSUM seismic survey:
Acquisition and processing report (Malehmir & Westgate 2023), which can be accessed at the
survey processing summary sheet: GEUS2023-GASSUM (geus.dk).

The reflected seismic signals were recorded using a dual sensor system consisting of a land-
streamer and wireless geophones (Fig. 4.2.2). The recording time was 25 seconds for each
sweep. The landstreamer was mounted with micro-electromechanical systems (MEMS) sen-
sors at 2 m interval with a sampling interval of 1 ms. The SeisMove landstreamer is devel-
oped by Uppsala University and consists of one to six 40 m long segments that were attached
end-to-end and dragged behind the tailing vibroseis truck. The number of attached segments
depended on logistical viability of any given day's traverse. Less segments were used where
the day’s zone had multiple sharp bends or passed through towns, while straight, flat
stretches permitted the use of more segments. The wireless geophones were placed in the
roadside with 10 m interval and used a frequency of 10 Hz and a 2 ms sampling interval
(Table 4.2.1). Differential GPS measurements were taken to retrieve precise (within 10-30
cm) positions of the geophones. Both the operational zone and the active spread for each
recording system changed per day, with an average of 200 m spread length for the land-
streamer, and 7 km spread length for the geophones.

Papers, reporting and abstracts from Uppsala University present the results of the acquisition
and processing of the GEUS2023-GASSUM survey, including: Malehmir & Westgate (2023),
Konstantinidis et al. (2023), Westgate et al. (2023), Westgate et al. (2024), Westgate et al
(submitted).
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Table 4.2.1. Table showing the main onshore seismic data acquisition parameters from the 2D
GEUS2023-GASSUM seismic survey: Acquisition and processing report (Table 1; Malehmir &
Westgate 2023).

Survey Parameters

Recording system Sercel Lite
Source INOVA UNIVIB-326
(2 x 12t, 95 kN per truck)
Source sweep 10 Hz to 140 Hz linear sweep over 18 s
3 sweeps per shotpoint
Shotpoint spacing 10m
Geodetic surveying Reach RX RTK DGPS
Recording Parameters Landstreamer Nodal recorders
Receiver spacing 2m 10m
Spread type End-on spread Split spread
Offset (near, far) (average) (12 m, 240 m) (0 m, 3500 m)
Geophone 10 Hz spike MEMs 3C
Sampling interval 1ms 2ms
Record length 25s 255
(before; after cross-correlation) 6s 6s

Seismic data processing by Uppsala University

Each seismic profile was independently processed; however, the overall processing flow was
kept consistent, with only minor variations in the input parameters per profile. Streamer data
and wireless geophone data were independently processed, yielding a final stacked and mi-
grated section each. Additionally, each dataset was merged in the prestack domain, uni-
formalised, and jointly stacked and migrated to produce a third section per profile.

Table 4.2.2 lists the processing steps used for both datasets. The 25 second seismic records
were correlated with the theoretical 10-140 Hz linear sweep and data length after vibroseis
cross correlation is 7 seconds. After correlation, shot gathers were inspected for abnormali-
ties, such as noisy traces to be discarded or correction of polarity reversals from individual
geophones.
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Table 4.2.2. Processing sequence for the landstreamer and wireless nodal recorders. Table from
the Final Acquisition and Processing Report of the GEUS2023-GASSUM survey (Malehmir &
Westgate 2023).

Processing step Details
Landstreamer Nodal recorders
1. Import SEGD data v v
2.  Cross-correlation with theoretical sweep v v
3. Vertical stack of repeat shots A VA
4.  Automatic gain control (AGC) 200 ms 300 ms
5.  Conversion to minimum phase v "4
6. Import geometry and CMP binning 2 m CMP spacing 5 m CMP spacing
7.  First arrival picking and computation of re- V4
fraction statics
8.  Muting of noisy traces N4 v
9. Elevation statics Toporaphic statics using replacement velocity of
2500 m/s and reference elevation of 106 m
10. Bandpass filter (10-30-130-140) Hz (10-35-130- 140) Hz
11. Airwave attenuation (330 m/s) N4 N4
12. Sloped median filter 500 m/s 1000 m/s
800 m/s 2000 m/s
13. Refraction static corrections V4
14. Constant velocity analysis N4 o
15. Reflection-based residual statics One round One round
16. First break top mute v v
17. NMO correction 50 % stretch mute 50 % stretch mute
18. Stack 4 V'
19. Datum reduction Traces shifted to fixed
datum at 106 m
20. Bandpass filter (10-30-120-140)Hz (10-30-120-140)Hz
21. F-Xdeconvolution coherency filter V4 v
22. Amplitude balance v v
23. Finite Difference migration N4 N4

The data were converted to minimum phase using a statistical approach in which the char-
acteristic wavelet was empirically determined directly from the trace records and used to
design a matching filter that maps the wavelet to its minimum phase equivalent. The match
filter was then convolved with each trace to approximate the minimum-phase data.

The Differential GPS data were used to set the geometry information of shot and receiver
locations. The traces were then binned into common midpoint (CMP) bins, each centrally
located along a spline curve that traversed the points of highest CMP density based on the
nodal sensor locations. The CMP spacing was set to 5 m for the nodal data and 2 m for the
streamer data to optimize horizontal resolution. For consistency, the same crooked pro-
cessing line was used to bin the streamer data.

Static corrections, consisting of both floating datum and refraction static corrections, were
calculated. The first arrival of every trace was picked and used for inverse modelling of the
near-surface velocity variations of the weathered layer along each profile to retrieve the re-
fraction static shifts.

A combination of bandpass filters and median filters were used to remove both coherent
noise sources, such as traffic noise and groundroll, and random noise such as weather-re-
lated or electrical noise. A predictive deconvolution filter was designed to compress the
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minimum phase wavelet and attenuate multiples. Gap and operator lengths were chosen
from computing autocorrelogram windows over portions of the data that exhibited high-
quality reflections and strong multiples.

After the prestack processing flow, velocity analysis was performed using localised con-
stant velocity stacks (CVSs) over a gradient of velocities. This analysis was systematically
performed across each profile along reflection horizons at their respective arrival times,
thus producing an RMS velocity model for normal moveout (NMO) corrections. An NMO
stretch mute was applied where wavelengths were stretched beyond 50%.

Residual statics were calculated from the reflection events and applied to the data for im-
proved reflection coherency. The velocity model was updated with a second round of CVS
analysis. The traces were then sorted into CMP bins and stacked to unity using a diversity
stacking algorithm. The stacked section was then reduced to a fixed datum of 106 m above
sea level (the highest point of the survey area) and passed through a bandpass filter to at-
tenuate any introduced noise, followed by a coherency filter (f-x deconvolution) and an am-
plitude gain to recover deeper and subtle reflectors. Finally, the stacked section was mi-
grated using a finite-difference migration algorithm based on the velocity models created by
the CVS analysis.

Merging the prestack data of the wireless geophones and the landstreamer unites the ben-
efits of each dataset configuration and optimizes the signal-to-noise ratio of both datasets.
The dense spacing and high resolution of the streamer sensors improves the shallow re-
flection signals, while the larger spread of the wireless geophone data allows for detection
of deeper reflectors that will have signals at larger offsets.

Table 4.2.3. Steps taken to merge the landstreamer and wireless geophone data. Table from the
Final Acquisition and Processing Report of the GEUS2023-GASSUM survey (Malehmir & West-
gate 2023).

Processing step Details

1. Import streamer and wireless Each dataset has been processed prestack. Streamer data
datasets resampled to 2 ms to match wireless data.

2.  Update geometry with new Re-bin merged CMP gathers with 5 m bin spacing.
CMP line

3.  Automatic gain control Window length: 300 ms.

4,  Elevation static correction Static shifts based on elevation: new reference elevation 106

m and replacement velocity 2500 m/s. (premerged datasets
had respective elevation statics reversed prior to merging).

5. Bandpass filter (10-35-120-140) Hz

6. Alignment of datasets Bulkshift of streamer traces by 10 ms.
One round of reflection-based residual static corrections.

7. Constant velocity analysis Velocity model based on wireless dataset with minor up-
dates.

8. NMO correction 50 % stretch mute.

9. Stack

10. Datum reduction Traces shifted to fixed datum at 106 m

11. Bandpass filter (10—30-120-140) Hz

12. F-X deconvolution coherency filter
13. Amplitude balance
14. Finite Difference migration

Table 4.2.3 summarizes the steps taken to merge the two datasets. The processed pre-
stack data, up to and including residual static corrections, of both datasets were streamed
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into the processing scheme. The first step was to update the geometry: traces were re-
sorted into shot gathers of increasing offset and then binned into CMP gathers using an up-
dated CMP line that traversed the same path as the initial datasets. After testing different
bin sizes and spacing, a 5 m spacing between bin centres was chosen based on the quality

of the stack.

A comparison between stacks from landstreamer, wireless, and merged data is shown in
Figure 4.2.5. Due to the higher frequency content of the streamer data for shallow depth,
the reflections of the merged section appear sharper than those of the wireless data, which
is able to image deeper reflections. The noise that is more prevalent in the landstreamer
data comes through in the deeper part of the merged gather and the wireless appears less
noisy, but the reflection signals are preserved with a good signal-to-noise ratio and the
overall effect of merging the data appears to be nett positive for the quality of the data.
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Figure 4.2.5. A zoomed portion of one of the stacked profiles, comparing wireless, landstreamer,
and merged datasets. Figure from Malehmir and Westgate (2023).
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Deliverables from Uppsala University

The deliverables from the GEUS2023-GASSUM seismic survey are listed in Table 4.2.3.

Table 4.2.3. List of deliverables. Table from the Final Acquisition and Processing Report of the
GEUS2023-GASSUM survey (Malehmir & Westgate 2023).

Proﬁle N Description Wireless Streamer Merged
GEUS23_GSM_P<N>_<TYPE>_raw.segy Seismic SEGY files of data at v v
GEUS23_GSM_P<N>_<TYPE>_proc.segy different processing steps: | ! / v
GEUS23_GSM_P<N>_<TYPE>_brtstk.segy dtack migated | v v
GEUS23_GSM_P<N>_<TYPE>_stk.segy v v v
GEUS23_GSM_P<N>_<TYPE>_ mig.segy o v v

B Textual_Headers

GEUS23_GSM_P<N>_<TYPE>_raw.rch Files containing text that v v
GEUS23_GSM_P<N>_<TYPE>_proc.rch was used for textuzl header 4 / !
GEUS23_GSM_P<N>_<TYPE>_brtstk.rch In corresponding SEGY files. v v
GEUS23_GSM_P<N>_<TYPE>_stk.rch / \
GEUS23_GSM_P<N>_ <TYPE> mig.rch v v

Im Refraction_Model

GEUS23_GSM_P<N>_<TYPE>_refstat_model.segy  Near surface velocity model. v
I Static_Corrections
GEUS23_GSM_P<N>_<TYPE>_cdpfltstatic.txt Elevation static shifts. v v v
GEUS23_GSM_P<N>_<TYPE>_refstat.txt Refraction static shifts. v
~ GEUS23_GSM_P<N>_<TYPE>_resstat.txt  Residual static shifts. v v v
B Geometries
GEUS23_GSM_P<N>_<TYPE>_coords_cmp.txt CMP coordinates. v v v
GEUS23_GSM_P<N>_<TYPE>_coords_shot.txt Shot coordinates. of
GEUS23_GSM_P<N>_ <TYPE>_coords_rec.txt Receiver coordinates. v v v
I Velocities
GEUS23_GSM_P<N>_<TYPE>_nmo.txt NMO velocity model. v v v
GEUS23_GSM_P<N>_<TYPE>_mig.txt FD migration velocity model. v v v
Im  PFTFiles
GEUS23_GSM_P<N>_pft_<DATA>.txt Pairs of profile peg numbers v
and wireless serial numbers.
GEUS23_GSM_P<N>_active_spread.txt Active spread for each day v
during acquisition of profile.
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4.3 Seismic data reprocessing

Realtimeseismic (RTS) reprocessed the wireless seismic data from the GEUS2023-GAS-
SUM survey with the following objectives:

1. Obtaining optimal resolution for identifying key geologic formations and features in
the study area.

2. Understanding and suppressing the crooked line artefacts.

3. Ensuring optimal ties between the seismic lines.
The reprocessing project, GEUS2023-GASSUM-RE2023, lasted around ten weeks, from
September 29" to December 11™, 2023. It aimed to improve the migrated stack profiles from
the original processing to assist the geological interpretation of the Gassum structure. The
reprocessed seismic data and the comprehensive reprocessing report are available on the

survey processing summary sheet: GEUS2023-GASSUM-RE2023 (geus.dk). The general
processing sequence implemented in the reprocessing is shown in Table 4.3.1.

Table 4.3.1. Processing sequence for the reprocessing of wireless data from the GEUS2023-
GASSUM survey.

Processing steps

1. Input analysis

2.  Geometry QC

3. Firstbreak picking

4. 3D diving wave tomography

5. Refraction statics

6. Residual refraction statics

7.  Stacking velocity picking

8. Reflection statics

9. Surface wave attenuation

10. High amplitude noise attenuation
11. Surface-consistent amplitude correction
12. Surface-consistent deconvolution
13. Time-variant filtering

14. 3D regularization

15. Prestack time migration

16. Migration velocity updating

17. Residual moveout correction

18. Spectral shaping

19. Time-variant filtering

20. Trim statics

21. Outside mute

22. Dip estimate

23. Structure-oriented denoising

24. PSTM common image gather stacking
25. Post-stack enhancement
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Static effects

Processing onshore seismic data is usually challenged by static effects due to factors such
as dynamic topography and near-surface velocity heterogeneities. A common practice of
static correction involves first arrival modelling using refracted ray theory (Palmer 1980). This
theory assumes that the modelled interval velocities always increase with depth and that
there are no vertical velocity changes within subsurface intervals. However, those assump-
tions are often violated in reality, leading to failure in removing persistent static effects. To
anticipate such issues, the reprocessing utilized tomostatics — an advanced static correction
technique based on a velocity model generated using turning ray tomography (Zhu et al.
1992; Zhang & Toks6z 1998). Using a turning ray forward model, tomostatics can accommo-
date a vertical velocity gradient within defined velocity intervals by implementing first arrival
inversion. Tomostatics can also tolerate velocity decrease with depth, given that the overall
velocity gradients still enable the rays to return to the surface within the recording offset.
Using tomostatics, the reprocessing anticipated potential static-related artefacts due to com-
plex near-surface geology and missing near-surface refractors (Zhu et al. 1992; Zhang &
Toks6z 1998).

Besides the static correction, the implemented migration technique also plays a crucial role
in the reprocessing. The reprocessing utilized a Kirchhoff prestack time migration (PSTM)
technique to anticipate conflicting dips with different stacking velocities and complex non-
hyperbolic moveouts (Yilmaz 2001).

Crooked line artefacts

Due to the logistic setup of the seismic field campaign, the seismic data could only be ac-
quired along roads. This limitation causes significant challenges with artefacts in the new
GEUS2023-GASSUM stack seismic data due to crookedness, i.e., road bending and irregu-
lar acquisition geometry.

Crooked lines cause irregular source-receiver offsets along the lines and shift reflection
points away from the lines, producing midpoint dispersion and uneven subsurface wavefield
illumination, as illustrated in Fig. 4.3.1.

o) F———

”’ vmv’/v

Figure 4.3.1. lllustration of the effects of seismic line shapes on midpoint locations. Red: seismic
lines; blue: midpoint locations (midpoint dispersion in the case of the crooked line); yellow: a
smoothed binning line from the crooked line; grey: a binning area for the smoothed line; the arrow
highlights an example of binned areas with potentially missing traces in the offset classes. (a) A
straight seismic line produces midpoints exactly below the line. The blue area highlights the mid-
points below the line; the crossline binning is unnecessary because all the reflections are in-plane.
(b) A crooked line produces midpoint dispersion away from exactly below the line.
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Crooked lines can also cause uneven fold coverage due to irregular trace distribution and
missing traces in the offset classes. The low fold coverage at the crooked areas produces
migration artefacts, known as migration smiles, as the migration smears the amplitudes along
the wavefield isochron. This phenomenon is similar to the migration effect at the ends of a
seismic profile. Therefore, the crooked line artefacts found on a stack profile are arguably
made up, at least part of it, by migration smiles.

To suppress the crooked line artefacts, GEUS preferred the reprocessing to implement bin-
ning line smoothing followed by 3D regularization (Schonewille et al. 2009). The binning line
smoothing aimed to achieve even fold coverage. On the other hand, the 3D regularization
ensured even fold coverage by filling the missing traces in the bins and offset classes.

Reprocessing test to suppress crooked line artefacts

GEUS and RTS did a test to understand the crooked line artefacts and to assess the binning
line smoothing approach. The test had been carried out prior to the reprocessing of the Gas-
sum project and implemented on a line (the test line P4) from GEUS2023-R@DBY 2D survey
(Abramovitz et al. 2024), which also produced crooked lines. Figure 4.3.2a shows the final
PSTM stack profile from the test line obtained without binning line smoothing* and 3D regu-
larization, and we can see prominent crooked line artefacts on the profile. The intermediate
processing output before the final PSTM stack is the raw PSTM stack, shown in Fig. 4.3.2b,
and the same crooked line artefacts as in the final PSTM stack are also noticeable in the raw
PSTM stack. Since the final PSTM stack is made of the raw PSTM profile after residual
moveout correction, demultiple, spectral shaping, time-variant filtering, trim statics, structure-
oriented denoising, and poststack enhancement (Table 4.3.1), it is confirmed that the arte-
facts are unlikely caused by any or the combination of those processes.

The effects of binning line smoothing and 3D regularization on the stack profile were then
tested. Figure 4.3.3 shows a stack profile from the test line before the migration, with binning
line smoothing and with (Fig. 4.3.3a) and without (Fig. 4.3.3b) 3D regularization. Both profiles
in Fig. 4.3.3 show that the crooked line artefacts are barely noticeable before the migration,
indicating that the artefacts are likely and mainly caused by the migration as migration smiles.

1 The reprocessing, in all cases, necessitated the use of subtle binning line smoothing for all lines,
without altering the main crookedness trends. The term 'without line smoothing ' in this context is
synonymous with subtle binning line smoothing.
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a) b)

Figure 4.3.2. Prestack time migration (PSTM) stack profiles from the test line, i.e., line P4 of the
GEUS2023-R@DBY survey (Abramovitz et al. 2024) without smoothing. (a) Final. (b) Raw. The
yellow boxes highlight the crooked line artefacts (migration smiles). The map shows the seismic
line before (blue) and after (orange) smoothing. The yellow arrows show that the artefacts on the
profile coincide with the crooked areas on the map.

The effects of 3D regularization on the test line independently from the binning line smoothing
were also tested. Figure 4.3.4 shows the raw PSTM stack profiles (after migration) from the
test line with binning line smoothing and with and without the 3D regularization. The figure
shows that the migration smiles are not completely suppressed on the profile without the 3D
regularization but mostly removed on the profile with the 3D regularization.

38 GEUS



a) b)

Figure 4.3.3. Stack profiles from line P4 of the GEUS2023-R@DBY survey (Abramovitz et al.
2024) before the migration and with binning line smoothing. (a) Without 3D regularization. (b) With
3D regularization.

Overall, the test results confirm that the migration smiles make up the crooked line artefacts
and that they can be suppressed by binning line smoothing followed by 3D regularization.

a) b)

Figure 4.3.4. Raw PSTM stack profiles (after migration) from the test line, i.e., line P4 of the
GEUS2023-R@DBY survey (Abramovitz et al. 2024), with line smoothing. (a) Without 3D regular-
ization. (b) With 3D regularization. The yellow boxes highlight the migration smiles that are not
entirely suppressed on the profile without the 3D regularization but mostly removed on the profile
with the 3D regularization.
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Reprocessing results

The reprocessing final results in terms of PSTM stack profiles show remarkable improvement
from the poststack time migration (POSTM) stack profiles produced by the original pro-
cessing.

As an example, Fig. 4.3.5 shows the comparison of the original and reprocessed migrated
stack profiles from profile P2 of the GEUS2023-GASSUM survey (see map in Fig. 4.2.1). The
comparison indicates that the reprocessing provides much more coherent reflections than
the original profile, and such improvement has allowed us to interpret geologic features and
key reflections associated with more confidence.

Discussion

The binning line smoothing followed by the 3D regularization is probably the quickest solution
to deal with the crooked line artefacts — yet there are likely better approaches that can lead
to more accurate seismic interpretation. Binning line smoothing of a crooked line means pro-
jecting the complex midpoint dispersion due to the line crookedness into a smooth binning
line traverse. This approach basically shifts the seismic interpretation from the original line
geometry onto another binning line traverse and likely includes unintended out-of-plane re-
flections from the dispersed midpoints. Nevertheless, although the approach of the binning
line smoothing followed by the 3D regularization might not be the best to deal with the
crooked line artefacts, it is considered the most reasonable approach that could still assist
the seismic interpretation within a relatively short time.

a) b)

Figure 4.3.5. The comparison of (a) the original processing and (b) the reprocessing of final mi-
grated stack profiles for line P2 of the GEUS2023-GASSUM survey. The yellow arrows highlight
examples where reflections are much more coherent in the reprocessed profile than in the original
processing profile.

In principle, crooked lines violate a fundamental assumption in 2D seismic imaging, i.e., a
straight-line geometry with a regular offset pattern and an even fold coverage. Therefore,
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problems related to the midpoint dispersion and the uneven fold coverage caused by crooked
lines can hardly be resolved only by conventional 2D seismic imaging (Wu 1996). Conven-
tional 2D seismic processing includes normal moveout (NMO) and dip moveout (DMO) cor-
rections, which affect only the inline reflections. In addition to the NMO and DMO corrections,
2D crooked line seismic processing requires a correction also for the out-of-plane reflections
in the presence of dip through so-called cross-dip moveout (CDMO) correction (Nedimovi¢
& West 2003).

Instead of simply projecting the midpoint dispersion onto a smooth binning line traverse,
studies show that more appropriate ways to deal with a crooked line can generally grouped
into two categories: 1) correcting for the cross-dip reflections and 2) processing the crooked
line as 3D.

Some cross-dip analysis techniques have been developed with time, including constant shift
(Larner et al. 1979), cross-dip moveout (CDMO) correction (Nedimovi¢ & West 2003), itera-
tive cross-dip moveout correction (Beckel & Juhlin 2019), generalized cross-dip moveout
(GCDMO) correction (Mancuso & Naghizadeh 2021), and 2.5D multifocusing imaging (Fam
et al. 2023). Nevertheless, all these techniques have considerable limitations, including la-
borious computation and limited accuracy for far-offset data acquired from a severely
crooked line.

On the other hand, processing a crooked line in 3D is relatively more straightforward than a
cross-dip correction-based approach. Processing a crooked line as 3D takes the advantage
of having the midpoint dispersion by using it as pseudo-3D or 2.5D reflection points
(Schmelzbach et al. 2007; Wu 1996). The pseudo-3D nature of midpoint dispersion from
crooked lines allows us to image complex 3D structures around the crooked areas by simply
binning and processing the data from the crooked lines in 3D. The main limitation of this
approach is that it can produce low-resolution images due to low fold coverage in areas not
well illuminated by the recorded wavefield.

Looking to the future, we propose further studies to implement seismic processing tech-
niques for overcoming crooked line artefacts, particularly 2.5D multifocusing imaging (Fam
et al. 2023) and crooked line processing as 3D. These innovative approaches hold great
promise, as they have the potential to bring more accurate subsurface seismic images,
thereby enhancing the reliability of subsurface geologic interpretation.
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4.4 Well data

The Gassum structure is drilled by the Gassum-1 well. The well was finalised in 1951 and
has TD in a depth of 3462 m (below Kelly Bushing). For this study, the nearest wells to the
Gassum structure have been included and tabulated in Table 4.4.1.

Well logs are used here for interpretation, in particular of lithology, and selected logs are
used for well log-based sequence stratigraphy, seismic to well ties and for seismic reservoir
characterization and interpretation. See Chapters 5-7 for the specific used well logs.

Original logs: Caliper (CAL), Gamma-Ray (GR), Spontaneous Potential (SP), compressional
Sonic (DT), Resistivity (R_deep mostly used), Neutron Porosity (NPHI) and Density (RHOB)
logs.

Derived (interpreted) logs: Shale volume (Vshaie), Effective porosity (PHIE), and Permeability
estimates. The latter were derived from porosity-permeability relationships, established
based on an analysis of core analysis data.

Table 4.4.1. List of the wells utilized in this study, with information on the year of drilling com-
pleted, operator, Kelly Bushing (KB, m above mean seal level), Total Depth (TD, m below Kelly
Bushing, measured drilled depth), deviation and Chronostratigraphy of the TD units.

Well Year Operator KB a.msl TD b. KB Deviated TD
(m) (m)

Kvols-1 1976 DuUC 19.2 2641 No Triassic

Hobro-1 1974 Gulf 32.3 2610 No Triassic

Gassum-1 1951 DAPCO 58 3462 No Permian

Voldum-1 1974 Gulf 34.7 2312 No Triassic

Well samples: Cores, SWC and ditch cutting samples

A number of cores exists from the Gassum well whereas only sidewall cores (SWC) and ditch
cutting samples exist from the nearest wells to the Gassum (Table 4.4.2). The used samples
and results are further discussed in Chapter 7.
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Table 4.4.2. Overview of the different cores, SWC and cuttings related to formation and well site.

Lithostratigraphic subdivision of wells according to Nielsen and Japsen (1991).

Cores Kvols-1 Hobro-1 Gassum-1 Voldum-1
Chalk Group (>750 m MD) SWC - Cores 11-16 -
Lower Cret. units - SWC Cores 17-18 SWC
Frederikshavn Fm sSwcC - Cores 19-30 -
Bogrglum Fm SwcC SWC Core 31 SWC
Flyvbjerg Fm forr;re;t;c;rr\] tnot Swe forr;rraet;c;r:1 tnot forr;rzt;rrl] tnot
Haldager Sand Fm - swc forr;rael(:;tmt e
Fjerritslev Fm SWC SWC Cores 32-52 SWC
Gassum Fm - SWC Cores 53-73 SWC
Vinding Fm - SWC Cores 74-80 SWC
Oddesund Fm - - Cores 81-88 SWC
Tonder Fm - below TD Cores 89-97 below TD
Falster Fm - below TD Cores 98-99 below TD
@rslev Fm - below TD Cores 100-111 below TD
Skagerrak Fm - below TD Cores 112-126 below TD
Cuttings Yes Yes Yes Yes
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5. Methods

5.1 Seismic interpretation and well-ties (Chapter 6)

The correlation of seismic surfaces is based on the well velocity survey of the Gassum-1 well
and well-ties (Nielsen & Japsen 1991). Below the Skagerrak Formation, within which the well
terminates, the identification of surfaces (Top Zechstein and Top pre-Zechstein) is based on
seismic characteristics, e.g. the amplitude of reflectors, reflection patterns of underlaying and
overlaying strata, and internal reflections patterns. It is assumed that the upperpart of the
Zechstein succession is composed of alternating evaporitic deposits of, e.g., carbonates and
anhydrite. A confident correlation to nearby wells, Voldum-1 and Hobro-1 is uncertain due to
poor seismic data between the Gassum area and the two wells in question.

In total 12 surfaces have been mapped and they are from the oldest to youngest: (1) Top
pre-Zechstein, (2) Top Zechstein, (3) Top Skagerrak, (4) Top @Drslev, (5) Top Tender, (6) Top
Vinding, (7) Top Gassum, (8) Top Fjerritslev, (9) Top Frederikshavn, (10) Base Chalk, (11)
Intra Chalk and (12) Top Chalk (Fig. 5.1.1; Table 5.1.1).

The seismic follows normal polarity, with a positive reflection (boundary to higher acoustic
impedance) placed in a peak (black) and a negative reflection (boundary to lower acoustic
impedance) in a trough (white) on the seismic displays of the new seismic data.

Table 5.1.1. Seismic horizons interpreted and the polarity picked.

Surface Polarity
Top Chalk Peak
Intra Chalk Trough
Base Chalk Trough
Top Frederikshavn Peak
Top Fjerritslev Trough
Top Gassum Peak
Top Vinding Peak
Top Tender Peak
Top Qrslev Peak
Top Skagerrak Peak
Top Zechstein Peak
Top pre-Zechstein Peak

A few key lines were selected to form the basis for a more detailed seismic facies analysis
of the Gassum Formation and Frederikshavn Formation (see Chapter 7).
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Fig. 5.1.1. Well tie correlation with the Gassum-1 well (gamma log displayed in purple) and the
new GEUS23-GSM-P5 reprocessed seismic line. Small coloured boxes are well-tops at lithostrat-
igraphic boundaries in the well. Top Chalk is elevated above mean seal level and not shown in
the seismic data but is indicated in a bracket. The well has TD in the top of the Gassum salt pillow.

GEUS 45



5.2 Well-to-seismic tie and synthetic seismogram (Chapter 6)

In the study area, only the Gassum-1 well is located and was drilled during 1948-1951 by
the Danish American Prospecting Co. The wireline logging program included electrical log,
micro-resistivity, calliper, and gamma-ray log, but no sonic nor check shots were acquired.
Therefore, manually picked MD-TWT pairs from Nielsen and Japsen (1991) were used,
which based TWT picks for each main stratigraphic unit on recognizable seismic markers at
the Gassum-1 location. Resulting interval velocities were evaluated to be geologically realis-
tic. Fortunately, in the nearest well (25 km) Voldum-1, a density and sonic log were available
covering the Lower Cretaceous to Triassic strata. Therefore, a well-to-seismic tie was possi-
ble by using a standard Ricker wavelet (25 Hz) with positive polarity, and a tie to seismic line
73207. While seismic data quality of that line is poor, a confident tie was possible based on
the main reflections (Fig. 5.2.1). Therefore, a seismic correlation could be made towards
Gassum-1 well adding confidence to the picked TWT-MD picks in Gassum-1 well from Niel-
sen and Japsen (1991) (see Fig. 5.2.2).
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Fig. 5.2.2. Seismic correla-
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5.3 Seismic time to depth conversion (Chapter 6)

A regional velocity model was constructed to convert the interpreted horizons from the time
domain to the depth domain. The general idea of velocity modelling and depth-conversion is
to have in 3D space an idea of the average velocities in the subsurface. With these data, the
corresponding depth of a Two-Way-Time horizon can be obtained since Depth = One-Way-
Time * Average Velocity; or (Time-Way-Time)/2 * Average Velocity. The model area was
defined so that the velocity model includes the entire Gassum structure and the spill points,
defining a total model area of 30 by 25 km (750 km?) (Fig. 5.3.1).

% R ey & 0.2

56.6

Randers =

0 5 10'km

Figure 5.3.1. Area (30 by 25 km) of the regional velocity model, showing the used Gassum-1
well, and the seismic lines of the new GEUS2023-GASSUM-RE2023 survey (black lines).
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The data available include:

1) Digital Elevation Model from FOHM (100x100 m), marking the top of the model;

2) Top Chalk Group depth map from the FOHM hydrogeological model based on Jupiter
boreholes and shallow geophysics?, since this level is at a too shallow depth to be
picked confidently in the seismic data east of the diagonal line from Hobro to Randers
due to uplift and erosion. A merging workflow will be described;

3) Well top markers for each corresponding mapped horizon;

4) Manually picked TWT-MD pairs at the Gassum-1 well from Nielsen and Japsen
(1991)

5) 11 Two-Way-Time (TWT) seismic horizons of the main stratigraphic units, utilizing
the legacy 2D lines (listed in Table 4.1.1) and including the new GEUS2023-GAS-
SUM-RE2023 lines):

a. Gridded to 250x250 m,

b. Taking into fault polygons for the top of the surfaces,

c. Horizon adjusted in TWT to match the TWT depth of the corresponding well
top using the Time Depth Relationship in the Gassum-1 well;

d. Smoothing of 1 iteration and a filter width of 5

6) Seismic migration (RMS) velocities from the 2D lines (GEUS2023-GASSUM-
RE2023).

The general workflow was to establish a 3D structural model first in TWT, reflecting the geo-
metric architecture of the study area, and model the available average velocity sources within
this model using geostatistical methods and having the subsurface architecture steer the
propagation of the average velocities within each zone. This 3D average velocity function is
then used to find the depth of each mapped horizon.

Since Top Chalk Group marks the boundary between Tertiary and Quaternary sediments
with significant lower velocities than the Chalk Group below, it was key to include this into
the model. However, due to erosion and uplift approximately east of a diagonal line between
Hobro and Randers and limited Tertiary/Quaternary, and deep incisions in the fjords, a seis-
mic pick of Top Chalk Group is not possible (see Fig. 5.3.2a,b,c). To overcome this problem,
a Top Chalk Group surface was obtained that is based on borehole and shallow geophysics
from the Feelles Offentlig Hydrologisk Model (FOHM), corresponding to surface 8000_Paleo-
gen_ler_bund (Fig. 5.3.2d). Since this data is in depth, a time-conversion was made using
the average velocities found in seismic profiles in the post-Chalk package of 2100 m/s (Fig.
5.3.2a). It was decided to keep the part of the seismically mapped Top Chalk Group west of
the diagonal line, since here it is clearly observed in seismic data, while east of the line the
FOHM model provides the TWT depths. Then a merging procedure was undertaken to merge
the two horizons, keeping each sector, and lastly making sure the incisions seen at the land
elevation surface are reflected. The final result is seen in Fig. 5.3.2e.

2 https://data.geus.dk/geusmap/?mapname=fohm#baslay=baseMapDa&optlay=&ex-
tent=186514.4032921811,6057103.9094650205,855485.5967078189,6392896.0905349795
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2100 m/s

Figure 5.3.2. Top Chalk Group (TWT ms); (a) western part of study it is possible to pick Top
Chalk from seismic, east not due to erosion; (b) land elevation data from FOHM model. (c) Seis-
mic mapped Top Chalk Group with boundary indicating where it can be mapped. (d) Top Chalk
Group from FOHM model, time-converted using 2100 m/s. Dots are interpretation points (bore-
holes, shallow geophysics); (e) final Top Chalk Group surface reflecting a merge between the
seismic, FOHM and elevation data.
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Practically, to account for vertical and lateral variations in average velocities found within the
stratigraphic units as seen in the well TDRs and the seismic migration velocities, the velocity
model was constructed in two steps, followed by depth-conversion of the TWT seismic hori-
zons (Fig. 5.3.3):

1. First, a 3D average velocity cube was constructed using kriging with 3D trend (same
methodology as used in the Stenlille study (Gregersen et al. 2022)):

a. A structural model was constructed based on the TWT gridded sur-
faces, and layered such that average a cell was 250 m x 250 m and
on average 10 ms TWT thick

b. The average velocities from the well time-depth relationship in the
Gassum-1 well formed the primary data.

c. Seismic migration velocities from the 2D lines were upscaled into the
established structural 3D grid (using arithmetic mean), and subse-
guently extrapolated within each zone using full tension option in Pet-
rel (Spline in Tension algorithm). This formed the 3D trend for the
kriging operation.

2. Second, a multi-layer velocity model was created using the modelled 3D average
velocities as velocity input, and 3D horizons and well tops to correct the velocity val-
ues to achieve a match between depth-converted horizon and well top.

3. Finally, TWT seismic horizons were depth-converted using the created velocity
model.

The workflow was performed within Petrel® (2022) by the following steps:

e QC of the input data:

o Checking time-depth relationship from Gassum-1 TWT-MD pairs, slight man-
ual adjustments to match main markers (such as Base Chalk Group) with
new seismic data;

o Creating an average velocity log from the average velocity point set in the
Time-Depth Relationship file;

o Adjusting the TWT seismic horizons to well markers since seismic peaks or
troughs not necessarily coincide with the well tops, in order to get a good
TWT to TVD (True Vertical Depth) fit of main stratigraphic units; checking
TWT thicknesses for bullseyes originating from horizon mis-picks or extrap-
olation, smoothening anomalies.

o Time-convert the Top Chalk Group depth map from the hydrological model
using an average velocity of 2100 m/s for the overlying succession. Merging
this with the seismically picked Top Chalk Group, and incorporating the inci-
sions;

e Defining a 3D modelling grid (250x250 m) based on the QC-ed TWT horizons using
the Petrel structural modelling tool:

o Model zonation according to the following horizons: Surface, Top Chalk Gr,
Base Chalk Gr, Top Fjerritslev Formation, Top Gassum Formation, Top
Vinding Formation, Top Tgnder Formation, Top @rslev Formation, Top Skag-
gerak, Top Zechstein Gr, Top Pre-Zechstein (Fig. 5.3.3a).

o Vertical layering was defined such that layer thickness is between 10—-20 ms,
with higher resolutions where large velocity changes occur (e.g., between
Base Chalk Gp and the Lower Cretaceous strata).
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Defining a 3D average velocity property using kriging with the Petrel Petrophysical
Modelling tool:

(¢]

Average velocities from the Time-Depth Relationships in the Gassum-1 well
was upscaled into the 3D grid, which were used as primary data for kriging.
With a Petrel workflow the 2D seismic migration velocities from all profiles in
the GEUS2023-GASSUM-RE2023 dataset were sampled as a point cloud,
which then were upscaled into the 3D grid. Data analysis on these upscaled
cells helped to find azimuth and variogram ranges within the data, to steer
the kriging operation.

These seismic derived upscaled cells were then extrapolated into the entire
3D grid using the full tension option in the property operations (Spline in
Tension) (Fig. 5.3.3b, inset). Previous experience with the minimum curva-
ture method showed that that method is not suitable, since it maintains a
gradient over long distances and can lead to geologically unrealistic low or
high velocity values. This is especially the case with sparse data points as
we have in our dataset. In contrast, full tension extrapolation tends to flatten
values and appears more realistic. This extrapolated volume forms the 3D
trend for the kriging operation.

Kriging with 3D trend, using average velocity in the borehole as primary data
and seismic-derived 3D average velocity property as 3D trend (Fig. 5.3.3c).
Azimuth and variogram ranges for each zone came from Data Analysis.

Create an “advanced velocity model” using the same 3D seismic horizons (tied in
TWT to boreholes from seismic-well-tie Time-Depth Relationship), well tops for cali-
bration, and 3D average velocity grid from previous step as velocity model (Fig.

5.3.3d).

o

o

Without applied correction, the average depth residual was in the order of
10-40 m, since velocities at the boreholes are steered by the TDRs which
are included in the 3D property. Away from the structures, the velocities are
much more uncertain, and thus a 10% depth error is a conservative estimate.
The final velocity model used the well tops (“global correction”) to improve to
depth-converted horizons by adjusting the velocities (Fig. 5.3.3e).

Depth-convert the TWT horizons using the constructed velocity model (Fig. 5.3.3f).
The velocity model is called: VM_TDR+3DAvgVel_Property_corrected.
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(a) Structural model 00000 (b) RMS migration velocities from
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(d) Advanced velocity model
with correction to well tops in boreholes

(e) Borehole corrected average
velocity 3D property

Figure 5.3.3. (a) 3D perspective of the 11 horizons considered in the velocity model, which de-
fine the structural grid (250x250 m x ¢.10 ms). The Gassum structure is penetrated by the Gas-
sum-1 well, which provides the time-depth relationship. (b) The structural grid is indicated by the
sections (0—3000 ms TWT), and the upscaled 2D average seismic migration velocities are
shown (purple: 1500 m/s to red: 4000 m/s). (c) The data are interpolated within the grid using a
full tension algorithm (Spline in Tension) and smoothened 10x to remove outliers where the 2D
intersect. (d) An advanced velocity model is set up using the 11 horizons and associated well
tops for correction. (e) Velocities are adjusted to find a match between depth-converted horizon
and well tops. (f) This cube is then used to depth-convert the TWT horizons. (depth=average
velocity*(surface TWT)/2).
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5.4 Investigation of reservoir and seal (Chapter 7)

The geology of the reservoir and seal successions are described using well completion re-
ports, publications, and in-house studies of well-logs and geological well samples mainly
from cores. In addition, a limited number of studies focusing on lithology and biostratigraphy
are available. The aim of these studies is to provide a more detailed understanding of reser-
voir and seal characteristics (see Chapter 7).

The reservoir characteristics presented and discussed in Chapter 7 are derived mainly from
the acquired gamma ray log that is calibrated against conventional core analysis and de-
scriptions, descriptions of cuttings and sidewall cores. Potential main reservoir units were
identified from core descriptions and verified by the gamma ray log. Reservoir parameters
were evaluated based on well data with emphasis on data from the Gassum-1 well (which
penetrates the Gassum structure) and the nearest wells to the structure, Kvovls-1, Hobro-1
and Voldum-1. In petrophysical terms, a sandstone reservoir is herein defined as a rock hav-
ing <50% volume of shale (Vshae), and an effective porosity (PHIE) of >10%. The permeability
is estimated using in-house relationships between porosity and permeability, which is based
on conventional core measurements. Seal lithology, thickness and grain-sizes were similarly
evaluated based on petrophysical logs, ditch cuttings samples and cores, as well as regional
geological development of these units known from seismic and well data.

5.5 Storage capacity assessment (Chapter 8)

To compare the potential CO, storage structures GEUS uses a simple widely accepted equa-
tion for saline aquifers, where static theoretical storage capacity of reservoir units with buoy-
ant trapping is estimated from (e.g., Goodman et al. 2011):

SC =GRV *N/G *@ *pcozr * Seffr @

where:
SC Storage Capacity or Mass of CO; (MT).

GRV  Gross Rock Volume (GRV) is confined within the upper and lower boundary of
the gross reservoir interval (t) and above of the deepest closing contour from
where spillage from the trap will occur. To get a representative GRV the lower
boundary may be moved to a position closer to the upper boundary so ex-
pected the gross reservoir interval in the structure represents the surrounding
wells. This will give a more correct estimation of the GRV.

N/G Average net to gross reservoir ratio of aquifer across the entire trap (GRV).
(0] Average effective reservoir porosity of aquifer within trap (GRV).
pco2r  Average CO; density at reservoir conditions across all of trap.

Skt Storage efficiency factor relates to the fraction of the available pore volume that
will store CO> within the trap (GRV). This fraction depends on the size of storage
domain, heterogeneity of formation, compartmentalization, permeability, poros-
ity, and compressibility, but is also strongly influenced by different well designs
and injection schemes (e.g., Wang et al. 2013).
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Evaluation and estimation of the CO; storage capacity (SC) in deep saline aquifers is com-
plex and accurate estimations of storage capacity are only practical at local site-specific
scales. In open aquifers, as assumed here, the reservoir pressure is expected to stay con-
stant during CO injection, as the water will be pushed beyond the boundaries. The calcu-
lated stored CO; is the maximum amount that theoretical can be injected until it reaches the
boundaries (i.e., ‘lowermost closed contour’).

Static CO; storage capacity (Eq. 1) estimations is difficult due to lack of knowledge on the
storage efficiency factor (Sex) that reduce the storage capacity to a more realistic estimation.
The CO, storage efficiency factor was first introduced in 2007 in regional-scale assessments
of storage capacity in the United States and Europe. The efficiency of CO; storage is re-
garded as a combination of various factors combined into one efficiency factor, and many
published papers show factors values from <1% to more than 20%, emphasizing that no
single factor value or set of values can universally be used. Regional storage efficiency fac-
tors are estimated to be 1-4% (e.g., CO, Storage Atlas of the US and Canada 2008), while
trap specific storage efficiency have values around c. 4-18% for clastic sediments (Gorecki
et al. 2009); c. 3—-10% (Goodman et al. 2011) and c. 5-20% for traps in German North Sea
area (BGR 2023, on-going project).

The Stenlille is the best-known case in the Danish onshore area. A maximum storage effi-
ciency factor of 0.4 (or 40%) for a four-way dip-closure has previously been estimated and
was used for the geologically excellent and well described Gassum Formation sandstone
reservoir. Furthermore, the Stenlille structure has been used for natural gas storage for many
years and consists of high-permeable sandstone layers with no faults offsetting the reservoir
and overlying seal. Thus, for comparison reasons GEUS uses a storage efficiencies factor
of 40% in the Stenlille structure and 10% in all other potential structures, and structures where
the primary reservoir is not the Gassum Formation but e.g. the deeper situated Bunter Sand-
stone Formation. Thus, lower storage efficiency values reaching more realistic values from
5-10% are used in structures with no well data and only minor faults offsetting the reser-
voirs/seals.

The storage efficiency represents the fraction of the total available pore volume of the saline
aquifer that will be occupied by the injected CO: in the trap volume (i.e., the Gross Rock
Volume (GRV)) and is regarded as the fraction of stored CO; relative to the pore volume, -
and has both a space and time dependency. It depends primarily on the relationship between
the vertical and horizontal permeability, where a low vertical to horizontal permeability ratio
will lateral distribute the CO; better over the reservoir than a high ratio, why an internally
layered reservoir with alternating sandstones and impermeable or poorly permeable clay-
stones acting as seals may have an advance. The storage efficiency to also depends on the
size of the storage domain, heterogeneity of the formation, compartmentalization, porosity,
permeability, pressure, temperature, salinity, and compressibility, all parameters that are in-
fluenced by number of injection wells, design and injection strategy.

More precise CO, storage capacity estimations are related to communication of fluids within
the reservoir and the degree of pressurization during injection. Pressurization must not in-
duce fracturing and depends on relation between pore pressure and volume increase, and
compressibility of the rock and the fluids in the reservoir. Furthermore, injection and storage
of CO: in deep saline formations requires estimates of fluid pressures that will not induce
fracturing or create fault permeability that can lead the CO- to escape from the reservoir. To
ensure this, identification of faults and analyses of fault stability are necessary and requires
precise evaluation of, e.g., fault orientations, pore fluid pressure distribution and in-situ

56 GEUS



stresses in and around the storage site. Changes in injection rates induce stress can changes
formation pressures and CO; storage volumes, why determination of in situ stresses and
modelling of fault stability are essential for the safe CO; injection and detailed modelling of
storage capacity.

The estimations of storage capacity in Eq. (1) assume a static approach where the pores in
the trap is expected to be 100% connected. However, it does not include dynamic pressure
build-up and movement of CO, and in-place brine (water) in the saline aquifer, neither in-
side nor out-side the trap. Furthermore, it does not regard the solubility of CO in water,
where more than 10% can normally be dissolved in the water, and the presence of salt caus-
ing scales inside the storage reservoir reducing the efficiency of CO; injection. A dynamic
reservoir simulation will take these factors into account and will obviously produce different
storage capacity results, depending on the selected parameters. A more realistic dynamic
reservoir simulation of the potential storage capacity is normally carried out by the awarded
license holders and operators and should be used for local-scale CO- storage reserves esti-
mates and should also consider operational and regulatory factors.

In this study estimation of storage capacity follows Eq. (1) and are furthermore biased by
imperfect seismic and reservoir data, depth conversion, reservoir thickness estimates and
CO2 density. To address this uncertainty ranges have been chosen to reflect each parameter
uncertainty, and the distribution has been modelled utilizing a simple Monte Carlo simulation
in-house tool. To achieve stable and adequate statistical representation of both input distri-
bution and result output, 10.000 trials are calculated for each simulation. This methodology
is simplistic and does not incorporate e.g. correlations of input parameters. However, for the
purpose of initial estimation of volumes, CO, storage capacities and for comparison of po-
tential structures for CO; storage, the methodology is considered relevant and adequate. The
method is used for the estimations in Chapter 8.
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6. Results of seismic and well-tie interpretation

6.1 Stratigraphy of the structure

In total 12 regional seismic stratigraphic horizons were interpreted in the study area. These
are from the deepest to the shallowest: (1) Top pre-Zechstein (Base Zechstein or Top
Rotliegend), (2) Top Zechstein, (3) Top Skagerrak, (4) Top Drslev, (5) Top Tgnder, (6) Top
Vinding (Base Gassum), (7) Top Gassum, (8) Top Fjerritslev, (9) Top Frederikshavn, (10)
Base Chalk, (11) Intra Chalk, and (12) Top Chalk.

The Top Zechstein and shallower horizons are tied to nearest wells, in particular to the Gas-
sum-1 well (Figs. 5.1.1, 6.1.1). The seismic horizons were picked near to the top or base of
a formation or a group and are named after the nearest top or base (e.g., ‘Top Gassum’
horizon is near to the top of the Gassum Formation).

The deepest horizons, Top Pre-Zechstein and Top Zechstein were included mainly to con-
strain the structural evolution and the Top Chalk mainly to provide a thickness of the Chalk
Group for the depth conversion, and also for the late structural evolution.

The seismic tie to the Gassum-1 well (Fig. 5.1.1 — new data of the GEUS2023-GASSUM 2D
seismic survey) shows the interpreted seismic horizons and the picked peak or trough reflec-
tions as described in Table 5.1.1, e.g. with a significant white (“soft-kick”) trough seismic
reflection (normal polarity) at the Base Chalk. The seismic stratigraphic horizons tied to Gas-
sum-1 and correlated with the lithostratigraphy at well-tops from Nielsen & Japsen (1991) are
shown in Figure 6.1.1. The lithostratigraphic formations and groups with focus on the reser-
voirs and seals are described in Chapter 7. The mapped seismic stratigraphic horizons cor-
related to the Gassum-1 are briefly described here.

The Gassum structure is cored by a salt pillow, the top of which is drilled 3383 m below mean
sealevel near TD in the Gassum-1 well (Fig. 6.1.1). The salt pillow is composed by Zechstein
Group evaporites and is overlain by sandstone and mudstone of the Skagerrak Formation.
The Skagerrak Formation was previously attributed to the Bunter Sandstone Formation (e.qg.,
Nielsen & Japsen 1991) (se also Chapter 7). The Skagerrak Formation has a certain reser-
voir potential and is a secondary reservoir and is overlain by mudstone (seal) of the @rslev
Formation (see Chapter 7). The Falster Formation is not mapped. Above the drslev For-
mation, the T@nder Formation (to Top Tegnder), and the Oddesund Formation + Vinding For-
mation (to Top Vinding or Base Gassum) are mapped. The Gassum Formation (from Top
Vinding to Top Gassum) denotes the primary reservoir succession. The Gassum Formation
is overlain by the Fjerritslev Formation forming a primary sealing unit (see also Chapter 7).
There is a major gap in stratigraphy interpreted from well data near the Top Fjerritslev horizon
(Fig. 6.1.1). The succeeding Bgrglum Formation is very thin in Gassum-1 and its top is not
mapped here. Middle to Upper Jurassic formations (Haldager Sand Formation and Flyvbjerg
Formation) may occur between the Fjerritslev and Bgrglum formations over most of the Gas-
sum structure, but only thin parts may be present in the Gassum-1 well (see also next section
and Chapter 7). The overlying mapped horizon is Top Frederikshavn. The Frederikshavn
Formation contains a reservoir potential and forms a secondary reservoir within the Gassum
structure overlain by mudstone (seal) of the Vedsted Formation (see Chapter 7), underneath
the mapped Base Chalk horizon. The shallowest part mapped is the Chalk Group, situated
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between Base and Top Chalk horizons. In addition, an internal horizon (Intra Chalk) was
interpreted in the lower part of the Chalk Group, possible forming the top of a secondary seal
(see Chapter 7).
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Figure 6.1.1. Lithostratigraphy with well-tie correlation of the Gassum-1 well and the new
GEUS23-GSM-P5 reprocessed seismic line (larger line section is shown in Fig. 6.2.4). Seismic
horizons are interpreted from correlation with well-tops (small coloured squares along the well in
the seismic section), marking the positions of interpreted lithostratigraphic boundaries in the well
(Nielsen and Japsen 1991). The well is floored (TD) in the upper part of the Gassum salt pillow.
The lowermost dark red horizon (at c¢c. 2800 ms TWT) is the Top pre-Zechstein. The
lithostratigraphy is a (flipped) part of Fig. 3.3.
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6.2 Structure description and tectonostratigraphic evolution

The structural development of the Gassum structure, is interpreted based on the relative
geometry of the mapped seismic surfaces (Figs. 6.2.1-6.2.3), thicknesses of the stratigraphic
units bracketed between the surfaces, the fault configuration as well as lapping pattern along
the surfaces and their variations through time constrained by correlation with well stratigra-
phy—especially the Gassum-1 well (Figs. 6.2.4-6.2.7).

Structure description from mapped surfaces and units

Top pre-Zechstein

The Top pre-Zechstein surface is outlined by a strong “hard-kick” (peak) reflector denoting
the top of a well-reflected, parallel reflector set (Fig. 6.2.4). The surface denotes a distinct
upwards change in seismic facies. The Top pre-Zechstein surface forms an overall low relief
eastward dipping monocline forming the base of the Zechstein evaporites (Figs. 6.2.1A,
6.2.2A). The northeastern corner is cut by two, NW-SE and NNW-SSE trending extensional
faults down-faulting the area towards the northeast. A relay ramp occurs NE of the Gasssum-
1 well. The depth variation is from c. 4650 m to ¢. 5250 m (b.msl). The displacement of the
large faults is c. 200—-300 m (NW-SE striking large faults), but up to c. 600 m in the NE area
at the NNW-SSE striking fault. The central and southwestern areas contain minor faults
striking N-S and E-W.

Top Zechstein

The Top Zechstein surface is outlined by a strong “hard-kick” reflector (Fig. 6.2.4). The sur-
face marks the upper boundary of a c. 100 ms (millisecond) thick, strongly reflected, parallel-
bedded interval. The Top pre-Zechstein surface is overlain by not as strongly reflected inter-
val and thus denotes a general upwards decrease in reflection amplitude.

The Top Zechstein surface denotes a dome (four-way dip closure) with the crest located near
the Gassum-1 well (Figs. 6.2.1B, 6.2.4). The closure has a relief of c. 800 m with an apex
located at c. 3300 m depth (b.msl) (Figs. 6.2.1B, 6.2.2B). Two saddle structures situated near
closures at ¢. 3900 m and c. 4100 m depth (b.msl), characterize the structure towards the
northwest and south, respectively. The northwestern saddle structure is relatively narrow,
while the southern is broader. The Zechstein Group forms a well-defined salt pillow structure
— the Gassum salt pillow — with a thickness of up to c. 1300 m at the apex of the Gassum
structure (Fig. 6.2.3A).

Top Skagerrak

The Top Skagerrak surface is characterized by mostly a strong “hard-kick” reflector (Fig.
6.2.4). The seismic reflections below (in the Skagerrak Formation) is semi-parallel to chaotic
and locally troughs are observed, e.g., towards south, whereas overlying reflections are
strong and more parallel (Fig. 6.2.4). However, details are disturbed by noise. The surface
forms a dome (four-way dip closure) with the crest located near the Gassum-1 well and hav-
ing a closure relief of c. 550 m towards NW and more (950 m) towards south (Figs. 6.2.1C,
6.2.2C). The apex is situated at ¢. 2600 m depth (b.msl). A minor horst structure bounded by
two E-W striking faults intersect the surface over the central part of the dome (Figs. 6.2.2C,

60 GEUS



6.2.5). An E-W trending fault also cuts the surface just east of the Gassum-1 well. The dis-
placements at the faults are up to c. 50 m. The closure of the structure at the top Skagerrak
level is controlled by a narrow saddle structure in the northwest having a lowermost closure
and saddle structure near 3150 m (b.msl). A second, broader saddle structure with a saddle
structure near the lowermost closure at c. 3550 m depth (b.msl) characterizes the Gassum
structures at Top Skagerrak level to the south. The Skagerrak Formation thickness map (Fig.
6.2.3B) from the Top Zechstein to the Top Skagerrak surfaces shows a thick unit of c. 550—
750 m across the Gassum structure.

Top Drslev

The Top Drslev surface is characterized by a strong, continuous “hard-kick” reflector between
parallel to semi-parallel reflections (Fig. 6.2.4). The surface forms a dome (four-way dip clo-
sure) with an apex located just west of the Gassum-1 well at c. 2250 m depth (b.msl) (Figs.
6.2.1D, 6.2.2D). The relief of the structure at this level is c. 700 m from top to the lower
closure towards NW. A minor horst structure bounded by two E-W striking faults characterize
the central part of the dome (Figs. 6.2.2D, 6.2.5). A narrow half-graben structure character-
izes the area around the Gassum-1 well and the area to the east of it. The half-graben is
bounded by a southward dipping master fault with a displacement of c. 50 m north of the
Gassum-1 well. The surface is confined by a narrow saddle structure towards the northwest
with a saddle structure near the lower closure at c. 2950 m depth (b.msl). The structure at
Top Drslev level heads into a broader saddle structure in the south near a closure at 3250 m
depth (b.msl). The southern saddle structure is intersected by two E-W trending faults. The
thickness of the @rslev Formation (Fig. 6.2.3C) from the Top Skagerrak to the Top drslev
across the Gassum structure measuring around c. 300-450 m.

Top Tender

The Top Tender surface is characterized by a strong, continuous “hard-kick” reflector be-
tween parallel to semi-parallel reflections (Figs. 6.2.4, 6.2.5). The top Tender surface forms
a dome (four-way dip closure) in the central part of the mapped area, where the crest of the
dome is at c. 1950 m b.msl (Figs. 6.2.1E, 6.2.2E). The surface is dissected by dominantly E—
W striking normal faults that defines a ¢. 1 km wide graben structure on the dome crest at
Top Tander level. The northern master fault is situated north of the Gassum-1 well, strikes
E-W but is slightly sinuous. It has a maximum displacement of c. 150 m at the Top Tender
level. At the northwestern flank of the dome, a narrow saddle near the closure at c. 2850 m
characterizes the surface. A minor, E-W striking fault is interpreted at the slightly deeper
saddle structure (near a closure at c. 2900 m b.msl) in the south.

Top Vinding

The Top Skagerrak surface is characterized by a strong, continuous “hard-kick” reflector be-
tween few parallel to semi-parallel, strong reflections (Figs. 6.2.4, 6.2.5). The top Vinding
surface outlines a dome (four-way dip closure) in the central part of the mapped area (Figs.
6.2.1F, 6.2.2F). The crest of the closure is located at c. 1550 m depth (b.msl). The saddle
structure towards south is near the closure at c. 2500 m (b.msl), whereas the NW saddle
structure is near the closure at c. 2550 m (b.msl) (Fig. 6.2.2F). The surface is intersected by
dominantly E—-W striking normal faults that delineates a 1 km wide graben structure over the
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dome crest. The long E-W striking northern master fault located north of the Gassum-1 well
is slightly sinuous. The maximum displacement over the master fault at Top Vinding level is
c. 50-100 m. A narrow saddle structure borders the dome towards the northwest at Top
Vinding level. The northeastern side of this saddle structure is offset by a number of NNW-
SSE striking faults. The saddle structure in the south is broader and is offset by a minor E -
W striking fault.

The combined thickness map of the Oddesund and Vinding formations (Fig. 6.2.3E) shows
thicknesses from c¢. 200 m and up to c. 500 m in the structure, with significant fault-related
thickness variations (Figs. 6.2.4, 6.2.5).

Top Gassum

The Top Gassum surface is characterized by distinct “hard-kick” (peak) reflector forming the
top of a strongly reflected, parallel to semi-bedded unit with typically low reflection amplitudes
that correlates with the Gassum Formation in the Gassum-1 well. It is overlain by another
parallel bedded unit characterized by generally lower reflection amplitudes and higher reflec-
tion frequencies (the Fjerritslev Formation), and thus denotes a distinct upwards change in
seismic facies. The top Gassum surface forms a dome (four-way dip closure) in the central
part of the mapped area (Figs. 6.2.1G, 6.2.2G). The relief of structure at the Top Gassum
surface is ¢. 925 m with the apex at ¢. 1375 m (b.msl) just west of the Gassum-1 well (Fig.
6.2.2G). The spill point is near the closure at c. 2300 m (b.msl) defined by the saddle structure
in the south, whereas a deeper saddle structure occurs at the 2400 m (b.msl) closure to NW.
The surface is dissected by dominantly E-W striking normal faults that form a narrow graben
structure over the dome crest. The northern, E-W striking master fault north of the Gassum-
1 well is slightly sinuous and has a maximum displacement at Top Gassum level of ¢. 50 m,
but larger displacement of more than 100 m occur west of the Gassum-1 well. Slightly west
of the master fault, an opposite dipping fault is observed (Fig. 6.2.5). At the northwestern
flank of the structure, a number of NNW-SSE striking faults occur. The southern saddle
structure is intersected by a minor, E-W striking fault.

Previous mapping work of the Gassum structure (e.g., Hjelm et al. 2022) relied on four old
(1960s and 1970s) seismic lines of poor quality available at the time. Only two north-dipping
faults were detected at the time, interpreted to be striking NW-SE due to the insufficient data
being available (Hjelm et al. 2022: p. 105-106). The interpretation presented here based on
a denser line coverage including new and better seismic data shows a general E-W fault
trend (Fig. 6.2.2G) and a south dipping master fault (Fig. 6.2.4).

The Gassum Formation thickness map (Fig. 6.2.3E) defined between the Top Vinding and
Top Gassum surfaces suggest a relatively uniform thickness of c. 100—200 m, but mostly
over 150 m across the Gassum structure, with a mean of ¢. 180 m (see Chapter 8). However,
only 130 m of the Gassum Formation is drilled in the Gassum-1 well (Chapter 7). Thickness
variations over faults are mostly subtle and throws are larger in younger succession (incl.
Top Fjerritslev to Intra Chalk), suggesting that significant faulting commenced after deposi-
tion of the Gassum Formation (Figs. 6.2.4, 6.2.5).

Top Fjerritslev

The Top Fjerritslev surface is characterized by a strong, continuous “soft-kick” (trough) re-
flector between few parallel to semi-parallel, strong reflections and is outlined by a subtle
angular unconformity (Figs. 6.2.4, 6.2.5). The surface outlines a dome (four-way dip closure)

62 GEUS



in the central part of the mapped area centered over the crest of the underlying Zechstein
salt pillow (Figs. 6.2.1H, 6.2.2H). Truncation occurs bi-directionally towards the crest of the
structure from both the south and north. The crest of the closure is located at c. 1030 m depth
(b.msl) and the structure at the Top Fjerritslev surface is apparently not closed by contours
in the mapped area, as it seems have some open contours towards NE, but are partly cut by
faults (Fig. 6.2.2H). The lowermost closure at the two saddle structures towards south and
NW is c. 1900 m (b.msl) at the saddle structures. The surface is intersected by dominantly
E-W striking normal faults that forms an app. 3 km graben structure over the dome crest.
The E-W striking master fault dips to the south. The maximum displacement over the master
fault is c. 50-100 m, which together with small conjugate faults defines an app. 3 km wide
graben near the Gassum-1 well. The southern saddle structure is offset by a few E-W striking
extensional faults with modest offset.

The Fjerritslev Formation thickness (Fig. 6.2.3F) defined by the difference in depth between
the Top Gassum and Top Fjerritslev surfaces is significant and varies between c. 300 and c.
700 m in the mapped area. The thickness is affected by truncation along the Top Fjerritslev
surface. Truncation depth generally increases towards the apex of the Gassum structure
(Figs. 6.2.4, 6.2.5).

In the northern part of the structure it seems as the Fjerritslev Formation significant increases
in thickness (Fig. 6.2.5). In this upper succession wedges and unconformable reflections are
observed (N-S) up-dip towards the Gassum structure at an unconformity. It may be that the
uppermost part of the succession here (or lowermost succeeding succession) alternatively
to the Fjerritslev Formation could include younger Middle to Upper Jurassic Haldager Sand
Formation and (or) Flyvbjerg Formation (Fig. 6.1.1) over most of the Gassum structure. Only
thin parts may be present in the Gassum-1 well (see Chapter 7), as parts of the successions
may presumably have been cut out by a fault at the Gassum-1 well or may have been partly
eroded due to uplift of the structure due to salt movements. If these formations occur in parts
of the structure, they may include sandstones as secondary reservoirs. Implications of such
an interpretation is also, that the seal succession (e.g., Fjerritslev Formation) may be thinner,
although it still remains quite thick.

Top Frederikshavn

The Top Gassum surface is characterized by a “hard-kick” (peak) reflector and the surface
delineates a dome (four-way dip closure; Figs. 6.2.11, 6.2.21). The top point is located in c.
925 m depth (b.msl) and the shallowest saddle structure is near a closure at ¢. 1375 m
(b.msl), partly fault-displaced at two faults with NW-SE and W-E trends, respectively (Fig.
6.2.21). The 1400 m contours shown on the map does not seem to close. Top Frederikshavn
is dissected by dominantly E-W striking normal faults that outline a c. 3 km wide graben
structure over the dome crest. The maximum displacement over the master fault that con-
fines the northern graben flank is c. 100—200 m at the Top Frederikshavn level. Scattered
minor E-W and NW-SE to N-S trending faults are interpreted over the northern, eastern and
southern flanks of the structure. Towards the NE, NW and south, three saddle structures
characterize Top Frederikshavn surface. The shallowest northeastern saddle structure (1375
m b.msl) defines the spill point at Top Frederikshavn level. The southern saddle structure
near a closure at 1800 m (b.msl) is broad, while the northwestern (at 1700 m b.msl) is nar-
rower.

GEUS 63



The Bgrglum Formation to Frederikshavn Formation succession seems to wedge towards
the crest of the Gassum structure (Figs. 6.2.4, 6.2.5), but the formations have not been
mapped separately. The succession increases in thickness at the flanks of the structure from
less than 100 m at the top of the structure to more than 200 m at the flank (Fig. 6.2.3H), in
particular towards north (Fig. 6.2.5) and east (Fig. 6.2.6). Thickness variations may indicate
salt pillow growth.

Base Chalk

The Base Chalk surface is characterized by a strong, continuous “soft-kick” (trough) reflector
between few parallel to semi-parallel, strong reflections (Figs. 6.2.4, 6.2.5). The surface
forms a dome (four-way dip closure; Figs. 6.2.1J, 6.2.2J). Top elevation is at c. 875 m (b.msl)
and spill point at the shallowest saddle structure is at c. 1200 m (b.msl) (Fig. 6.2.2J). The
surface is dissected by dominantly E-W striking normal faults that forms a graben structure
on the dome crest. The maximum displacement of the master fault is up to c. 100-200 m at
the Base Chalk level. The width of the graben is app. 3.5 km, widest near the Gassum-1 well.
A W-E trending fault, and a NW-SE trending fault dipping towards the south are seen in the
northeastern part of the study area at the saddle structure (c. 1200 m depth b.msl).

The interval between the Base Chalk and the Top Frederikshavn surfaces correlates with the
Vedsted Formation in the Gassum-1 well. The thickness of the Vedsted Formation (Fig.
6.2.3l) varies from c. 50 m in the top of the structure to more than c. 150 m towards the flanks
of the Gassum structure. As below, the formation is faulted and most identified larger faults
continue up into the Chalk Group (Figs. 6.2.4, 6.2.5). This formation also shows slightly more
thickening towards the north and east.

Intra Chalk

The Intra Chalk surface is characterized by a strong, continuous “soft-kick” (trough) reflector
between few parallel to semi-parallel, strong reflections (Figs. 6.2.4, 6.2.5). The Intra Chalk
surface within the Chalk Group is not included as map but interpreted to show a possible
secondary seal level (see Chapter 7) and to show faults within the Chalk Group. The Intra
Chalk surface is dissected by normal faults that form a c. 3.5 km wide graben structure on
the dome crest (Fig. 6.2.5). The maximum displacement of the master fault is 100-200 m.

Top Chalk

The Top Chalk surface is affected by Neogene uplift and erosion over most of the mapped
area (Figs. 6.2.1K, 6.2.2K; see also Vejbaek 2007) and the uppermost Chalk Group (Upper
Maastrichtian to Danian) has been erosionally removed over the eastern and central part of
the Gassum structure (Fig. 6.1.1). Here, the Chalk Group floors Quaternary deposits typically
measuring a few meters in thickness. In the western portion of the area and farthest to the
south, the surface is conformable with the overlying Paleogene stratigraphy, e.g. including
the @lst Formation (Fig. 6.2.7). The Chalk Group is covered by mainly Paleogene deposits
thickest developed in the western part of the the mapped area. The post Chalk succession
is 25 m thick in the Gassum-1 well.

The Chalk Group is thickly developed over the Gassum area, but with thicknesses varying
greatly due especially to differential erosion (Fig. 6.2.3J). The greatest thicknesses of more
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than c. 1500 m occurs in the west, whereas thickness of c. 900-1000 m occur over the crestal
part of the Gassum structure in the area with the deepest erosion (Figs. 6.1.1, 6.2.3J, 6.2.4).

Many faults continue up into the Chalk Group. A few of the identified faults can be traced to

the very shallow part of the Chalk Group, and some may even intersect the entire chalk
package (Figs. 6.2.4, 6.2.5).
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Figure 6.2.1. Depth-structure maps in millisecond two-way-time (TWT) below mean sea level
(b.msl) shown with the largest faults as black, filled polygons and the location of the Gassum-1
well. (A) Top pre-Zechstein; (B) Top Zechstein; (C) Top Skagerrak; (D) Top @rslev. The maps
are produced with a 250x250 m grid and mildly smoothed (1x iteration, filter width 5).
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Figure 6.2.1 (continued). Depth-structure maps in millisecond two-way-time (TWT) below mean
sea level (b.msl) shown with the largest faults as black, filled polygons and the location of the
Gassum-1 well. (E) Top Tegnder; (F) Top Vinding (Base Gassum); (G) Top Gassum; (H) Top
Fjerritslev. The maps are produced with a 250x250 m grid and mildly smoothed.
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Figure 6.2.1 (continued). Depth-structure maps in millisecond two-way-time (TWT) below mean
sea level (b.msl) shown with the largest faults as black, filled polygons and the location of the
Gassum-1 well. (I) Top Frederikshavn; (J) Base Chalk; (K) Top Chalk (combined surface from
GEUS & FOHM hydrogeological model — see Chapter 5) shown without faults. The maps are
produced with a 250x250 m grid and mildly smoothed.
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Figure 6.2.2. Depth-structure maps in meter (m) below mean sea level (b.msl) shown with the
largest faults as black, filled polygons and the location of the Gassum-1 well. (A) Top pre-Zech-
stein; (B) Top Zechstein; (C) Top Skagerrak; (D) Top drslev. The maps are produced with a
250x250 m grid and mildly smoothed.
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Figure 6.2.2 (continued). Depth-structure maps in meter (m) below mean sea level (b.msl)
shown with the largest faults as black, filled polygons and the location of the Gassum-1 well. (E)
Top Tender; (F) Top Vinding (Base Gassum); (G) Top Gassum; (H) Top Fjerritslev. The maps
are produced with a 250x250 m grid and mildly smoothed.
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Figure 6.2.2 (continued). Depth-structure maps in meter (m) below mean sea level (b.msl)
shown with the largest faults as black, filled polygons and the location of the Gassum-1 well. (1)
Top Frederikshavn; (J) Base Chalk; (K) Top Chalk (combined surface from GEUS & FOHM hy-
drogeological model — see Chapter 5), shown without faults. The maps are produced with a
250x250 m grid and mildly smoothed.
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Figure 6.2.3. Thickness map in meter (m) shown with the largest faults as black, filled polygons
near succession top, and the location of the Gassum-1 well. (A) Zechstein Group (faults near
base of succession at Top pre-Zechstein); (B) Skagerrak Fm; (C) @rslev Fm; (D) Falster Fm and
Tender Fm. The maps are produced with a 250x250 m grid and mildly smoothed.
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Figure 6.2.3 (continued). Thickness map in meter (m) shown with the largest faults as black,
filled polygons near succession top, and the location of the Gassum-1 well. (E) Oddesund Fm &
Vinding Fm; (F) Gassum Fm; (G) Fjerritslev Fm; (H) Frederikshavnh Fm and Bgrglum Fm; (/) Ved-
sted Fm; (J) Chalk Group (faults in the lower part of the succession at the Intra Chalk horizon,
see e.g. Fig. 6.1.1). The maps are produced with a 250x250 m grid and mildly smoothed.

72 GEUS



Tectonostratigraphic evolution of the Gassum structure

The surfaces including the Top Skagerrak to the Base Chalk are penetrated in the Gassum-
1 well (Fig. 6.2.4) and the nearby Voldum-1 and Hobro-1 wells. All mapped surfaces, in the
Gassum area, are penetrated in the Rgnde-1 well located 40 km towards southeast. How-
ever, there is no confident tie via seismic data to the mentioned wells, although these wells
contribute to the overall knowledge of the geology in eastern Jutland. Moreover, the Gassum-
1 well drilled through a normal fault, that cuts out part of the Jurassic section in the well
(uppermost Fjerritslev Formation to upper part of Bgrglum Formation). This stratigraphic in-
terval is likely more completely developed over the Gassum structure in general than indi-
cated by the Gassum-1 stratigraphy.

Top Chalk
s Intra Chalk
Base Chalk
w—= Top Frederikshavn
= Top Fjerritslev
Top Gassum
Top Vinding
Top Tender
‘| == Top @rslev
|| === Top Skagerrak
§| === Top zechstein
w== Top pre-Zechstein
;: Ig Well, GR-log

Figure 6.2.4. N-S striking seismic section (GEUS23-GSM-P5, reprosessed) tying the Gassum-1
well. Note the half-graben structure above the Gassum salt pillow, where the master fault sole out
near the base of the salt pillow and crosses the lower part of the well. This structure can be
recognised in the Chalk Group, and to the Top Chalk surface, which is elevated above mean seal
level. A significant hiatus at Top Chalk (missing upper Maastrichtian and Danian) at its top in the
well (Fig. 6.1.1) indicates post-Cretaceous uplift and erosion. The line location is shown in the
small map.
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The Triassic to Jurassic evolution

The uniform thickness of the Skagerrak Formation (Figs. 6.2.1B, 6.2.2B, 6.2.3B) records little,
if any signs of syn-depositional faulting and salt tectonism. The same applies for the overlying
Triassic succession. Most of this Triassic succession is intersected by E-W trending faults
including the Gassum Formation, but faulting does not affect internal thicknesses, and fault-
ing is interpreted to have occurred mainly in the Cretaceous and Cenozoic (see below). The
first significant sign of pillow formation is recognized in the change in thickness induced by
differential erosion along the Top Fjerritslev (Fig. 6.2.3F). However, it cannot be ruled out
that a part of the extra thickness of the Fjerritslev Formation in the northern part of the struc-
ture may belong to the southernmost Haldager Sand Formation and Flyvbjerg Formation, as
indicated in the stratigraphic scheme (Fig. 6.1.1). Seismic data (Figs. 6.2.5, 6.2.6) shows
units, which wedge from north towards south at the flank of the structure in the uppermost
part of the present interpreted Fjerritslev Formation, just below the Top Fjerritslev horizon
(e.g., Fig. 6.2.5 at c. 1250-1400 ms TWT towards north). Thin parts of the successions may
be present in the Gassum-1 well - See Chapter 7.
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Figure 6.2.5. N-S striking seismic section west of the Gassum-1 well. Note the horst and graben
structures formed associated with salt movements in the Gassum salt pillow. Upper parts of the
Fjerritslev Fm show internal truncation surfaces and is thickening towards the north (see discus-
sion in the text). Also note the distinct fault at the Top pre-Zechstein level.
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Figure 6.2.6. WSE-ENE striking seismic section from the northern part of the study area. The
salt structure seen in the lower left side of the section is the easternmost part of the Hobro salt
pillow.

The Top Fjerritslev may thus alternatively be placed below this wedge if these formations are
included in the interpretation here. The lower part of the wedge succession partly onlap the
flank of the structure and updip parts seem to be partly truncated. If these formations occur
here, they may contain some sandstone, instead of the mudstone dominated Fjerritslev For-
mation, and thus enhancing the overall cumulative reservoir thickness. Regardless of
whether the wedge belongs to the Lower Jurassic Fjerritslev Formation or the Middle—Upper
Jurassic Haldager Sand and Flyvbjerg formations, there is a significant unconformity and
hiatus, which seems related to uplift of the Gassum structure due to salt pillow growth. Thin
parts of the succession may occur in the Gassum-1 well (see Chapter 7). Wedging of the
overlying Bgrglum and Frederikshavn formations thinning over the crest of the Gassum struc-
ture document continued salt pillow inflation in the latest Jurassic.
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Figure 6.2.7. W-E striking seismic section from the southern part of the study area, Note that the
Top Chalk group can be mapped here, but otherwise, the chalk Group is strongly eroded in the
area and actually outcrop just north of the study area, east of the town of Assens.

The Cretaceous to Cenozoic evolution

During the Lower Cretaceous, the sand-rich Frederikshavn Formation (Fig. 6.1.1) became
deposited over the area forming a secondary reservoir, which is overlain by the Vedsted
Formation mudstones (seal) (Chapter 7). Parts of the Vedsted Formation stratigraphy and
the overlying Rgdby Formation known from other wells (e.g., Hobro-1) seem to be missing
here (Fig. 6.1.1), also probably due to uplift related to salt pillow growth.

The prevailing E-W striking fault pattern (Figs. 6.2.4, 6.2.5), can be recognized on all maps
between the Top @rslev and Intra Chalk horizons with offsetting the Jurassic to latest Creta-
ceous succession (Figs. 6.2.1-6.2.3). The faulting is interpreted to have been associated
with salt motion, and consequently, the youngest salt movements must be Late Cretaceous
and/or Cenozoic in age. This is confirmed by the decreasing chalk thickness over the crest
of the Gassum structure controlled by erosion after Cenozoic salt pillow growth.

The Gassum area is located adjacent to the Sorgenfrei-Tornquist Zone at which major inver-
sion tectonism occurred during the Late Cretaceous and early Cenozoic (Liboriussen et al.
1987; Mogensen & Korstgaard 1993). Cenozoic salt motion in the Danish area is well known
too (Clausen 2012; Rasmussen 2009). At the Eocene—Oligocene transition, salt movements
took place near the Thorning Structure (Japsen et al. 2007). In the Gassum area, the trun-
cation pattern of the Paleogene succession towards the base of the Quaternary suggests a
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coeval phase of salt pillow growth; in fact, the Gassum structure was initially discovered due
to the near-surface subcrop pattern (Fig. 6.2.8).
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Figure 6.2.8. Concentric subcrop pattern of Cenozoic and Upper Cretaceous strata at the Gas-
sum structure documenting Cenozoic salt pillow growth (from Gassum-1 final well report, 1951).

Neogene to even Quaternary salt motion is documented elsewhere in Denmark (Rasmussen
& Dybkjeer 2005; Hansen & Rasmussen 2008; Rasmussen 2004; Sirocko et al. 2008). The
very shallow seismic sections are disturbed by noise but may be better resolved with addi-
tional data. Shallow faults, as well as the deeper faults and the nature of the shallow section,
should be closely mapped and investigated for the integrity of seals and other risks.

In summary, the Gassum structure has developed during different geological phases includ-
ing uplift and salt pillow growth in Middle—Late Jurassic, Lower Cretaceous, and Cenozoic
times. Faults associated with salt movements developed mostly during the Jurassic and Cre-
taceous. The largest faults sole out on or near the Top Zechstein, and some can be traced
at least up in the Chalk Group.
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7. Geology and parameters of the reservoirs and seals

In this study the Upper Triassic—Lower Jurassic Gassum Formation is considered the primary
reservoir for CO; storage in the Gassum structure. This is because it generally has good
reservoir properties and not least because it is overlain by a several hundred meters thick
mudstone-dominated succession of the Lower Jurassic Fjerritslev Formation which is known
to have good seal properties (Figs. 7.1.1, 7.1.2). Hence, the Gassum-Fjerritslev formations
are considered as the primary reservoir—seal pair in the structure. Secondary reservoirs in-
clude the deeper situated Triassic Skagerrak Formation and the shallower Upper Jurassic—
Lower Cretaceous Frederikshavn Formation. The review of these, and their associated seals,
is done more briefly compared to the primary reservoir-seal pair. The Middle Jurassic Hal-
dager Sand Formation is not included in the review of potential reservoirs for CO, storage as
it has generally been considered not present in the Gassum-1 well which penetrates the
Gassum structure. However, the boundary between the Fjerritslev Formation and the Bgar-
glum Formation in the Gassum-1 well reflects a hiatus. Samples closely above the top of the
Fjerritslev Formation (from core 32) show fragments of coalified wood, spores and pollen,
and no marine palynomorphs — unlike the typical marine mudstones of the Bagrglum Fomation
(Karen Dybkjeer, pers com). In addition, the well site report (Danish American Prospecting
Co 1951) indicates the presence of varicoloured mudstones (core 31) suggesting subaerial
exposure. It is thus possible that thin beds of the Middle Jurassic Haldager Sand Formation
and/or lower Upper Jurassic Flyvbjerg Formation are present in the well overlying the Middle
Jurassic unconformity. Also, the seismic interpretation leave room for the Haldager Sand and
Flyvbjerg formations to be present down-flank the structure. The Haldager Sand and
Flyvbjerg formations may therefore form additional sandstone reservoirs in the Gassum
structure. More conclusive data are needed to deduce this, which is why a detailed descrip-
tion of the Haldager Sand and Flyvbjerg formations are not included in this report. In general,
it should be emphasized that these secondary reservoirs likewise may constitute excellent
sandstone reservoirs for the storage of CO- within the Gassum structure.

The key well is Gassum-1 since it is the only well that penetrates the Gassum structure. The
well has its TD in the uppermost Zechstein Group at a depth of 3462 m MD (Fig. 7.1.1). The
quality of the petrophysical log data of the well is limited and do not cover the lowermost
approximately 400 m of the well, hence data from the nearest wells to the Gassum structure
(Kvols-1, Hobro-1 and Voldum-1) are included in the estimation of reservoir properties. How-
ever, the sandstone intervals in the Gassum-1 well are largely cored (Fig. 7.1.1) and analysis
of the cores contributes to the estimation of the sandstone’s reservoir properties. Interpreted
well logs for the included wells, are shown in Appendix A. A direct tie of the Gassum-1 well
to seismic horizons is associated with uncertainty as seismic signals in the vicinity of the well
is blurred due to the presence of faults (see Chapter 6).

The Gassum Formation is subdivided into depositional sequences that are correlated be-
tween the wells to outline possible reservoir subunits in the formation. Likewise, is the Fjer-
ritslev Formation subdivided into its informal members which have variable seal properties.
The subdivision of the formations is based on integration of sedimentological interpretations
of cores, petrophysical log patterns and palynological data (Nielsen 2003 and present study).
The biostratigraphic zonations used include the ostracod zonation of Michelsen (1975), the
dinocyst zonation of Poulsen 1996 and Poulsen & Riding (2003) and a combination of the
spore-pollen zonations of Dybkjeer (1991) and Lindstrom et al. (2023). The biostratigraphic
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database varies from well to well. Thus, from some wells a solid biostratigraphic framework
exists while the database is more sporadic from others. In Appendix B, the available biostra-
tigraphy is summarized for each well based on data from reports and publications combined
with new data from some of the wells. In addition, links are given to stratigraphic summary
charts for each well. The charts combine the chronostratigraphy, lithostratigraphy, biostratig-
raphy and sequence stratigraphy and further include the bio-events and biozonations.
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Figure 7.1.1. Lithostratigraphic subdivision of the Gassum-1 well with interpreted lithology and
formations based on petrophysical log interpretation and information from core data, cutting sam-
ples etc. Sandstones of the Gassum Fm are the primary reservoir with mudstones of the overlying
Fjerritslev Fm being the main seal. Sandstones of the Frederikshavn and Skagerrak formations
form secondary reservoirs.
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Figure 7.1.2. The Gassum-1 well with interpreted lithology based on petrophysical log interpre-
tation and information from core data, cutting samples etc. Zoom section of the Gassum Fm and
its primary seal (Fjerritslev Fm) in Figure 7.1.1. Columns to the right mark three potential reservoir
subunits (1-3) in the Gassum Fm and cored parts of the Gassum and Fjerritslev Fms (black
columns). The cores are here marked at the depth positions that are indicated on the core boxes.
However, core depths need to be reduced approximately 20-25 ft. (see Fig. 7.1.9).
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7.1 Reservoirs — Summary of geology and parameters

In the following description of reservoirs, emphasis is on the Gassum Formation whereas the
secondary reservoirs, Frederikshavn and Skagerrak formations, are described more briefly.

The primary reservoir: The Gassum Formation

The Gassum Formation is the best-known sandstone reservoir in the Danish onshore sub-
surface. It is used for geothermal energy in Thisted and Sgnderborg and has also been used
for seasonal storage of natural gas for more than 30 years in the Stenlille structure. The good
reservoir properties of the formation have thus been proven at several places in Denmark.
The formation is widespread in the Danish Basin and locally in the Danish part of the North
German Basin (Fig. 7.1.3). It has a general thickness of 30—160 m (Nielsen & Japsen 1991,
Nielsen 2003). Locally it is missing due to uplift and erosion related to regional uplift in the
Middle Jurassic, at the ‘Base Middle Jurassic unconformity’ or the ‘Mid-Cimmerian Uncon-
formity’ sensu Nielsen (2003), and above structures formed by vertical salt movements. The
Gassum Formation is of Late Triassic—Early Jurassic age with the upper boundary showing
a significant younging towards the northern, north-eastern, and eastern basin margins (Fig.
7.1.3B) (Bertelsen 1978, 1980; Michelsen et al. 2003; Nielsen 2003). The upper formation
boundary is thus of latest Rhaetian age in the central parts of the basin whereas it is of Early
Sinemurian age along the basin rims (Nielsen 2003 and references therein). This diachronic
development of the boundary reflects an overall backstepping of the general coastline toward
the basin margins during latest Triassic—Early Jurassic time owing to an overall rise in relative
sea-level, interpreted as caused by a combination of regional basin subsidence and a eu-
static sea-level rise (Nielsen 2003).

In general, the Gassum Formation is dominated by fine to medium-grained, in places coarse-
grained, light grey sandstones, alternating with darker coloured clay- and siltstones and lo-
cally thin coal layers (Bertelsen 1978; Michelsen et al. 2003; Nielsen 2003). The sandstones
are classified as subarkoses and arkoses following the classification of McBride (1963)
(Weibel et al. 2020). The sediments were deposited during repeated sea-level fluctuations in
Late Triassic—Early Jurassic times when the Danish Basin was mainly a shallow marine to
coastal area. Large quantities of sand were transported into the basin by rivers which were
sourced by erosion of the Fennoscandian Shield and, to a lesser degree, locally from the
Ringkabing-Fyn High in periods when this was exposed (Nielsen 2003 and references
herein).
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Recent provenance studies suggest that the basin was sourced also with sand from southerly
Variscan source areas (Olivarius et al. 2020, 2022) (Fig. 7.1.4), perhaps transported into the
basin through grabens intersecting the Ringkabing-Fyn High such as the @resund Basin and
the “Storebeelt trough”.

The high influxes of sediment almost balanced subsidence implying that the intracratonic
basin largely remained shallow and almost flat-based, but with its deepest part located near
its center (Hamberg & Nielsen 2000). Due to the flat, low-gradient basin floor and overall
shallow water conditions, sediment accumulation was very sensitive to Late Triassic and
Early Jurassic fluctuations in relative sea level which resulted in repeated long-distance pro-
gradation or retrogradation of the coastline. A large part of the sandstones in the formation
therefore represents shoreface deposits, but significant amounts are also fluvial or estuarine
in origin. This is especially the case for the lower part of the formation where pronounced
high-order relative sea level falls led to the progradation of rivers into the central part of the
basin and the establishment of estuaries during succeeding rise in relative sea level.
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Figure 7.1.3. (A) Estimated distribution of the Gassum Formation in the Danish onshore and
nearshore area shown in blue. Also shown is selected wells and main structural elements
including the Norwegian—Danish Basin and the North German Basin which are separated by the
Ringkgbing-Fyn High (RFH). The Gassum-1 well which penetrates the Gassum structure is
emphazied. (B) Stratigraphic scheme of the Lower Triassic—Lower Jurassic succession onshore
Denmark revealing among others the time-transgressive nature of the of the top of the Gassum
Formation. The hiatus relates to uplift and erosion in Middle Jurassic time. For the RFH, maximum
age of the hiatus is shown but in some areas younger strata may be preserved on the high as
also suggested for the Gassum Fm on the map to the left. However, over the central parts of Fyn
the distribution of the Gassum Fm is difficult to map due to limited seismic data coverage. The
formation is present in the Ullerslev-1 well but missing in the Ringe-1 and Glamsbjerg-1 wells
located in this area (well location shown in Fig. 3.1). From Olivarius et al. (2022).
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Figure 7.1.4. Provenance of the lower (A) and upper (B) parts of the Gassum Formation showing
the location of the primary source areas (Caledonian, Sveconorwegian, and Variscan) and the
minimum extend of their sinks as evident from zircon U-Pb data from wells in the Danish Basin
and the northern North German Basin. Sediments were locally supplied from exposed parts of
the Ringkgbing-Fyn High . Tentative and generalized paleogeographic reconstructions for the
lower (C) and upper (D) parts of the formation, where the primary difference is which of the Fen-
noscandian source areas that supplied most sediments to the basin. The maps represent snap-
shots since the coastline moved back and forth due to repeated transgressions and regressions
in time. From Olivarius et al. (2022).
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The Gassum Formation in the Gassum structure

Depth, thickness, and extent

The Gassum Formation has a mean thickness across the structure of 180 m, however the
Gassum-1 well shows a thickness of the Gassum Formation of 130 m and a vertical depth to
the top of the formation of c. 1518 m MD (Table 7.1.1). The present depth corresponds
roughly to a maximum burial depth of around 2100 m prior to exhumation events (Japsen et
al. 2007). The seismic mapping and interpretation indicate that the formation is present in
the entire structure, with a thickness mostly of approximately 100-200 m (Fig. 6.2.3F).

Table 7.1.1. Approximately depths to the Top and Base of the Gassum Fm and its thickness in
Gassum-1 and the nearest wells (given in Nielsen & Japsen 1991). See Fig. 3.1 for location of
wells.

Q@

So Measured/True vertical depth (meter below Rotary Table)
W -3 Thickness

ell E‘Q = (m)

I ; K Top Gassum Fm Base Gassum Fm

18
Gassum-1 4.6 1518 1648 130
Kvols-1 6.8 2424 2533 109
Hobro-1 5.0 2376 2521 145
Voldum-1 4.8 1757 1885 128

Subdivision

The Gassum Formation is subdivided into eight depositional sequences, SQ 2-SQ 9, based
on integration of sedimentological interpretations of cores, petrophysical log patterns and
biostratigraphic data (Nielsen 2003 and present study) (Fig. 7.1.5). However, for SQ 2 and
SQ 9itis only the sandstone-dominated highstand and lowstand system tracts, respectively,
that form part of the formation. The numbering of sequences and their associated surfaces
follows the sequence stratigraphic nomenclature in Nielsen (2003). This was developed for
the Upper Triassic—Jurassic sedimentary succession in the Danish Basin and showed that
individual sequences in most cases can be correlated basin-wide from well to well.

Each sequence is based by a sequence boundary (SB) formed at the time of maximum fall
in relative sea level. Lowstand systems tracts (LST) formed between sequence boundaries
(SB) and the first transgressive surface (TS). Transgressive systems tracts (TST) formed
between the TS and the maximum flooding surface (MFS). Highstand systems tracts (HST)
formed between the MFS and the SB of the next sequence. This simple sequence strati-
graphic approach (e.g., Payton 1977) is following the divisions of Nielsen (2003). There are
also other concepts (e.g., Catuneanu 2019), but these are not discussed further here. Figure
7.1.5 shows how the depositional sequences link to interpreted depositional facies and envi-
ronments, and that the sequences can be corelated from well to well.

In general, the LST and HST deposits of the sequences are dominated by shoreface sand-
stones whereas the MFS occurs in intervals of offshore mudstones. The sequences reflect
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an overall aggradational to progradational stacking pattern from the base of the Gassum
Formation and up to SB 5. This surface is interpreted to have formed by fluvial erosion and
bypass followed by the deposition of fluvial or estuarine sand during relative sea-level rise.
From SB 5 and upwards to MFS 7 the overall stacking pattern is retrogradational with the
shoreface sandstone intervals of the sequences becoming thinner on behalf of thicker off-
shore mudstone intervals. After a shorter progradational event the overall transgression cul-
minated in Early Jurassic times with deposition of the overlying Fjerritslev Formation which
is more than 300 m thick and consists almost entirely of offshore mudstones. However, rel-
ative thick sandstone intervals are present above SB 7 in Gassum-1 compared to the other
wells (Fig. 7.1.5).

High order sea-level variations formed the individual sequences and generated the complex
internal reservoir architecture of the Gassum Formation with mainly lowstand and highstand
intervals forming internal sandstone reservoirs that are separated by transgressive intervals
of mudstone and heteroliths (Fig. 7.1.5). The logpanel of Gassum-1 and the nearest wells,
indicates that the internal sandstone and mudstone units have regional extent. However, it
is possible that the mudstone units locally are truncated due to erosion related to fall in rela-
tive sea level and the associated formation of sequence boundaries. If so, this implies that
sandstone intervals from different sequences locally are connected. This seems to be the
case for the lower part of the Gassum Formation in the Hobro-1 well whereas well-defined
mudstone intervals separate the sandstone reservoirs in the other wells (Fig. 7.1.5). The
resolution of the seismic data is not high enough to deduce if some of the internal seals in
places are truncated away from the Gassum-1 well within the Gassum structure. However,
locally low relief erosional surfaces occur as well as areas showing accretion from east to
the west and south to north, respectively (Fig. 7.1.6). Considering the overall coastal envi-
ronment, outlined by the interpreted cores (Fig. 7.1.9), leaves several possible interpretations
of these seismic features, e.g. estuarine incision, longshore accretion of spits, and flood tidal
deltas.

The mudstone units possibly form internal seals in the Gassum Formation. In the Gassum-1
well, these potential seals are up to 24 m thick. This is partly considered in the outlining of
the reservoir properties of the Gassum Formation by providing details not only on the Gas-
sum Formation as one single reservoir, but also characterizing three reservoir subunits in the
section dealing with the reservoir quality of the Gassum Formation (see below). Each of the
reservoir subunits extends over more than one depositional sequence (Fig. 7.1.5). The low-
ermost one, named unit 1, consists entirely of sandstone whereas the two upper ones (units
2 and 3) each consist of three sandstone intervals separated by mudstone intervals.

Lithology, provenance, and depositional environment

In the Gassum-1 well, the sandstones of the Gassum Formation are mainly fine or fine to
medium grained (Danish American Prospecting Co 1951, Nielsen 2003, Fig. 7.1.9). The min-
eralogical maturity is relatively low revealed by a high feldspar content (Fig. 7.1.7). This is
assigned to a direct sediment supply from Fennoscandia and limit distance of transport from
the source areas (Fig. 7.1.4). Fennoscandia being the source area is supported by zircon
dating of samples from SQ’s 2 and 7. These suggest that the area of the Gassum structure
received sediments from northern source areas (Telemarkian and Caledonian in Fig. 7.1.4)
as is also the picture for zircon dating of the Gassum Formation from other wells in Northern
Jutland (Olivarius et al. 2022).
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Nielsen (2003) interpreted the depositional environments of the Gassum Formation in the
Gassum-1 well based on an interpretation of its cores (Fig. 7.1.8) supplemented with paly-
nological data and interpretation of the vertical gamma-ray motif (Fig. 7.1.9). The results of
these core interpretations are transferred to the well in the log panel where also the sequence
stratigraphic subdivision of the well is shown (Fig. 7.1.5). As mentioned, the formation is
interpreted as mainly reflecting alternating shoreface and offshore deposition under the in-
fluence of relative sea-level variations. The exception is the presence of estuarine and lacus-
trine deposits above SB 5 and SB 7, respectively (Figs. 7.1.5, 7.1.9).
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Figure 7.1.5. Correlation panel focusing on the Gassum Formation in the nearest wells to the
Gassum structure. Placement of sequence stratigraphic surfaces and interpretation of deposi-
tional environments is tentative and would benefit from supplementary palynological data. How-
ever, for the Gassum-1 well the interpretation of the Gassum Formation relies on extensive core
interpretations given in Nielsen (2003) (Fig. 7.1.9). The transgressive surface TS 9 represents the
top of the Gassum Formation in the wells and is used as datum line. Reservoir zones 1-3, dealt
with in the estimation of reservoir quality below, is marked for the Gassum-1 well. Location of
wells relative to the Gassum structure is seen in Figures 3.1 and 7.1.3.
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Figure 7.1.6. Mapping of the Gassum Fm along the reprocessed seismic line GEUS23_GSM_P5
(location shown as black line on inserted figure in lower left corner). The seismic section is in two-
way time. The overall seismic reflection pattern in the Gassum Fm is characterized by a parallel
to sub parallel, high amplitude reflection pattern. The highest amplitudes are found in the north-
western portion of the study area. Lower relief erosional surfaces occur sporadically as well as
local areas with local accretion (see zoom-in the lower middle part of the figure which is a of white
rectangle. The accretion occurs in the middle part of the Gassum Fm and show accretion from
east to the west and south to north, respectively (see zoom-in figure of the part of the seismic
section marked with a white rectangle). Direct correlation with the Gassum-1 well (shown to the
left with its lithostratigraphic surfaces and gamma-ray motif) is not possible as this well is in a fault
zone.

Mineralogical composition:

I Awalicfetdspar [ pyrite

- Zircon
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Figure 7.1.7. Mineral map of a sample from SQ 2 in the Gassum-1 well constructed by the auto-
mated quantitative mineralogy method (AQM). A low mineralogical maturity is revealed by the
high feldspar content. Also notice the abundant pore space. From Olivarius et al. (2022).

GEUS 89



AL

€ xog ‘(W £°LEST-TEEST 9) ,SH0S—.0€0S ‘€S 210D

Bottom

and medium-

1 well showing mainly fine-

Figure 7.1.8. Cores of the Gassum Fm in the Gassum

grained shoreface sandstones. Core diameter is ¢. 8.5 cm. Cored intervals are marked on the
petrophysical log of the well in Figure 7.1.2. Photos by Emil Fgnss Jensen (Jensen 2023).
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Figure 7.1.9. Core interpretation of the Gassum Formation in the Gassum-1 well shown together
with the gamma-ray motif and sequence stratigraphic surfaces (moving stratigraphic upwards
from A to C). The location of the boundary to the underlying Vinding Fm and the overlying Fjer-
ritslev Fm is indicated next to the gamma-ray log. From Nielsen (2003). Note that core depths are
corrected to log depths by subtracting 20-25 ft (Nielsen 2003).

Reservoir quality (porosity and permeability)

Characterization of the reservoir quality of the Gassum Formation in the Gassum structure
is primarily based on core descriptions and core measurements. In this well only gamma ray
(GR) log was recorded within the Gassum Formation, hence the volume of shale (Vshae), as
indicated in Figures 7.1.1 and 7.1.2, is based on this log. The quality of the GR log itself
seems to be fair, as there is good agreement between the log derived lithologies and the
descriptions of the corresponding cores. The baseline of the GR representing clean sand is
relatively high, which is expected in a sandstone containing a high content of feldspar (Fig.
7.1.7). The Vsnae curve forms the basis for the classification of the rocks into mudstones,
siltstones and sandstones. Overall, the Gassum Formation is divided into the Reservoir
Zones 1-3 (Figs. 7.1.1, 7.1.2) based on the derived Vshae, Which illustrate relatively thick
mudstones separating the sandy zones. Herein ‘Net sand’ is defined as sandstone intervals
characterized by fairly high porosities (>10%) and low shale content (<50%).

In Figures 7.1.1 and 7.1.2, track 9 from the left shows the log derived effective porosity, PHIE.
This curve is a linear fitting of the Vshae and the porosity from the core measurements, hence
it is not derived by proper/standard petrophysical interpretation. It is included in the figures
mainly for illustrative purposes and does not contribute to the evaluation of the reservoir
quality of this formation.
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Reservoir Zone 1 consists of an 18.8 m sand and a net to gross ratio of 1.0. The porosity and
permeability characterizing this unit is estimated based on the core measurements as arith-
metic mean of the porosities and permeabilities, respectively. Thus, the Reservoir Zone 1 is
characterized by average porosity of 29.6% and average permeability of 2637 mD.

Reservoir Zones 2 and 3 are considered together in terms of porosity and permeability, as
the numbers of measurements is limited in Zone 2. Reservoir Zone 2 has a gross thickness
of 40.9 m and a combined net reservoir sand thickness of 20.9 m, constituting a net to gross
ratio of 0.51. Reservoir Zone 3 has a gross thickness of 27.4 m and a combined net reservoir
sand thickness of 16.6 m, constituting a net to gross ratio of 0.61. The average porosities of
Reservoir Zones 2-3 are calculated to be 27.9%, whereas the average permeability is cal-
culated to be 511 mD.

By comparing the reservoir properties of Reservoir Zone 1 and Reservoir Zones 2-3 there
seems to be a marked difference in the porosity-permeability relationship, as the lowermost
zone has slightly higher average porosities but significantly higher average permeabilities. In
fact, this relationship in the lowermost sand is comparable to the high permeabilities ob-
served in the lowermost sand in the Stenlille-19 well. Therefore, this relation is considered
trustworthy.

Furthermore, for comparison the reservoir characteristics of the Hobro-1, Kvols-1 and
Voldum-1 are listed for a quick asset. For these wells the reservoir parameters are averaged
for the entire net sand within the Gassum Formation in these wells. For the Hobro-1 the
average porosity is found to be 20.8%, corresponding to 260 mD; for the Kvols-1 the average
porosity is 18.2%, corresponding to 152 mD; and for the Voldum-1 the average porosity is
12.8%, corresponding to average permeability of 32 mD.

Conclusion on reservoir characterization

Two scenarios predicting the reservoir properties of the Gassum Formation within the Gas-
sum structure are presented based on the Gassum-1 well and the surrounding wells relevant
to this study. The first scenario 1 is simply propagating the parameters derived from the Gas-
sum-1 well into the entire structure, while the second scenario 2 is based also on considera-
tions from the surrounding wells. In order to compare the numbers representing the entire
Gassum Formation, the average for the Gassum Formation within the Gassum-1 well is pre-
sented in the table below (Table 7.1.2).

For scenario 2, a simple average for the four wells is calculated with each well all having a
weight of 1. These probably skew the numbers, as the thin sandstones of the Voldum-1 and
Kvols-1 are becoming relatively more important in this scenario. This may therefore be con-
sidered a low-case scenario of the reservoir characteristics of the Gassum Formation within
the Gassum structure.
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Table 7.1.2. Summarizing the Scenarios 1 and 2 predicting the reservoir characteristics of the
Gassum Formation within the Gassum structure. These scenarios show fair to excellent reservoir
qualities and thicknesses quantified by the transmissivity ranging from 21-85 Dm (Darcymeter).

Reservoir Net to Gross PHIE PERM Transmissivity
(m) (viv) (%) (mD) (Dm)
Scenario 1 56.7 0.46 28.5 1500 85
Scenario 2 43.2 - 20.1 486 21
Average 50.0 - 24.3 993 50

The secondary reservoirs: Frederikshavn and Skagerrak formations

The Frederikshavn Formation

The Upper Jurassic—Lower Cretaceous Frederikshavn Formation is known from wells drilled
in the Danish Basin in northern and central Jutland. The formation is generally 50-150 m
thick but can be more than 230 m thick in the Sorgenfrei-Tornquist Zone (Nielsen & Japsen
1991). The formation is dominated by layers of siltstones and fine-grained sandstones alter-
nating with silty claystones (Michelsen 1978; Michelsen & Bertelsen;1979, Michelsen et al.
1981, 2003). The sediments may contain glauconite and marine fossils. Thin layers of lime-
stone occur in the lower and upper part of the formation, and in Northern Jutland there are a
few cm-thick coal layers in the upper part of the formation; In Gassum-1, coal fragments are
also present. The sediments were supplied to the Danish Basin from the Scandinavian bed-
rock area. Thus, the grain size and the thickness and proportion of sandstone layers in gen-
eral increase towards NE. Sand was mainly deposited in deltaic and coastal environments
that prograded into the basin during periods of stable or falling sea level and were subse-
quently flooded during periods of rising sea level, whereby the deposition of sand was re-
placed by the deposition of silt and clay. The formation typically comprises two to three coars-
ening-upwards successions from offshore mudstones to shoreface sandstone, best devel-
oped in the central and northern part of the Skagerrak-Kattegat Platform (Michelsen 1978,
Michelsen & Nielsen 1991). Distally, the formation thins out and becomes finer-grained until
it is replaced by the claystone-dominated Vedsted Formation. The presence of sandy layers
in the southwestern part of the basin indicates that the Ringkgbing-Fyn High may also have
been a sediment source during periods of low sea level.

The Frederikshavn Formation in the study area

The Frederikshavn Formation is present in the Gassum-1 well in the depth interval 1078—
1179 m MD and is thus ¢. 101 m thick (Fig. 7.1.1 and 7.1.10). Seismic mapping (incl. thin
Barglum Formation) shows significant thickness variations of c. 50—200 m, especially at
faults (Chapter 6; Fig. 6.2.3-H). It consists almost entirely of sandstones in the well apart
from a. c. 13 m thick siltstone-dominated interval in the lower part of the formation (Fig.
7.1.10). Itis thus present in a suitable depth for CO- storage and furthermore have excellent
reservoir properties as outlined below. As mentioned previously, the reason for not consid-
ering it as the primary reservoir for storage relies on a larger uncertainty of the seal properties
of the overlying Lower Cretaceous mudstone interval in comparison to the Lower Jurassic
Fjerritslev Formation which forms the seal for the Gassum Formation. The Frederikshavn
Formation shows large lateral variations in lithology between the included wells (Fig. 7.1.10).
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Three overall coarsening-upwards successions, reflected by the GR maotif, are recognized in
the Gassum-1 well. In the sandstone dominated part of the formation, these probably reflect
shoreface shallowing-upwards successions, possibly related to delta progradation. Cores of
varying quality largely covers the formation in the Gassum-1 well (Figs. 7.1.1 and 7.1.11).
The cores may form a good basis for studies of depositional environments, reservoir proper-
ties, mineralogy, diagenesis etc.
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Figure 7.1.10. Correlation panel focusing on the Upper Jurassic—Lower Cretaceous Frederik-
shavn Fm. In the Gassum-1 and Voldum-1 wells, the formation consists almost entirely of sand-
stones, locally with coal fragments, whereas mudstone dominate the formation towards west in
the Hobro-1 and Kvovls-1 wells. The very different lithological composition of the formation may
suggest a lithostratigraphic subdivision of the formation. Two to three overall coarsening-upwards
successions are reflected by the GR motif of the wells (in Gassum-1 emphasized with red arrows
as an example). In the Gassum-1 well these probably reflect shoreface shallowing-upwards suc-
cessions, possibly related to delta progradation.
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Figure 7.1.11. Core examples of the Frederikshavn Fm from the Gassum-1 well dominated by
very fine-grained sandstones that are greenish grey in colour, probably due to a content of glau-
conite. In general, the cores are fragmented or even disintegrated, but more coherent (cemented)
sections still exist. Given the state of preservation the cores may form a basis for studies of dep-
ositional environments, reservoir and seal properties including porosity, permeability, grain size,
mineralogy, diagenesis. Core diameter is c. 8.5 cm.

Reservoir quality (porosity and permeability)

The characteristics of the Frederikshavn Formation within the Gassum structure is primarily
based on the core descriptions and measurements from the Gassum-1 well, as only a GR
log was recorded in the relevant depth interval.

The GR log forms the basis for the derived Vshae curve, with forms the basis for the classifi-
cation of the lithology of the Frederikshavn Formation into mudstone, siltstone and sand-
stone, respectively. This interval is relatively sand-rich, with Figure 7.1.1 showing well-devel-
oped sandstones interbedded with siltstones in some intervals.

The Frederikshavn Formation is 100.0 m thick of which net reservoir sand comprise 74.4 m,
making up a net to gross ratio of 0.74. From the conventional core measurements, the aver-
age porosity within this formation is calculated to be 28.7% and the average permeability is
830 mD (Table 7.1.3). Thus, it can be deducted that the Frederikshavn forms an excellent
secondary reservoir within the Gassum structure.

Table 7.1.3. Summarizing the reservoir characteristics of the Frederikshavn Fm within the Gas-
sum structure, which has excellent reservoir qualities and thicknesses quantified by the transmis-
sivity of 61.8 Dm (Darcymeter).

Reservoir Net to Gross PHIE PERM Transmissivity
(m) (Viv) (%) (mD) (Dm)
Gassum-1 74.4 0.74 28.7 830 61.8
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Skagerrak Formation

The Lower—Upper Triassic Skagerrak Formation was deposited in an arid to semi-arid cli-
mate and is present in the northern part of the Danish area and may have thicknesses of up
to 5000 m (Bertelsen 1980; Liboriussen et al. 1987). The formation consists of interbedded
conglomerates, sandstones, siltstones and claystones. The sediments were deposited in al-
luvial fans along the Fennoscandian Border Zone and in braided streams and ephemeral
lakes in the more distal part of the basin towards the southwest (Pedersen & Andersen 1980;
Olsen 1988; Weibel et al. 2017). In places, aeolian deposits have been identified, originating
from aeolian reworking of the fluvial deposits (Pedersen & Andersen 1980). Weibel et al.
(2020) describes the alluvial fan deposits as consisting of moderately to poorly sorted con-
glomerates, fine-grained sandstones, or siltstones, whereas the braided stream sandstones
are well-sorted and fine- to medium-grained. The sandstones are dominated by subarkoses,
lithic subarkoses, arkoses and smaller contents of sublitharenite, feldspatic litharenite and
litharenite according to the classification of McBride (1963). Anhydrite, dolomite and lime-
stone are encountered locally.

In the literature, the stratigraphic interval has for some wells in the Danish Basin been re-
ferred to as the Lower Triassic Bunter Sandstone Formation. This has also been the case for
the interval in the Gassum-1 well (e.g., Nielsen & Japsen 1991; Pedersen & Andersen 1980).
However, the very thick sandstone succession which characterize the interval in the Gassum-
1 well fits well with being the Skagerrak Formation (as also suggested by Weibel et al. 2017)
and do not in any way resemble the classic Bunter Sandstone Formation known from the
North German Basin. Consequently, the interval is here considered as being the Skagerrak
Formation. In general, the Triassic interval below the Gassum Formation has not been in
much focus and would benefit from a throughout regional revision based on interpretations
and compilation of well data and seismic data.

Skagerrak Formation in the study area

The Skagerrak Formation is present in the Gassum-1 well in the depth interval 2747-3441
m MD and is thus 694 m thick (Fig. 7.1.1). Seismic mapping shows significant thicknesses
of ¢. 550-750 m in the structure (Chapter 6; Fig. 6.2.3B). Digital GR and SP logs only cover
the formation down to a depth of c. 3068 m MD). Down to 3000 m depth the Skagerrak
Formation is dominated almost entirely of clayey immature sandstones (Weibel et al. 2020;
Fig. 7.1.1). Core and ditch sample descriptions in the completion report refer the sandstones
as being fine and medium grained and clayey (Danish American Prospecting Co 1951).

Reservoir quality (porosity and permeability)

The characteristics of the Skagerrak Formation within the Gassum structure is heavily based
on the core descriptions and measurements from the Gassum-1 well, as only a GR and re-
sistivity logs were recorded in the formation.

The GR log forms the basis for the derived Vshae curve, which forms the basis for the classi-
fication of the lithology of the Skagerrak Formation as a sandstone in its entirety. This is
further supported by the cores and cuttings descriptions from the well (Danish American Pro-
specting Co 1951), although the comments on the plugs for the laboratory measurements
indicate clayey intervals towards the base of the formation.
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The Skagerrak Formation is 693.7 m thick of which logs cover the uppermost 400 m. As no
logs are available for the lower approximately 300 m, the classification of the rock is based
on the descriptions found in the Final Well Report, where it is stated that the entire section
consists of sandstones (Danish American Prospecting Co 1951). Therefore, this lithofacies
is extended throughout this formation.

Conventional core analysis forms the basis for the evaluation of the reservoir properties (e.g.,
porosity and permeability), and these measurements extend further down into the well than
the logs.

Based on the log derived Vshae curve and the core description, the entire Skagerrak For-
mation is considered to be net reservoir sand with an average porosity of 15.4% (it should
be noted that the lowermost measurement at 3418 m MD reports a porosity value of 3% and
this is the only data point below 3130 m MD). The corresponding average permeability is
calculated to be 123 mD, which leads to a transmissivity of 85 Dm (Table 7.1.4). Therefore,
the Skagerrak Formation within the Gassum structure is considered an excellent secondary
reservoir.

As no of the other wells within the study area reach the Skagerrak Formation, the reservoir
properties derived from the Lave-1 well are listed for comparison (Table 7.1.4). This well is
located almost 100 km to the south of the Gassum-1 well and the interval is reported as the
Bunter Sandstone Formation. However, it is questionable if this is correct since the interval
consists of a very thick sandstone succession resembling the Skagerrak Formation further
to the north and being very much different from the classic Bunter Sandstone Formation in
the North German Basin. Thus, the interval lacks the characteristic depositional cycles of the
Bunter Sandstone Formation consisting of ephemeral fluvial and aeolian sandstone that
grade upwards into thick successions of lacustrine/playa mudstone. Consequently, it is here
tentatively referred to as the ‘Skagerrak equivalent’. It is 151 m thick in the Lave-1 well where
the present-day depth of its top is 1800 m MD. The average log derived PHIE is 23% with a
corresponding permeability of 378 mD. This also results in an excellent reservoir transmis-
sivity of 57 Dm (Table 7.1.4).

Table 7.1.4. Summarizing the reservoir characteristics of the Skagerrak Fm within the Gassum
structure. The formation has excellent reservoir qualities and thicknesses quantified by the trans-
missivity of 856 Dm (Darcymeter). For comparison, the ‘Skagerrak equivalent’ in the Lagve-1 well
is included as no other wells within the study area reach the Skagerrak Formation.

Reservoir Net to Gross PHIE PERM Transmissivity
(m) (VIv) (%) (mD) (Dm)
Gassum-1 693.7 1.0 15.4 123 85
Logve-1 151.0 0.59 23.0 378 57

Risks associated with formation water composition

Understanding the significance of salt content in the context of CO; storage is important for
several reasons:

e Corrosion and material selection: High salt concentrations can accelerate corrosion
in the materials used for storage wells and associated infrastructure. This can lead
to increased maintenance costs and potential safety risks. An accurate assessment
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of salt content is crucial for selecting the right materials and designing effective cor-
rosion protection systems.

e Scaling and operational efficiency: Salts, especially when present in high concentra-
tions, can precipitate and form scales inside the storage reservoir and in the equip-
ment. Scaling can reduce the efficiency of CO; injection and retrieval processes, po-
tentially leading to operational challenges and increased costs.

e CO, solubility and storage capacity: The solubility of COz in formation water is af-
fected by the salinity of the water. Higher salt content typically reduces the solubility
of CO3, which could impact the overall storage capacity of the reservoir. Understand-
ing the salt content helps in accurately estimating how much CO; can be stored.

e Geochemical reactions and long-term stability: Salt content can influence the geo-
chemical reactions between CO3, formation water, and reservoir rocks. These reac-
tions are crucial for the long-term stability of stored CO,. Predicting and monitoring
these reactions require a thorough understanding of the formation water chemistry,
including its salt content.

Assessing the formation water chemistry in the Gassum structure

Background and Challenges in the Gassum Area: In the Gassum well, a brine sample was
retrieved during drilling due to uncontrolled well flow, as reported in the Final Well Report
(Danish American Prospecting Co 1951, p. 324). The samples contained 180,770.0 mg/l CI-
(287,986.0 mg/l Total Dissolved Solids). Owing to the conditions under which the sample
was collected, the exact depth remains uncertain but is believed to represent 'from sands
logged at and below 8816 feet (2687 m, Danish American Prospecting Co 1951). Laier (2008)
included this sample in his compilation, assigning it a depth of approximately 2625 m within
the @rslev Formation. We have retained this estimate while noting that the actual depth could
be somewhat deeper (Table 7.1. 5).

In the vicinity of the Gassum structure, there are no additional direct measurements of for-
mation brine chemistry, leading to uncertainties in pre-drilling evaluations. However, the com-
position of formation water in onshore Denmark is relatively well documented in the Danish
Basin. Here, it is recognized to vary both geographically and with burial depth, as highlighted
in studies by Laier (2002, 2008) and Holmslykke et al. (2019).

Methodology for Estimating Salinity in Gassum structure: For the assessment of formation
water chemistry within the Gassum structure reservoirs, we have leveraged the established
relationship between geological depth and salinity derived from the Danish Basin (Figure
7.1.12). Utilizing this methodology, we estimate that at the depth of the Frederikshavn For-
mation in Gassum, situated approximately at 1100 m, the formation water exhibits a chloride
concentration around 98,000 mg/l CI- (equivalent to 162,000 mg/l Total Dissolved Solids
(TDS)). Within the primary reservoir of the Gassum Formation, located at roughly 1500 m,
the estimated salinity reaches approximately 112,000 mg/l CI- (185,000 mg/l TDS). Mean-
while, at the depth of the Skagerrak sandstone reservoir, around 2800 m, salinity is estimated
to be approximately 201,000 mg/I ClI- (333,000 mg/l TDS), indicating that it is nearing satura-
tion with respect to halite (cf. Holmslykke et al. 2019 for comparative calculations in the
Tender area). Further geochemical modelling will be presented elsewhere (Schovsbo et al.
in preparation).
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Table 7.1.5. Measured and estimated salinities (Cl- and TDS) in the Gassum structure. From
Schovsbo et al. (in preparation).

Formation Depth Estimated ClI Estimated TDS Measured Cl Measured TDS
(m) (mgl) (mg/l) (mg/l) (mg/l)
Frederikshavn 1100 97,906 162,132
Gassum 1500 111,691 184,960
Drslev 2625* 180,770 287,986
Skagerrak 2800 200,887 333,668
* depth uncertain
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' ; @ Danish Basin
alite .
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Figure 7.1.12. Salinity with depth in Eastern Denmark and the @resund Area. This figure is de-
rived from the data compilation by Laier (2008), incorporating minor updates based on recent
findings in Holmslykke et al. (2019) and the Final Well Report (Gulf Denmark 1968) from the
drslev-1 well. Modelled salinity (PLS model) is based on a numerical analysis (Schovsbo et al. in
preparation). Field of halite (NaCl) supersaturation (grey) assumes stoichiometric concentration
of Na*and is loosely based on Holmslykke et al. (2019). No account for temperature and pressure
effect has been made but will be made in later refinements of the model.
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7.2 Seals — Summary of geology and parameters

The contents of this section include the Fjerritslev Formation seal to the primary Gassum
Formation reservoir, the Vedsted Formation, Ragdby Formation and lower part of Chalk Group
seal units to the secondary Frederikshavn Formation reservoir and finally the @rslev For-
mation, Falster Formation and Tgnder Formation (in part) seals to the secondary Skagerrak
Formation reservoir Fig 7.2.1.
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Figure 7.2.1. Petrophysical logs from Gassum-1 well showing the primary reservoir-seal pair of
the Gassum sandstones and the overlying Fjerritslev mudstones, succeeded by the secondary
reservoir—seal pair of the Frederikshavn Fm/Vedsted Fm and the overlying Chalk Group. The
secondary reservoir of the Triassic Skagerrak Fm with overlying sealing units of the @rslev Fm,
Falster Fm and Tgnder Fm (in part) are also shown.
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The primary seal of the Gassum Formation: The Fjerritslev Formation

The Lower Jurassic Fjerritslev Formation is known from more than 60 deep wells in the Dan-
ish onshore and nearshore areas. The lithostratigraphy and positions of the wells drilled be-
fore 1990 were compiled by Nielsen & Japsen (1991). The Gassum-1 well penetrates the
mapped Gassum structure, and in a periphery of 30-40 km of the structure are the Kvols-1,
-2A, Hobro-1 and Voldum-1 wells that are also included in the evaluation of the seal (Fig.
7.2.2), as are the detailed knowledge of the seal from the Stenlille area on Zealand hosting
a gas storage facility.

The thickness of the Fjerritslev Formation is 318.5 m in the Gassum-1 well with the base
situated at 1517.9 m (all depths refer to measured depth below rotary table situated 4.6 m
above terrain). The seismic data show an uneven, thick formation from c. 300—350 m at the
top with a suggested marked thickness increase towards the north. Abundant mapped faults
occur in the top part of the Gassum structure (see Chapter 6; Fig. 6.2.3G). However, part of
the significant thicknesses towards north may also be caused by wedges towards the struc-
ture of Middle—Late Jurassic formations (see discussion in Chapter 6; Fig. 6.2.5). The well
data presented in Table 7.2.1 suggest a marked thickness increase to the west in Kvols-1
(450.5 m) and to the WNW in Hobro-1 (453 m).

The Gassum-1 well provides a number of short cores of the Fjerritslev Formation (Cores 32—
52) but these are in general in poor condition today due to long-term storage and intensive
sampling (Fig. 7.2.3). Data from the Vedsted-1 well in northern Jutland are also included
regarding assessment of seal capacity.

The Fjerritslev Formation comprises a succession of marine claystones and mudstones, in-
terbedded with subordinate thin sandstone beds. It is present in the Danish Basin, north of
the Ringkgbing-Fyn High , and in the North German Basin south of the Ringkgbing-Fyn High
but absent on the high itself. In the central and western part of the Danish Basin, the fluvial
to shallow marine Gassum Formation is of Rhaetian (latest Triassic) age and is overlain by
the Fjerritslev Formation of Early Jurassic Hettangian—Early Toarcian age (Fig. 7.1.3). In the
area of the Gassum structure, the formation extends up into the earliest Jurassic. Compared
to the Stenlille area, the Fjerritslev Formation is more fine-grained and contains less siltstone
and sandstone layers in the Gassum structure. This suggests that the formation represents
a more distal depositional setting in the Gassum area (although the drowning of the Gassum
Formation took place later than in Stenlille —at TS 9 contra TS 7 in Stenlille).

The Fjerritslev Formation is unconformably overlain by Upper Jurassic (Oxfordian—Kim-
meridgian) mudstones, c. 20 m thick, of the Bgrglum Formation that can be regarded as a
secondary seal to the Gassum Formation sandstone reservoir. The Middle Jurassic and
lower part of the Upper Jurassic are thus missing in the Gassum-1 well (Dybkjeer 1988, 1991,
Fig. 3.6, Appendix B). This hiatus expands markedly southwards along the Ringkabing-Fyn
High , were Lower Cretaceous unconformably overlies Lower Triassic sediments. Towards
the north in the Sorgenfrei Tornquist Zone, Middle to Upper Jurassic strata are present in a
graben structure represented by the marginal marine and terrestrial Haldager Sand For-
mation and Flyvbjerg Formation (Chapter 3, Michelsen 1989a, Michelsen et al. 2003, Nielsen
2003). These formations are also documented in nearby wells (Fig. 7.1.10) and it may be
speculated that these formations extend laterally southwards into the northern part of the
Gassum structure e.g. north of the main fault (see Chapter 6). The seismic interpretation
shows that the structural evolution of the Gassum structure mainly formed due to growth of
a salt pillow at the base of the structure (Chapter 6). Pulses of halokinesis affected
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accumulation during the Triassic—Cenozoic and especially during deposition of the Fjerritslev
Formation and onwards in the Gassum area.

Lithological subdivision

The Fjerritslev Formation was defined by Larsen (1966) and revised by Michelsen (1978,
1989a; Michelsen et al. 2003). The formation is subdivided into five informal members F-la,
F-1b, F-11, F-1ll, and F-IV using the Hyllebjerg-1 in northern Jutland as reference section (Mi-
chelsen 1989a). A detailed correlation between wells located centrally in the Danish Basin
shows that characteristic log-patterns can be traced across long distances suggesting that
the formation comprises several laterally continuous depositional units (Michelsen 1989b).
The biostratigraphy of the Fjerritslev Formation in Gassum-1 shows that the formation spans
the Lower Jurassic Hettangian—lower part of Toarcian based on dating by palynostratigrapy
(Dybkjeer 1991 and GEUS in house data). The high-resolution biostratigraphy combined with
petrophysical logs patterns enables a sequence stratigraphic subdivision of the formation.
The Fjerritslev Formation in the Gassum-1 well is thus represented by sequences 9 to 15
(sensu Nielsen 2003) and the informal lithostratigraphic members F-I to F-1ll (Appendix B).
Semi regionally the same base of the Fjerritslev Formation (corresponding approximately to
the transgressive surface TS 9) is recorded in Hyllebjerg-1, Kvols-1 and Hobro-1 but the
stratigraphical range is expanded in some of these wells to also include the upper member
F-1V and thus well into the Toarcian (Appendix B).

A sequence stratigraphic division of the Gassum and Fjerritslev formations was presented
by Nielsen (2003), and the base of Fjerritslev Formation is defined at TS 7 in the central part
of the Danish Basin and at the slightly younger TS 9 in the Gassum area. Only the F-la, F-
Ib, F-II, F-Ill members are present in the Gassum-1 well; the boundaries between the mem-
bers corresponds to sequence stratigraphic surfaces of either transgressive surfaces, recog-
nized by prominent increases in the GR log, or sequence boundaries (Fig. 7.2.2). The se-
gquence stratigraphic breakdown is based on updated GEUS inhouse data in the region that
builds on the sequence stratigraphic framework in Nielsen (2003).

The core material represents different intervals of the Fjerritslev Formation in the Gassum-1
well (Fig. 7.2.1, Appendix A). The cores have been described and studied with regards to the
bivalve composition by Pedersen (1986) and organic content (Petersen et al. 2008). The
formation is characterized by mudstones and silt-streaked mudstones with subordinate lay-
ers of mottled sandy siltstones in the lower part. All facies are bioturbated and the bivalve
content suggest that the mudstones were deposition in normal marine outer shelf environ-
ment (Pedersen 1986).

The F-la member

The member is 87.4 m thick in Gassum-1, and it is bounded by the sequence stratigraphic
surfaces TS 9 and TS 11. It is represented by the cores 47-52 that comprise mainly very
dark grey planar laminated mudstone with few thin fine sandstone laminae and is interpreted
as deposited in offshore environments (Pedersen 1986). The GR log readings are relatively
uniform medium-high values with subtle low GR readings e.g. associated with sequence
boundaries SB 10 and SB 11 and TS 10 that may indicate the presence of thin sandstone or
siltstone beds, however this has not been resolved in the petrophysical log interpretation
(Fig. 7.2.2). The cored section with SB 11 shows a thin unit of sandy mudstones (Fig. 7.2.3A).
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The thickness range of the member is 54.3-87.4 m in the reference wells (Fig. 7.2.2, Table
7.2.1).
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Figure 7.2.2. Correlation panel focusing on the Fjerritslev Fm seal in the nearest wells to the
Gassum structure. Placement of sequence stratigraphic surfaces and interpretation of deposi-
tional environments is tentative and would benefit from supplementary palynological data. The
transgressive surface TS 9 represents the base of the Fjerritslev Fm in the wells and is used as
datum line. Locations of wells relative to the Gassum structure are shown in Figs. 3.1 and 7.1.3.
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Table 7.2.1. Thicknesses of the members of the Fjerritslev Fm in the nearest wells to the Gassum
structure in the Danish Basin. *The lower boundary of the F-IV member is positioned between
MFS 15 and SB 16 according to Nielsen 2003. In none of the included wells is the whole member
preserved (see biostratigraphic charts in Appendix B). Hy-1, Hyllebjerg-1; Kv-1, Kvols-1; Hb-1,
Hobro-1; Ga-1, Gassum-1; Vo-1, Voldum-1; Rg-1, Rgnde-1; Hr-1, Horsens-1. The biostratigraphy
conducted in this study is modified from Dybkjeer (1991). Sequence stratigraphy and thicknesses
of members partly modified after Nielsen (2003).

Fjerritslev Fm Age
Location/wells Hy-1 Kv-1 Hb-1 | Ga-1 | Vo-1 |Re-1 Hr-1
Measured | Top Fjerritslev Fm | 1922 ]1973.5(1923.7 |1198.5| 1423 |2138| 1294.4 Toarcian
Depth (m) L. Rhaetian—
0 Base Fjerritslev Fm [ 2582.6 | 2424 | 2376.7 | 1517 |1758.4 [2613| 1533.8 L nactan
E. Sinemurian
Thickness (m) 660.6 | 450.5 453 318.5 | 335.4 | 475 239.4
Sequence strati-
graphy Thickness (m)
Lower Upper
boundary | boundary
F-IvV Middle Toarcian—
SB 16 SB 19 55 18.5 31.3 | None | None | 38 :
mb* E. Aalenian
> [Fm None Early_Middle
= TS 14 SB 16* 228 191 167.6 | 100.6 | 119.6 | 145 y .
@ mb Toarcian
2 F-11 . .
§ mb SB 13 TS 14 86.6 13 23.2 40.8 51.8 73 21.9 Pliensbachian
%)
o - 1 lan—
2| ™| 1511 | sB13 | 2103 | 1400 | 1501 | 807 |100.7 | 141 | 1364 Sinemurian-
5 mb E. Pliensbachian
Fla | TS71 1 1511 | 807 | 781 | 808 | 87.4 | 543 | 64 83 Rhatian-
mb TS9 Hettangian

The F-Ib member

The member is 89.7 m thick in Gassum-1, and it is bounded by the sequence stratigraphic
surfaces TS 11 and SB 13. It is represented by the cores 41-46 that like the cores of the F-
la member also comprise mainly very dark grey mudstones with few thin fine sandstone
laminae that are interpreted as deposited in an offshore environment (Pedersen 1986). The
GR log readings are relatively uniform medium-high values with few subtle low GR readings
e.g. associated with the sequence boundary SB 12 that may indicate the presence of thin
sandstones or siltstones, however this has not been observed in the cored sections. Based
on the well log correlation panel, the thickness range of the member is 89.7— 210.3 m (Fig.
7.2.2, Table 7.2.1).
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Figure 7.2.3. Core photos of the Fjerritslev Fm, Gassum-1 well. (A) F-la mb, Hettangian—Sinemu-
rian transition. The SB 11 is present in sandy grey mudstones in the lower part of the core and is
overlain by very dark grey mudstones. Core 47, 4702—-4722’ (c.1433-1439 m). (B) F-IIl mb,
Pliensbachian. Grey bioturbated silty mudstones, sequence 14. Core 33, 4016—4021’ (c.1224—
1226 m). (C) F-lll mb, Toarcian. Grey bioturbated silty mudstones above SB 15. Core 32, 3967—
3972’ (¢.1209-1211 m). (D) Bgrglum Fm, Oxfordian—Kimmeridgian. Greenish grey and reddish
mudstones indicating diagenetic overprinting due to subaerial weathering. Core 31, 3903-3914,
(c.1190-1193 m). Note the general poor core conditions, core diameter 8.5 cm. Core depths may
differ from log depths, see Nielsen (2003, Fig. 13).

The F-Il member

The member is 40.8 m thick in Gassum-1, and it is bounded by the sequence stratigraphic
surfaces SB 13 and TS 14. It is represented by the cores 38—40 that comprise very dark grey
mudstones commonly laminated with few thin fine sandstone laminae. It is interpreted to
represent deposition in an oxygen deficient offshore environment (Pedersen 1986). The GR
log readings show a relatively low amplitude peak at SB 13 indicating minor increase in fine
sand and silt constituents. An interval with prominent high GR readings is present from MFS
13 to SB 14. The interval correlates with a relatively high organic content as measured on
the ditch cuttings samples (Fig. 7.2.5). The high organic content in the unit is recognized
regionally, especially in the northern part of Jutland (Nielsen 2003). The member shows a
thickness of 13-86.6 m in the reference wells (Table 7.2.1). In northern Jutland, the F-II
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member is characterized by influx of sand and silt, which resulted in deposition of a hetero-
lithic mudstone and sandstone unit that is recognized in the Hobro-1 well and wells situated
further north towards the basin margin. But this is not the case in the Gassum area, where
the member is characterized by mudstones.

The F-lll member

The member is 100.6 m thick in Gassum-1, and it is bounded by the sequence stratigraphic
surface TS 14 at the base and at the top it is unconformably overlain by the Upper Jurassic
Barglum Formation. The youngest sequence stratigraphic surface of the Fjerritslev For-
mation that is recognized in Gassum-1 is TS 15. The F-lll member is represented by the
cores 32-37 that comprise dark grey mudstones with few thin fine sandstone laminae. It is
interpreted to reflect deposition in an oxygen deficient offshore environment as also indicated
by a lack of benthic fauna (Pedersen 1986). Towards the north, in Hobro-1, the lower part of
the member is characterized by an increase of thin siltstone and sandstone beds. The GR
log readings show a minor low amplitude peak at SB 13 indicating a moderate increase in
fine sand and silt, but otherwise the unit has relatively uniform medium to high GR readings
with an upward slightly increasing trend. Based on the reference wells the member is 167.6—
228 m thick when overlain by the F-IV member. In general, the thickness decreases south-
wards, and the member is not present in the Horsens-1 well.

The F-IV member

The F-IV member is not present in Gassum-1, but it is recorded towards the northwest and
east with thicknesses of 18.5-55 m (Table 7.2.1). Palynomorphs from the F-IV member indi-
cate that deposition of marine mud continued into the Toarcian (Dybkjeer 1991). The uncon-
formity on top of the Fjerritslev Formation in the Gassum structure may have been caused
partly by uplift and erosion due to growth of the Gassum salt pillow, and partly by regional
mid Jurassic uplift as recognized for e.g. the salt pillow structures of Stenlille and Havnsg
(Gregersen et al. 2023). The mid Jurassic uplift and erosion with expanded hiatus along the
Ringkabing-Fyn High is well documented by Nielsen & Japsen (1991) and Nielsen (2003)
(Fig. 3.6).

Bulk mineralogy

The bulk mineralogy of the Fjerritslev Formation mudstones has not been studied in detalil
from the Gassum-1 cores. Data from 10 cutting samples in the relative nearby Kvols-1 and
Kvols-2A, show that quartz is the dominant mineral in all samples with little or minor amounts
of kaolinite and illite or mica and calcite (Vosgerau et al. 2016). Pyrite occurs in small or trace
amounts. Feldspars, siderite and ankerite may occur in trace amounts. Calcite, siderite or
pyrite are present in some samples, mainly in the mudstones. Mbia et al. (2014) presented
petrophysical and mineralogical data from the Vedsted-1 and Stenlille-2 wells. The total clay
content is less than 50 (wt%) and dominated by illite.
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Clay minerals

The clay fraction of the Fjerritslev Formation mudstones in Kvols-1 and Kvols-2A generally
ranges between 42 and 46 (wt%) and accordingly the silt—very fine sand fraction ranges
between 54-58 (wt%) (Vosgerau et al. 2016). A single outlier analysis shows a clay content
of 26%. The clay mineral assemblages record kaolinite with 35—-39 (wt%), vermiculite and
mixed layer minerals with 45-49 (wt%) and illte, mica with 10-14 (wt%).

Burial and exhumation

Vitrinite reflectance (VR) values increase with increasing temperature and are thus a proxy
for maximum burial depth in undisturbed sedimentary successions. The process is irreversi-
ble, and the VR values therefore always record the maximum temperature the organic matter
has experienced. Petersen et al. (2008) measured 560 vitrinite reflectance values in samples
from 26 wells in the Norwegian—Danish Basin and showed that 25 of these had too high VR
values compared to present-day depth due to a significant post Early Cretaceous uplift in
most of the basin. The Gassum-1 well shows VR values from 0.49-0.52% in the F-la and F-
[l members of the Fjerritslev Formation in the depth interval from 1231-1480 m correspond-
ing to a net-exhumation magnitude of 579 m based on chalk sonic velocity data (Japsen et
al. 2007). This suggests a corrected maximum burial depth of ¢. 2570 m of the Fjerritslev
Formation. This burial depth may be considered when the capacity and quality of the Fjer-
ritslev seal is evaluated.

Characterization of the Fjerritslev Formation seal in Gassum-1

Schovsbo and Petersen (2024) have reported new data from the Gassum-1 well relevant for
seal evaluation. The relevant parts of their report are presented here to complement the
description of the sealing section in the Gassum structure. Element concentrations using
Handheld XRF (HH-XRF) were determined from 30 cuttings samples, and 8 cuttings were
imaged from this well, covering the range between 1193-1661 m, which encompasses the
Fjerritslev, Gassum and Vinding formations.

The cuttings from the Fjerritslev Formation display a high degree of colour variability, includ-
ing reddish, yellow, white, and different shades of grey and greenish (Fig. 7.2.4). This range
is somewhat broader than what is typically expected for the Fjerritslev Formation and may
indicate that the cuttings samples could have been mixed by cavings or that other processes
were involved, leading to a preferential concentration of hardened and/or cemented parts of
the formation.

The natural radioactive elements in the Gassum-1 well cuttings are generally determined to
be below the level of detection from the HH-XRF determination, resulting in a calculated
spectral gamma-ray (SGR) from HH-XRF determination that is very low compared to the
recorded gamma-ray (GR) log in the well (Figure 7.2.5). The SGR_max, where the maximum
APl value is estimated, is much higher but lacks the GR motif shown by the GR log measured
in the borehole. From below 1450 m, the alignment between the GR log curve and the
SGR_max appears to be reasonably good. However, it seems that no section in the well
have a good match between cuttings chemistry and the in-situ radioactivity. The overall im-
pression is thus that the lithologies of the cuttings is biased compared to the subsurface,
being less radiogenic in the main part of the Fjerritslev and more radiogenic and clay-rich in
the Gassum Formation than expected based on the GR log. Unfortunately, for this well, the
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GR log was the only measurement made, thus no further information is available for compar-
ison. It should also be noted that the GR log in the well is of general poor quality.

The Al and Si/Al curves more closely resemble the GR log curve, although the choice of
display scales significantly influences the visual impression of the ‘correlation’ (Figure 7.2.5).
Thus, it seems reasonable to utilize this curve and the key elements normalized to Al, i.e.,
Si/Al and K/Al, to evaluate the properties.
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Figure 7.2.4. Cuttings samples pictures from the Gassum-1 well. Grey lids shown to the right
have a diameter of 45 mm.

The K/Al ratio in the Gassum and Fjerritslev formations is approximately 0.3 to 0.4, similar to
what is measured in other sections of the Fjerritslev Formation, such as Vedsted-1, J-1X,
and Fjerritslev-2 (c.f. Schovsbo and Petersen 2024). The Si/Al ratio ranges between 2-5,
which is also consistent with other wells penetrating the Fjerritslev Formation, indicating that
the Gassum-1 well section through the Fjerritslev is expected to have similar properties as
observed in other wells. However, the generally poor quality of the cuttings from Gassum-1
limits the comparisons that can be made. Future studies on this well are recommended to be
based on cored sections.
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Figure 7.2.5. GR log curve and API values calculated from cuttings samples based on HH XRF
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Figure 7.2.6. Elemental logs of Al, Si, the Si/Al ratio, Ca and S from the Gassum-1 well.
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Figure 7.2.7. TOC, HI and Tmax profiles in the Gassum-1 well.

Seal capacity of the Fjerritslev Formation

The technical reports on the seal capacity of the Fjerritslev Formation, as investigated by
Springer et al. (2020) and Gregersen et al. (2023), highlights its significant potential for seal-
ing, particularly in the context of CO, storage. The Fjerritslev Formation, investigated primar-
ily in the Stenlille area, features here a seal succession approximately 250—-300 m thick,
characterized mainly by mudstones but with interbedded porous, thin sandy and silty layers
especially within the F-la member but also in the overlying members F-Ib—F-1V. Key findings
for the seal include an average porosity of 11%, air-permeability of 160 uD, and liquid per-
meability reaching 3 nD — comparable to the best-known petroleum caprocks. Additional
overburden measurements indicated liquid permeabilities around 200 nD, underscoring the
formation's excellent seal quality, which has been validated by over 30 years of natural gas
storage in the underlying Gassum Formation.

Capillary entry pressure, a critical factor for assessing seal capacity, was assessed from
Mercury Injection Capillary Pressure (MICP) experiments. Despite the challenges in convert-
ing results from the mercury/air system to the CO,/brine system, due to differences in contact
angle and interfacial tension, standard conversion values suggest capillary entry pressures
ranging from 5-10 MPa, with newer samples indicating a lower range of 1-5 MPa. The buoy-
ancy force exerted by the CO- on the caprock, influenced by the density difference between
formation water and injected COg, dictates the seal capacity for CO; storage. Estimations
show that the caprock capillary system can support CO2 column heights ranging from ap-
proximately 290 m to over 1000 m. Although site specific data from the Fjerritslev Formation
in the Gassum area are needed, the comparison to Stenlille area suggests its excellence as
a primary seal for the Gassum Formation, possessing potential robust sealing capabilities
here also.

Comparison between the Gassum-1 and Vedsted-1 wells

No HH-XRF data have been collected from the Stenlille wells, from which the good seal
properties cited above have been established. However, similar good seal properties have
been measured in the Vedsted-1 well (Mbia et al. 2014), as also noted by Springer et al.
(2020) in their review. The cuttings chemistry in the Gassum-1 well appears to be similar to
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that of the Vedsted-1 well, and it seems reasonable to suggest, as a first approximation, that
the Gassum-1 well likely share similar good seal properties as in Vedsted-1 considering their
position in the basin with the Gasum-1 being located more centrally at a larger distance to
the basin margin.

The clay content in the Vedsted-1 well ranges between 40-45% within the 1350-1745 m
interval (7 samples) studied by Mbia et al. (2014). This interval exhibits a Si/Al ratio of 4 and
an Al content of about 4000 ppm or slightly higher. Smectite and kaolinite may constitute up
to 50% of the clay volume in Vedsted-1, a significant portion of which will go undetected by
the GR curve, as these clay types are non-radioactive due to their lack of potassium (K),
thorium (Th), and uranium (U) — although smectite might potentially include surface-bound
U. A similar K/Al trend, as observed in Vedsted-1, can also be seen in the Gassum-1 well,
suggesting that a similar clay mineral assemblage is likely present here.

Recommendations for further studies on seal capacity

Site-specific studies on the seal capacity are needed for all structures to be matured towards
CO; storage. For the Gassum structure, no site-specific studies exist presently for the sealing
units and the need to establish fundamental knowledge of the seal properties is very high.
For the Fjerritslev Formation we can draw parallels to the better-known Fjerritslev Formation
in the Stenlille area and the Vedsted-1 sample set as a basis for the evaluation, but we cannot
safely rely on the representation of these. For the younger secondary sealing units in the
Gassum structure no analytical data exist on the seal capacity.

In Figure 7.2.8, a workflow to establish the fundamental seal information is outlined. In this
workflow, the studies conducted here, i.e., HH-XRF, cuttings imaging, and TOC and Rock
Eval analysis, form only part of the screening data that needs to be gathered. Other important
high-volume samples include porosity, surface area determination, mineralogy, and clay type
determination combined with grain size analysis. Once established, selection for more costly
but crucial analyses such as pore size distribution and capillary entry pressures, as well as
petrographic and microfacies descriptions, is advised.

High volume analysis Selected analysis

Grain size analysis Blostratigraphy

He-porosity and grain density Petrology

Imaging (normal light and hyper spectral) AQM

Hg injection
Sample — Cleaning MicroCT imaging
Crlushing Organic petroscopy

HH-XRF

TOC, TIC, TS

ICP-MS/OES

Bulk mineralogy

Clay mineralogy
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Figure 7.2.8. Workflow for seal and reservoir characterisation. In red are methods applied here.
Based on Schovsbo & Petersen (2024).
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Secondary seals of the Gassum Formation: The Bgrglum Formation

The Bgrglum Formation may represent an additional or secondary seal unit to the Gassum
Formation. Itis 20 m thick in Gassum-1 (1178-1198 m) and is dominated by dark grey, sandy
mudstones. The core 31, from 1193-1189 m, is represented by hard, greenish grey clay-
stones with shining, conchoidal fractures. Irregular patches of deep red and purple colours
may indicate a subaerial induced weathering horizon (Fig. 7.2.3D; Norwood et al. 1951;
Larsen 1966). This fits not well with the typical marine mudstones of the Bgrglum Formation,
as discussed introductory wise in this chapter, and possibly the basal part of the interval shall
be assigned to the Middle Jurassic Haldager Sand Formation.

The Bgrglum Formation is Oxfordian—Kimmeridgian in age revealing an unconformable lower
boundary to the Lower Jurassic Fjerritslev Formation in the Gassum-1 well. It is however
possible that the potential reservoirs of the Haldager Sand Formation and Flyvbjerg For-
mation are present in the northern part of the Gassum structure (see Chapter 6), and in this
case the Bgrglum Formation will be a seal to these units (Mathiesen et al. 2022). The Bar-
glum Formation represents a relatively condensed interval in the Gassum area where it
shows a minor thickness decrease towards the east (e.g., 13 m in Voldum-1, Fig 7.2.2) and
a general thickness increase towards the NW and W (e.g., 29 m in Kvols-1). The formation
represents generally offshore muddy depositional environments, and it interdigitates in the
upper part with shallow marine sandstones of the Frederikshavn Formation towards the North
and Northeast (Michelsen et al. 2003). In Gassum-1, the upper boundary of the Bgrglum
Formation is suggested conformable and overlain by sandstones of the Frederikshavn For-
mation of Kimmeridgian—Valanginian age (Dybkjeer 1991; Appendix B). No data exists on
seal performance and integrity of the Bgrglum Formation onshore Denmark (Mathiesen et
al. 2022).

Seals of the Frederikshavn Formation: The Vedsted Formation, Radby Formation
and lower part of the Chalk Group

Sealing units of the Frederikshavn Formation reservoir (uppermost Jurassic—Lower Creta-
ceous) in the Gassum area comprise overlying mudstones of the Vedsted Formation and
potentially; mudstones of the Rgdby Formation and tight carbonates in lower part of the Chalk
Group (Fig 7.2.1; Mathiesen et al. 2022). The seismic data between the mapped Top Fred-
erikshavn Formation and base Chalk Group show a general uniform thickness across the
Gassum structure and a thickness increase towards the northwest. The marine mudstones
of the Vedsted Formation are considered as the main sealing unit with a thickness of 76.5 m
recorded on the Gassum-1 well. The Rgdby Formation is not recorded in the Gassum-1 well,
but it is present in the nearest wells (distance of 30—40 km) to the north and to the west with
thicknesses of up to 20 m (Fig. 7.2.9). The Chalk Group is >950 m thick in the area but only
the deepest 200 m of the group is considered as part of the potential sealing (i.e. deeper than
800 m). The Chalk Group is overlain by 30 m of Quaternary deposits in Gassum-1. The seal
performance to the Frederikshavn Formation reservoir onshore Denmark is essentially un-
known (Mathiesen et al. 2022).

Stratigraphic framework

The Vedsted Formation in the Danish Basin spans the Valanginian to Albian. The lower
boundary of the Vedsted Formation coincides with the transition from marine silty claystones

GEUS 113



to less silty claystones in the central part of the Danish Basin (e.g., in Hyllebjerg-1; Michelsen
et al. 2003; Larsen 1966). The Radby Formation, which overlies or in some places are lateral
transitional to the upper part of the Vedsted Formation, consists of marine red marlstones
and marly chalks. Its base is suggested to be late Aptian or early Albian in age in the Danish
Basin based on foraminifers and ammonites (Sorgenfrei and Buch 1964) and its upper
boundary with the Late Cretaceous Chalk Group is late Albian to early Cenomanian in age
(Lauridsen et al. 2022; Jensen et al. 1986). Mudstones and carbonate beds forming the upper
part of the Vedsted Formation and the overlying Rgdby Formation were deposited in a mixed
siliciclastic-calcareous depositional system indicating lowstands when marly chalk and marl
dominated deposition, and highstands when pure chalk was deposited (Ineson 1993; Ineson
etal. 1997, 2022). Onset of pelagic carbonate production started in the late Early Cretaceous
(Late Albian) and dominated the depositional environment in the Danish Basin from the Early
Cenomanian. In the Lavg-1 well, the siliciclastic sedimentation continued into the Early Ceno-
manian. The Late Cretaceous (Cenomanian)-Danian Chalk Group represents deposition
dominated by pelagic chalk. The Cenomanian—Campanian part represents an overall trans-
gression in the region.

The Lower Cretaceous Vedsted Formation varies in thickness from a maximum of 700 m in
the Fjerritslev Trough in the northern Danish Basin to around 50 m or less in the eastern and
southeastern parts of Denmark (e.g., in the Slagelse-1 and Stenlille-1 wells where less than
23 m and 42 m, respectively, of Lower Cretaceous strata are preserved). A recent core study
on parts of the Vedsted Formation in the Vinding-1 well in central western Jutland presents
the vertical lithological variation in the formation and a revised biostratigraphic breakdown of
the Lower Cretaceous. The study indicates the presence of several unconformities and con-
densed intervals in the sedimentary record (Lauridsen et al. 2022). The Vinding-1 well is
located 85 km to the southwest of the Gassum structure in the southern part of the Danish
Basin and the Vedsted Formation is here about 190 m thick. In the Gassum-1 well this dis-
continuous sedimentation pattern can be seen in the Lower Cretaceous where new nan-
nofossil biostratigraphic data confirm the presence of Early Hauterivian, nannofossil subzone
BC8a (core 18) and middle Barremian, Zone BC15 (core 17) deposits. Core 16 is dated as
Late Cenomanian (subzones UC2c-3b) and the strata in between cores 16 and 17 may rep-
resent the Rgdby Formation. However, more biostratigraphic work on cuttings samples is
needed to confirm if the Redby Formation is present. The undated Lower Cretaceous interval
in the Gassum-1 well spans less than 20 m, that may indicate the presence of discontinuous
or condensed sedimentary units in the upper part of the Lower Cretaceous succession in the
Gassum area. Evidence of erosion and condensed sections are most pronounced along the
basin margins (e.g., only around 15 m of Lower Cretaceous strata is preserved in the
Ullerslev-1 well drilled on the Ringkgbing-Fyn High, RFH). The RFH remained an uplifted
landmass from the Middle Jurassic to Early Cretaceous and formed the southern border of
the Danish Basin (Michelsen et al. 2003).

The Lower Cretaceous successions in northern Jutland, in the central parts of the Danish
Basin (encountered e.g. in the Hyllebjerg-1, Fjerritslev-2, Haldager-1, and Vedsted-1 wells)
are all thicker than 400 m and reflect significant accommodation space for deposition. In
contrast, the successions in the wells on the Stenlille structure and the Slagelse-1, Horsens-
1 and Vinding-1 wells are thinner, reflecting less accommodation space along the basin mar-
gin. The seismic mapping of the Gassum area indicates that the composite thickness of the
Lower Cretaceous Vedsted Formation (between Top Frederikshavn Formation and Base
Chalk) is uneven, thick, between c. 50-150 m (thinnest at the top of the structure Figs. 6.2.3l,
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7.1.6) and thus comparable to the thickness on the Stenlille and Havnsg structures
(Gregersen et al. 2022, 2023).

The upper boundary of the Lower Cretaceous with the Upper Cretaceous Chalk Group is
considered to be transitional, and the lower part of the Chalk Group is characterised by the
presence of numerous marl layers in the lower 200-300 m.

The Vedsted Formation in the Gassum area

The Vedsted Formation is represented by cores 17 and 18 in the Gassum-1 well and in
sidewall cores from the Kvols-1, Hobro-1, Hyllebjerg-1 and Voldum-1 wells (Table 7.2.2). In
the Gassum-1 well, the Vedsted Formation has a thickness of 76.5 m. The Vedsted For-
mation in the other wells varies from 66 to 292 m in thickness (Table 7.2.3, Fig. 7.2.9). In the
Hyllebjerg-1 well, the thick Vedsted Formation (292 m) is dated as Valanginian—Albian in age
using foraminifera from cuttings and sidewall cores and is described as dark grey to black,
brown, and green mudstone with calcareous intervals. The Hyllebjerg-1 well therefore pos-
sibly represents a distal depositional environment. Focus here is on core data from the Gas-
sum-1 well. Cores 17 and 18 from the Vedsted Formation are unfortunately very fragmented
(Fig. 7.2.10).

The boundary between the Frederikshavn Formation and the Vedsted Formation is based
on the marked upwards increase on the gamma ray log indicating a change from sandstone
to mudstone. The lower part of the Vedsted Formation, present in core 18, comprises grey
to dark grey, medium hard to hard, sandy, and calcareous mudstone with fossil remains of
bivalves, gastropods, belemnites and fish scales (Fig. 7.2.10A). It has been dated based on
the nannofossils as early Hauterivian (Zone BC8a) confirming a previous dating based on
poorly preserved ammonites (Sorgenfrei & Buch 1964). The upper part of the formation is
presentin core 17 and comprises homogenous, calcareous, dark, pyrite rich, hard mudstone
(Fig. 7.2.10B). Fossil remains include ammonites, gastropods, bivalve and fish debris. This
upper part was previously dated as Aptian but is revised here to the middle Barremian (Zone
BC15) based on nannofossil biostratigraphy. The carbonate content of the Vedsted For-
mation generally increases upwards.

The Rgdby Formation in the Gassum area

The Ragdby Formation (Late Aptian to Early Cenomanian) is not cored in the Gassum area
and therefore is not defined with certainty (Table 7.2.3). However, based on petrophysical
logs and vintage biostratigraphy of cutting samples in the completion reports suggest pres-
ence of the Rgdby Formation in wells west and north of the Gassum structure (Figure 7.2.9,
Table 7.2.3). The Ragdby Formation is thus between 2 m (Hyllebjerg-1) and 14 m (Kvols-1
well) thick. In the Hyllebjerg-1, Hobro-1 and Kvols-1 wells the formation is described as dark
grey, green, red, black calcareous mudstones. In Hyllebjerg-1 occasionally thin beds of sand-
stone occur.

In the Gassum-1 well, the Rgdby Formation is not identified with certainty since vintage bio-
stratigraphy (based on foraminifera) from the Lower—Upper Cretaceous was inconclusive
and identified solely based on colour and comparison with the presence of Rgdby Formation
in the Vinding-1 core. However, revisions of Vinding-1 showed no presence of the Rgdby
Formation in the interval previously suggested and underlined that the colours of the facies
are not useful in identifying the R@dby Formation lithology (Lauridsen et al. 2022). The Radby
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Formation has been characterized as marine red marlstones and marly chalks (Sorgenfrei &
Buch 1964), but a revision of the Rgdby Formation is highly needed based on revised bio-
stratigraphy and lithology.

The geological completion report from the Gassum-1 well suggests that the upper boundary
of Lower Cretaceous is represented by an unconformity while biostratigraphic notes within
that report suggest a transitional boundary. In Kvols-1 and Voldum-1 an unconformity at the
upper boundary of Lower Cretaceous is also suggested based on both geological observa-
tions and biostratigraphy. In other parts of the Danish Basin, the upper boundary of the Rgdby
Formation is transitional, based on petrophysical log data indicating an upward decrease in
the gamma ray signal.

116 GEUS



@®KVOLS-1 [MD] }*22376 m+ ®HOBRO-1 [MD] }*23327 m & GASSUM-1 [MD]|t25599 m+ @&VOLDUM-1 [MD]
Mb| GR &2 B Mb| GR X Ell mb| GR EE mp| GR B

1:1050  0.00 gAPI 150.00 1:1050| 0.00 gAPI 150.00 1:1080| 0.00 gAPI 150.00 1:1050| 0.00 gAPI 150.00

. § 1388 ; 693

o
=
~

3 (=]
@

©

27.5:

940

1510
1410

1530
1430

980

750

1560
1450

1570
1470

790 | 770

1590
1490

810

1610
1510

1630
1530
apo

850

1650
1550

1710
610
910

1690 1670
MWWM«HMW

1590 1570

890 870

930

|
|
|
|
3
|

1340 1320 1300 1280 1260 [1240 1220 1200 ’1180 1160 1140 1120 1100 1080 1060 1040 1020 1000

o
2 2
= Qg’;.\ © ||
o
=) i < o 3
el 2 o
~ 1 9
©
° % - ° o
~
~ 1 =L S e s
- © <]
— 2
o (L]
8 T Q =2 2
~ e (=} =
- = & Z 5
=
o —
2 =) )
© = | =
= = |
=
3 o 2 —
« —
© =
= £ ~ L = E
kS o — -
o Q 5] [
0 5 3 =] 2
0 ° ~ - | 3
A L -~ | Q
> o — =S
o = —
g 2 5 -
= -
L
o g = g Main lithologies
o — c
2 % S S S |chak [
© ~ — ]
= = < | sandstone ]
— ;
& .5 |S\/|Iltssone —1
udstone
19173 18156 11206 1355 - D
o o Marlstone [T
w

Figure 7.2.9. Correlation panel focusing on the sealing units to the Frederikshavn Fm reservoir
in the nearest wells to the Gassum structure; namely the Lower Cretaceous Vedsted Fm and
Radby Fm and lower part of the Upper Cretaceous Chalk Group. Top Frederikshavn Fm is used
as baseline. Note the thickness increase of the Vedsted Fm seal towards the west in Hobro-1 and
Kvols-1, and the pinching out of the Rgdby Fm towards the east in Gassum-1 and Voldum-1.
Potential sealing units in the lower part of the Chalk Group is characterised by e.g. subtle increas-
ing GR readings indicating marly units.
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Table 7.2.2. Available sample material from the Lower and Upper Cretaceous in the Gassum
area; cores, sidewall cores (SWC) and ditch cuttings samples (grey shade).

Chalk Group Redby Fm | Vedsted Fm
Upper.Cretaceou?s, . Upper Crgtaceous, Lower Cretaceous
Turonian—-Maastrichtian Cenomanian
Gassum-1 Cores 1to 15 Core 16 Cores 17 and 18
Kvols-1 SWC SWC
Hobro-1 SWC
Hyllebjerg-1 SWC SWC
Voldum-1 SwC

Figure 7.2.10. Core photos of the Vested Fm, Gassum-1 well. (A) Lower Hauterivian, grey—dark
grey calcareous mudstones Core 18, 3490-3501’ (c. 1064—1067 m). (B) Middle Barremian highly
calcareous grey mudstones. Core 17, 3305-3325’ (c. 1007-1013 m). Note the general poor core
condition, core diameter 8.5 cm.
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The Chalk Group in the Gassum area

The Chalk Group in the Gassum area spans the Cenomanian—Danian (Table 7.2.3). The
base of the Chalk Group is situated at 1001.9 m in Gassum-1, and the uppermost Maas-
trichtian—Danian part is missing. In this report only the lower part is described in some detail
as most of the Chalk Group is shallower than 800 m. Basic subdivisions of the Chalk Group,
where chronostratigraphic subdivision is based on biostratigraphy or final well reports, are
shown in stratigraphic summary charts for in selected wells (Appendix B). Schematic logs of
cores 11-16 from the Gassum-1 well are presented in Figure 7.2.11, where the revised ages
of the lower part of the Chalk Group and main facies are also shown.

Table 7.2.3. Thicknesses and depths of Lower Cretaceous units (Vedsted Fm and Rgdby Fm)
and the Upper Cretaceous Chalk Group in the nearest wells to the Gassum structure.

Hyllebjerg Kvols-1 Hobro-1 Gassum-1 Voldum-1
Depth [Thickness| Depth |Thickness| Depth [Thickness| Depth |Thickness| Depth |Thickness
(m) (m) (m) (m) (m) (m) (m) (m) (m) (m)
Top Chalk Group 26 253 73 28.3 27
Chalk Group |Top Danian ?26 1372 253 1488 73| 1542.4 973.6 1220
Top Cretaceous ?161.5 537 159 28.3 27
Rgdby Fm |Top Redby Fm 1398 2 1741 14 1615.4 4.4 1001.9 0 1247 0
Top Vedsted Fm 1400 1755 1619.8 1001.9 1247
Vedsted Fm 1 e Vedsted Fm 02| 2% ws| 20 7a| 32 [Tio7sal 60 s °°

The lower part of the Chalk Group is Cenomanian in age and locally consists of hard and
microcrystalline chalk. This significant hard, lithified chalk likely causes locally increased seis-
mic velocities in the lowermost part of the Chalk Group (Fig. 7.1.6). On the sonic logs from
the Hobro-1, Kvols-1 and Hyllebjerg-1 wells, a downwards increase in sonic velocity towards
the base of the Chalk indicates this hard, lithified chalk (Appendix A). Sonic logs do not exist
for the Gassum-1 and Voldum-1 wells. In the basal part of the Cenomanian of the Hobro-1
well, a glauconitic calcareous silt- to mudstone bed is present. In Kvols-1 white to light grey
soft to firm chalk are present in a SWC drilled at the base of the Upper Cretaceous.

Core 16 in Gassum-1 is taken about 10 m above the base of the Chalk Group and it is dated
as Late Cenomanian nannofossil subzones UC2c to UC3b. The core was previously dated
as Santonian in the completion report (Danish American Prospecting Co 1951). The core
consists of greyish, bioturbated marly chalk (facies 1) intercalated in a cyclic manner by thin,
dark, marly laminated beds (facies 2) with marly beds appearing for each 30 to 50 cm (Fig.
7.2.11). Bioturbation related to the marl beds is not recorded. Some of the marly chalk beds
have a coarse-grained fraction of fossil fragments, predominantly bivalves. Flaser bedding
and solution seams reflecting chemical dissolution during burial diagenesis are common.
Flint is not present. Core 15 is taken 55 m above the base of the Chalk Group, and it is dated
as Late Turonian nannofossil subzone UC8ab. The core comprises clean, soft, white chalk
with a few thin, marly, slightly laminated beds (facies 3, Fig. 7.2.11). Core 14 is taken 100 m
above the base of the Chalk Group, and it is dated as mid Campanian nannofossil subzones
UC14d-15d. The core comprises clean, soft, white chalk with a few thin, marly, slightly lam-
inated beds (facies 3). Cores 13-12 are situated 180 m and 200 m, above the base Chalk
Group, respectively, and are dated as mid Campanian subzone UC15d. The cores consist
of marly chalk (facies 4), which is also reflected in slightly higher GR values. Core 11 is taken
250 m above the base of the Chalk Group at c. 750 m. It is dated as mid Campanian nan-
nofossil subzones UC15c-d and comprises cyclic marly chalk alternating with thin marl beds
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(facies 1). The remaining cores 1-10 from the Chalk Group are situated at shallower depth
than 750 m.
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Figure 7.2.11. Upper Cretaceous cores in the lower part of the Chalk Group in the Gassum-1
well, with biostratigraphic ages and main facies.

Porosity and permeability data of the lower part of the Chalk Group

Porous chalk reservoir is tested as CO. reservoir in its own rights (Yu et al. 2023), in contrast
the possibility for low porous chalk to act as seal for CO, migration of supercritical CO> from
below has been less studied.

There are no porosity and permeability data from the Chalk Group in the Gassum-1 well.
However, porosity and permeability data from the Upper Cretaceous of the Stevns-1 and
Stenlille-5 wells onshore Denmark and from Danish offshore wells are plotted in Figure
7.2.12. It is evident that the Coniacian chalks in the Stenlille-5 well have the lowest porosity
and permeability values (Gregersen et al. 2022). The relatively high porosity and permeability
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values from the Upper Campanian to Maastrichtian from the Stevns-1 well can be explained
by the relatively shallow burial history of this location, with maximal burial of 450-600 m
(Nielsen et al. 2011). Burial depths for the offshore chalks of the Danish Central Graben often
exceed 3000 m, but these chalk reservoirs have preserved a relatively high porosity due to
retarded compaction caused by regional overpressure of the formations and the presence of
oil and gas (e.g., Japsen 1998). The Stenlille data show a normal burial compaction with no
overpressure.

The non-reservoir chalks (low porosity and permeability) of the Central Graben have been
investigated with respect to understanding their capability as a pressure seal (Mallon &
Swarbrick 2002, 2008). Non-reservoir chalks have permeabilities which are similar to those
of siliciclastic mudstones. These studies show that both in clean and argillaceous chalks,
diagenetic alterations resulted in low permeability. Furthermore, the diversity of rock types
that exhibit low permeabilities suggests that seals are pervasive throughout the Chalk Group.
Non-reservoir chalks such as those presumably present in the Gassum area can therefore
potentially act as significant barriers to fluid flow and as significant pressure seals to for-
mations beneath the Chalk Group.
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Figure 7.2.12. Porosity and permeability plot of Upper Cretaceous chalks from onshore wells
Stenlille-5 core, Stevns-1 core and from offshore wells in the Danish Central Graben (GEUS in-
house data).
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Summary remarks on the seal of the Frederikshavn Formation

The seals of the Frederikshavn Formation in the Gassum area comprise the overlying Lower
Cretaceous Vedsted and Rgdby formations and the lower part of the Upper Cretaceous
Chalk Group. As these formations have neither been the main target for coring in the Gassum
area nor in other areas in the vicinity of the Gassum structure, this report summarizes the
present knowledge of these units based on vintage data. The Vedsted Formation is consid-
ered as the main sealing unit of Frederikshavn Formation in the Gassum area with a thick-
ness of 76.5 m in the Gassum-1 well.

In the Gassum area the Vedsted Formation varies in thickness from 66—292 m and consists
of relatively homogenous mudstones with minor variations in silt content and with upwards
increasing carbonate content. The Vedsted Formation possibly contains several unconform-
ities related to erosion and non-deposition, but more biostratigraphic dating is needed to
confirm this. E.g. in the Gassum-1 well, Lower Hauterivian to middle Barremian deposits are
present, but the presence of Upper Barremian and Lower to middle Aptian strata is not con-
firmed. The Ragdby Formation is not identified in the Gassum-1 well but in the Hobro-1 and
Kvols-1 wells itis 4.4 m and 14 m thick, respectively, and described as dark grey, green, red,
black calcareous shale- and claystone. It is suggested that the upper boundary of the Lower
Cretaceous represents an unconformity in at least the Gassum-1, Kvols-1 and Voldum-1
wells (Appendix B). There exists no analytical seal characterisation data (Mathiesen et al.
2022, Fig. 7.2.8) on the Vedsted Formation and Rgdby Formation and their seal performance
is therefore essentially unknown.

The Chalk Group in the Gassum area spans the Cenomanian—Danian, the uppermost part
of the Maastrichtian—Danian part is however missing in Gassum-1. The Cenomanian part
cored in the Gassum-1 well is represented by greyish, completely bioturbated, marly chalk
intercalated in a cyclic manner by thin, dark, marly laminated beds. The marly chalk is very
hard and is indicated by increasing sonic velocities in other wells closest to the Gassum
structure. The cored Turonian part in Gassum-1 comprises clean, soft, white chalk with few
thin marly beds and stylolites. The cored mid Campanian part comprises an increasing marly
upward succession going from clean chalk via marly chalk to and cyclic marly chalk with thin
marl beds.

The porosity and permeability data for the Chalk Group in Denmark are shown in Figure
7.2.12. Porosity and permeability values of the lower part of the Chalk Group are generally
very low when compared with other onshore data from the Danish Basin (Stevns-1). The
porosity and permeability data from the lower part of the Chalk Group in the Stenlille-5 well
reveal an ordinary burial compaction with no overpressure. There are however no data from
Gassum-1 cores or from the nearest wells to the Gassum structure.

The properties of the lower few hundred meters of the Chalk Group, in their potential capacity
as a secondary seal, can be compared with studies from the Danish Central Graben (Mallon
& Swarbrick 2002, 2008; Amour et al. 2022). It is possible that this lower part of the Chalk
Group will act as a seal to upwards fluid flow and high-pressure propagation from the under-
lying formations in the Gassum area. However, this can be further investigated if core mate-
rial from Gassum-1 and material from new wells are analysed. Sidewall core material from
the closest deep wells (e.g., Kvols-1 and Hyllebjerg-1) can also be very useful and relevant
to study in more detail regarding the sealing capacity of the lower part of the Chalk Group.
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Seals of the Skagerrak Formation: The @rslev Formation, Falster Formation and
Tender Formation (in part)

The sealing unit of the secondary Skagerrak Formation reservoir is represented by the Lower
to Middle Triassic @rslev Formation, with a recorded thickness of 315 m in Gassum-1 (meas-
ured depths of 2432.3-2747.2 m, Fig. 7.2.1). Seismic mapping shows thicknesses of the
@rslev Formation of c. 300—450 m in the structure (see Chapter 6; Fig. 6.2.3C). The formation
is represented by cores 100-111, consisting of brown to dark brown argillaceous sandstones
and shales with minor anhydrite and gypsum units representing mainly lacustrine—distal flu-
vial plain depositional environments. The lithology derived from the petrophysical logs show
a lower unit, 65 m thick, of alternating mudstones and siltstones with thin sandstones, a mid-
dle mudstone-dominated unit, 150 m thick, and an upper unit, 100 m thick, of mudstones and
minor amounts of thin siltstone and sandstone beds. The middle unit may be considered as
the main sealing unit of this formation due to the mudstone dominated signature. Only a few
other wells reach the @rslev Formation and Skagerrak Formation in the region, e.g. Rgnde-
1 to the southeast (40 km) where the @rslev Formation is 235 m thick and has significantly
high amounts of sandstones in the lower part. The @rslev Formation is only 83 m thick in
Ngvling-1 situated 85 km towards the SW and here the formation consists of mudstones with
minor amounts of dolomites in the middle part.

The overlying Falster Formation and lower part of the Tgnder Formation form a composite
mudstone dominated succession, nearly 300 m thick, in Gassum-1 that may serve as an
additional seal unit to the Skagerrak Formation reservoir. Selected cored intervals are repre-
sented by cores 99-93 (Appendix B).

A number of vintage reservoir property measurements exist from the @rslev Formation in the
Gassum-1 well (Michelsen et al. 1981). These data show a wide range of reservoir proper-
ties, but they are not related to detailed geological and petrographic descriptions. Associated
analyses of grain sizes by sieving are achieved for 7 samples in the lower part of the @rslev
Formation. These show a grain size range between 0.02 mm and 0.15 mm. Analysis of other
20 samples did not provide any results on average grain size due to fine-grained nature of
the mudstones. No data are available regarding bulk mineralogy, clay mineralogy and other
specialized analyses relevant for addressing the seal performance of the @rslev Formation,
the Falster Formation and lower part of the Tgnder Formation.
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8. Discussion of storage and potential risks

8.1 Volumetrics and Storage Capacity

Primary input for the estimation of potential CO; storage capacity has been the seismic rein-
terpretation of primary Gassum reservoir within the current older 2D survey lines combined
with extended interpretation across the newly acquired GEUS2023-GASSUM 2D seismic
survey (see also Section 4.1). Sandstone reservoirs in the Frederikshavn and Haldager Sand
formations may also possess a considerable reservoir potential (see also Section 7.1). But
the storage potential of these two units has not been evaluated in this study due to the insuf-
ficient logging suite in the Gassum-1 well. The same applies for the Skagerrak Formation.
Combined, these units may provide a significant upside to the storage capacity of the Gas-
sum structure. The detailed well analysis and a crucial element of revising the depth conver-
sion impacts the understanding of the reservoirs and their geometry in this well-defined relief
structure (see Figure 8.1.1).

The storage capacity estimates are average values for the whole structure. The well derived
data in Table 7.1.2, Scenario 1 is the primary input for the storage assessment. The petro-
physical and geological understanding of thicknesses and average net to gross reservoir
ratio of aquifer across the entire trap (the N/G ratio) in the Gassum-1 and neighboring wells
is therefore transformed into structure-specific geological-based average values for the stor-
age capacity estimation simplifying the spatial distribution/variation within the Gross Rock
Volume (GRV).

Traditionally the GRV is calculated as a total volume between the top and base reservoir
surfaces (see Figure 8.1.1). The so-called Waste Rock Volume (WRV) (James et al. 2013)
is subtracted from the total volume to give the resulting GRV. Average reservoir thickness
(i.e. net sand thickness) is not just equal to the isochore thickness (or the relief) between top
and base surfaces, why the gross thickness is corrected with the N/G ratio to get a more
realistic reservoir sand thickness for the GRV. Preferably, the thickness correction could also
incorporate potential thin sandstone wedges between top point and the spill point on the
flanks of the structure, if the seismic data support this.

For the storage capacity estimation of the Gassum structure, the Gassum Formation have
been evaluated as a structural four-way dip closure and is calculated so it can be compared
to CO- capacities of other structures across Denmark (e.g., Gregersen et al. 2023; Hjelm et
al. 2022).

The physical properties of the Gassum reservoir units are described in Section 7.1. At a later
stage the reservoir unit and identification of possible faulting must be assessed in more detalil
by dynamic 3D reservoir simulation models to ensure optimal development, injection and
filling of the reservoir unit of the structure, and to ensure less uncertainty on storage capacity.
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Figure 8.1.1. The Gassum depth structure map in meters (m) (generated in Petrel®, tied to near-
est wells and gridded by 250x250 m) provides the primary input to the capacity assessment. The
Gassum structure are located south of a W—E orientated fault system. The structural top point is
located at c. 1375 m and the deepest closing contour at 2300 m (marked in bold purple), and with
an area within the spill point of c. 280 km2. See also Chapter 6 for fault analyses and map location.
A schematic W-E profile across the structure is shown in Figure 8.1.3 (blue line).
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Figure 8.1.2. Conceptual profile (A—A") across a potential structure. The uncertainty in mapping
the structure results in the hypothetically min. and max. scenarios looking very different from the
most likely mapped scenario. Variance in area and in thickness (t) will affect the Gross Rock
Volume (GRV) of the structure. The uncertainty is addressed by applying uncertainty on the re-
sulting GRV.
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Figure 8.1.3. W-E schematic cross section of the Gassum structure showing the location of the
top and spill points for the Gassum Fm at the ¢. 1375 m and 2300 m contours. The cross section
highlights the interval between 1375 m and 2300 m used for a realistic GRV estimation (marked
with red polygon above 2300 m). For the Gassum reservoir, the GRV is calculated in Petrel® as
the volume between the top Gassum and base Gassum surfaces (i.e. the spill point). Near the
top of the Gassum structure the Gassum-1 well has a thickness of 130 m, but the mean thickness
within the 2300 contour-area of 180 m has been used storage capacity estimation based on the
new interpretation and depth conversion (see Fig. 6.2.3F). Notice that the profile is located south
of the fault zone north of the Gassum structure (see Figure 8.1.1.for location of the section and
the fault zone). The influence of the faults on the estimated storage capacity in not considered in
this study.

8.2 Volumetric input parameters

Evaluation and maturation of a CO, storage site includes several steps. The maturation
phase, carried out by GEUS, includes static calculation of theoretical storage capacity — pri-
mary based on Gross Rock Volume (GRV), net/sand thickness, average porosity and density
of the CO; (see also Section 7.1).

The current maturation phase does not provide dynamic capacity estimates of the potential
CO:q structures but focus on identifying and assessing extent and quality of reservoir aquifers.
Furthermore, no attempts are made to address e.g. seal breach, fault leakage, fault reacti-
vation, solubility of CO; in water, the effect of high concentration of salt etc.

To do detailed CO; storage capacity evaluation, it is important to assess aquifer quality and
connectivity, i.e. to identify the existence of thick, high permeable sandstone aquifers with
high connectivity with no major faults. This will require dynamic reservoir simulation, that may
result in different storage capacity than static estimations and will normally be the next step
for potential license holders.
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Gross rock volume

The Gross Rock Volumes (GRV) of the Gassum structure was original based on the Area
and Thickness vs. Depth methodology described by e.g. James et al. (2013). The calculated
Gross Reservoir Volume (GRV) is in this study estimated from the seismic mapped and depth
converted top and base reservoir surfaces, where the base surface is constrained by the spill
point surface (Figs. 8.1.2, 8.1.3).

The GRYV is calculated in Petrel as the volume between the top Gassum and the base Gas-
sum reservoir surfaces, giving a Gassum Formation thickness of c. 130 m (see Fig. 8.1.3).
The expected reservoir sand thickness is multiplied with the net/gross ratio estimated from
petrophysical analysis based on the nearest wells (see Section 7.1). Calculating GRV this
way provides greater accuracy and flexibility compared to previous used correction factors
for geometries with overestimated wedge volumes. This is because it allows for uncertainty
ranges on GRV and reservoir sand thickness to be modeled independently. Furthermore, the
method allows for a rapid GRV calculation, that can be used in a Monte Carlo simulation, to
establish an unbiased estimated range of GRV.

To evaluate the uncertainty on the GRV across the Gassum structure, a minimum and max-
imum case was also calculated as illustrated in Figure 8.1.2. by assigned a minimum, mode,
and maximum uncertainty range, where mode is the data value that occurs most often in the
dataset. This variation in GRV was inferred to cover uncertainty in interpretations, seismic
well ties, mapping and depth conversion. To reflect this uncertainty, a distribution for the
average GRV was constructed by defining the minimum and maximum of the distribution
based on surrounding wells and supplied by c. £10% (Table 8.2.1). It is assumed that the
GRYV distribution follows a Pert distribution defined by the minimum, mode, and maximum
values. The Pert distribution is believed to give suitable representation for naturally occurring
events following the subjective input estimates (Clark 1962).

For the reservoir unit, the other input parameters are also given as minimum, mode, and
maximum values — Net to Gross ratio, porosity, CO; reservoir density and the storage effi-
ciency factor are also assumed to follow a Pert distribution.

Table 8.2.1. Assessment of important parameters for the Gassum reservoir in Gassum structure,
where only the resulting Gross Rock Volume (GRV) min., mode and max. estimates are used for
the capacity estimation in Table 8.2.3. The mean thickness of the Gassum Fm (i.e. the Gross
sand thickness) is taken from Section 7.1 and Fig. 6.2.3F

Reservoir Apex Spill point Area Gross Sand TCK GRV
(m, TVDSS) | (m, TVDSS) (km?) (m) (km?)

Mode Mode Min. | Mode | Max. | Min. | Mode | Max.

Gassum Fm 1375 2300 280 144 180 216 | 45.40 | 50.44 | 55.48

Net to Gross ratio

The Net to Gross (N/G) ratios estimated from the petrophysical analysis of the Gassum-1
well are evaluated and reasonable average N/G-ratios across the entire structure is defined
as the mode of the distribution (see also Section 7.1). Some variance is expected due to
lateral variation of the lithologies owing to differences in facies distribution, depositional en-
vironment, diagenesis and general poor quality of the Gassum-1 logs. To reflect this uncer-
tainty, a distribution for the average N/G ratio was constructed by defining the minimum and
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maximum of the distribution as c. £20% with minor adjustments. A Pert distribution has been
applied.

Porosity

The porosity (¢) was estimated from petrophysical analysis of the Gassum-1 and surrounding
wells as described in Section 7.1. The well-derived estimates are considered as reasonable
average porosity across the entire structure (i.e. set as mode). Some variance is expected
as lateral and depth variations may occur (see Chapter 7). To reflect this, an average porosity
distribution has been constructed defining the minimum and maximum of the distribution as
c. £20% with minor adjustments. A Pert distribution for this element has been applied.

CO; density

The average in-situ density of CO2 was estimated using the ‘Calculation of thermodynamic
state variables of carbon dioxide’ web-tool essentially based on Span and Wagner (1996)
[http://www.peacesoftware.de/einigewerte/co2_e.html]. The average reservoir pressure
was calculated on the assumption that the reservoir is under hydrostatic pressure and a sin-
gle pressure point midway between apex and maximum spill point was selected representing
the entire reservoir.

Temperature for this midway point was calculated assuming a surface temperature of 8°C
and a geothermal gradient of 28 °C/km based on the Gassum-1 well, which is slightly higher
than the typical onshore gradient of c. 27 °C/km estimated by Fuchs et al. (2020). Assump-
tions and calculated densities for the individual reservoir units are tabulated in Table 8.2.2.
For a quick estimation of the uncertainty on CO; density, various P-T scenarios were tested
and in general terms a —-5% (min.) and +10% (max.) variation from the calculated mode was
applied for building a Pert distribution. All calculations showed that CO; would be in super-
critical state.

Table 8.2.2. CO: fluid parameter assumption and estimated values.

Reservoir Apex depth Spill point | Structural | Pressure GeoThermal | Mid Res. | CO,density
(TVDSS, m) depth relief HydroS. grad. Temp. (kg/m?3)
(TVDSS, m) (m) (MPa) (°C/km) (°C)
Gassum Fm 1375 2300 975 18.03 28 59.45 694.37
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8.3 Storage efficiency

Storage efficiency is heavily influenced by local geological subsurface factors such as con-
finement, reservoir performance, compartmentalisation etc. together with injection design
and operation (i.e. financial controlled factors) (e.g., Wang et al. 2013). A sufficient analogue
storage efficiency database is not available to this study and accurate storage efficiency fac-
tor-ranges lacks at this early stage of maturation. This emphasises the need for further in-
vestigations of the subsurface and development of scenarios and dynamic reservoir simula-
tion to better understand the potential storage efficiency ranges. In this evaluation, a range
from 5% to 20% with a mode of 10% is used as a possible range. The use of a storage
efficiency factor value of 10% assumes that the Gassum reservoir in the Gassum structure
have good reservoir characteristics based on Gassum-1, Scenario 1, and the uncertainty
caused by the identification of a faults on the northern side of the Gassum structure pene-
trating both the seal and reservoir on the new seismic data which reduces the mode value
(Fig. 8.1.1). A Pert distribution for this element has also been applied.
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8.4 Summary of input factors

In Tables 8.4.1, input parameter distributions are listed (all selected to follow Pert distribu-
tions defined by minimum, mode, and maximum). Input parameter distributions for the Gas-
sum reservoir is displayed in Figure 8.4.1.

Table 8.4.1. Input parameters for the Gassum structure — Gassum Fm

Parameter

Assumption

Min. Mode Max.
GRV (km?3) 45.40 50.44 55.48
Net/Gross 0.37 0.46 0.55
Porosity 0.23 0.285 0.34
Storage eff. 0.05 0.1 0.2
In situ COz density (kg/m?3) 659.65 694.37 763.81
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Figure 8.4.1. Example of some of the distribution shapes (Pert distributions) for the five input
parameters for the Gassum reservoir. The last input distribution plot is empty and not used.
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8.5 Storage capacity results

The modelled volumetrics was made on the assumption of the presence of an efficient res-
ervoir/seal pair capable of retaining COz in the reservoir. This basic assumption needs to be
tested by new 3D seismic data and further geological investigation. In Tables 8.5.1, the re-
sults of the Monte Carlo simulations are tabulated. The tables indicate both the pore volume
available within the trap (full potential above structural spill), the effective volume accessible
for CO; storage (applying the Storage efficiency factor to pore volume) and mass of COz in
mega-tons (MT) that can be stored. The tables present the 90%, 50% and 10% percentiles
(P90, P50 and P10) corresponding to the chance for a given storage volume scenario to
exceed the given storage capacity value. Mean values of the resultant outcome distribution
are also tabulated and is considered the “best” single value representation for the entire dis-
tribution.

Without addressing the influence of the faults located north of the top point of the Gassum
structure the increase in a mean unrisked static storage capacity of c. 498 Mt CO;, is calcu-
lated for the Gassum Formation, Scenario 1 with a range between c. 325 Mt CO, (P90) and
€. 689 Mt CO; (P10) and a P50 of c. 485 Mt CO; (Figure 8.5.1). Due to the variability-ranges
of the behind-lying factors, the modelled storage capacity has a significant range. As illus-
trated in Figure 8.5.2, the storage capacity uncertainty is linked with the uncertainty of the
storage efficiency factor. In comparison, CO; density at reservoir conditions, is believed to
be of minor concern.

Table 8.5.1. Gassum structure — Gassum Fm storage capacity potential

Results P90 P50 P10 Mean
Buoyant trapping pore volume (km?) 5.672 6.578 7.584 6.602
Buoyant eff. storage volume (km3) 0.466 0.693 0.693 0.712
Buoyant storage capacity (Mt CO2) 325.36 485.77 688.98 498.44

Notice that the storage efficiency factor is here assumed to be 10% compared to the previ-
ously used 40% (Hjelm et al. 2022), thus reducing the estimated CO; storage capacity. A
storage efficiency of 40% is only valid in a closed confined system with good well control etc.,
such as the Stenlille area. The efficiency factor is the most widely ranging parameter in the
storage calculation in deep saline aquifers. In the literature, the efficiency factor varies be-
tween 0.01% and 40%, but the processes underlying its derivation are not always clear, as
presented by Ehlig-Economides and Economides (2010). This estimation of CO; storage
capacity must be investigated further by, e.g., reservoir simulation modelling to ensure opti-
mal development and filling of the Gassum structure, and to minimise uncertainty.
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Figure 8.5.1. Modelled statistical distribution of the combined storage capacity potential for the
Gassum reservoir in the Gassum structure.
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Figure 8.5.2. Sensitivity or Tornado plot to how the various input parameters affect the estimate
mean of storage capacity (c. 498 Mt CO,) of the Gassum reservoir. The horizontal bars for each
parameter indicate change in storage capacity given that only that parameter is changed leaving
all other constant (end levels being P90 and P10, respectively, in the parameter input range). The
colours show the symmetric representation of the parameters on both sides of the mean storage

capacity.
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8.6 Potential risks

The present report provides an updated geological mapping describing reservoir-seal cou-
ples, the extent, thickness, closure, reservoir quality and volume of the primary reservoir
formation, as well as larger faults, but does not comprise a dedicated study of risks or risk
assessment of the structure for potential storage of CO». Thus, the report provides a geolog-
ical characterization and maturation of these identified elements and points out geological
related potential risks, that are recommended to be included for further evaluation and mat-
uration of the Gassum structure.

Not all geological risks can be identified at this early stage due to lack of dense seismic
coverage and well information, while other risks identified at this stage will be mitigated by
collection of new geophysical and geological data and further investigations. The risks de-
scribed below are not considered a full list, but rather emphasizes important points that needs
further attention in future studies and data collections.

Faults

Leakage along existing faults and compartmentalization of the reservoir due to faults in of
the Gassum-Fjerritslev formations reservoir-seal pair is considered the primary risks at the
current level of understanding. Especially the major east-west trending fault zone that ex-
tends for c. 15 km near the top of the structure constitute an element that warrants further
investigations. The faults extend from the @rslev Formation to the upper part of the Chalk
Group. The main fault movement in the fault zone is interpreted to have taken place during
the Late Cretaceous and/or during the Cenozoic, at the same time as major inversion tec-
tonism was taking place in the Sorgenfrei-Tornquist Zone. Besides this large fault zone,
smaller north-south trending faults are present in the top Fjerritslev Formation and shallower
successions in the southern part of the Gassum structure.

Faults are also present in the Stenlille structure, where the mapped faults are typically minor
in both lateral extension (up to few km) and vertical throws (typical up to 10—15 milliseconds)
and located kilometres apart (Gregersen et al. 2023). Despite the presence of faults in the
Stenlille structure, there are not registered any leakage or natural escape of gas, which has
been stored in the Stenlille structure since 1989 (Laier and @bro 2009). It is not known
whether the faults in the Gassum structure could act as migration pathways for CO2, hence,
at this point the faults should be considered as a potential risk of vertical leakage from storage
in the Gassum Formation, that needs to be addressed when maturing the structure further.

Faults could also be a challenge to lateral migration by causing compartmentalization of the
reservoir, such as known from the Gassum Formation in the Stenlille structure. Compartmen-
talization due to faults may reduce internal reservoir communication, and thus lower the stor-
age efficiency and increase the number of injection wells required to fill the structure.

Legacy well

The Gassum-1 well, spudded in March 1948 and finalised in 1951, is located near the top of
the structure and extends down to the uppermost part of the Zechstein, intersecting the pri-
mary reservoir-seal pair of the Gassum-Fjerritslev formations. Abandoned and improperly
sealed wells can leak fluids or gas into shallower stratigraphic layers, the groundwater, or
the atmosphere. Corrosion, casing failure, inadequate cementing, improper plugging, or
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physical damage to the wellbore could all be cause of leakage. The status and integrity of
the Gassum-1 well has not been investigated in this report; hence, this needs to be ad-
dressed when maturing the structure further.

Earthquake hazard

Denmark is a low risk area for earthquakes though small earthquakes do occur (Fig. 8.6.1).
Earthquake hazard for Denmark can be found in Voss al. (2015), where also lists of felt and
damaging earthquakes can be found. The largest earthquakes in or near Denmark have oc-
curred offshore Thy and in Kattegat. Large earthquakes have occurred in Kattegat, with a M
4.7 event in 1985 in the Swedish part of Kattegat (Arvidsson et al. 1991), and another large
earthquake in 1759 in northern Kattegat (Wood 1988). The largest instrumentally recorded
earthquake offshore Thy occurred in 2010 and had a M 4.3 (Fig. 8.6.2). The depths of the
earthquakes are very uncertain, but they are located within Earth’s crust.
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Figure 8.6.1. The coloured contours are redrawn onshore from Voss et al. (2015) and show the
estimated hazards given by the peak ground accelerations [cm/s?] for a return period of 475 years.
This corresponds to a 90% non-exceedance probability in 50 years. Given values are only valid
onshore Denmark. The contours are based on a validated catalogue of earthquakes over Magni-
tude 3 from 1960 to 2013. As the attenuation of earthquakes (ground motion prediction) has not
been determined specifically for Denmark, the global reference model by Spudich et al. (1997)
that describes attenuation from normal faults in hard-rock conditions was used.

A monitoring study was carried out around Gas Storage Denmark gas storage facility close
to Stenlille. Six seismic stations were in operation for almost three years during 2018-2021,
i.e. during a period with seasonal injection and withdrawal of natural gas, but 30 years after
the start of the gas storage operation. The detection limit within the storage area was calcu-
lated to be at least ML 0.0. No local events were detected within the survey period (Dahl-
Jensen et al. 2021). Based on the permanent seismic network, only few, small earthquakes
have been recorded near the Gassum structure and the seismic hazard of the area is low
(Fig. 8.6.2).
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Figure 8.6.2. All known earthquakes until the end of 2022, located since 1930 within the shown
area. The magnitude (shown by the size of the red dots) varies from ML 4.0 and down. All known
and assumed explosions have been removed, but some may remain, mainly offshore. The Gas-
sum study area of this report is marked with a black rectangle. The earthquake shown at the edge
of the rectangle was a M2.3 earthquake in 2007. Based on the permanent seismic network, only
few, small earthquakes have been recorded near the Gassum structure.
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9. Conclusions

This study shows that the Gassum structure forms a well-defined structural anticlinal dome,
with a four-way dip closure, cored by a Zechstein salt pillow that is overlain by a thick Trias-
sic—Lower Jurassic succession and younger strata. For this project, new seismic 2D lines
with a total length of c. 221 km were acquired during February to May 2023 to improve the
seismic data coverage of the structure.

The primary reservoir in the Gassum structure is considered to be sandstones of the Upper
Triassic—lowermost Jurassic Gassum Formation, with a thick mudstone succession of the
Lower Jurassic Fjerritslev Formation as the primary seal. Both formations are well-known
from nearby wells including the Gassum-1 well near the centre of the Gassum structure. In
addition, excellent secondary sandstone reservoirs may be present in the structure: The
deeper situated Triassic Skagerrak Formation with mudstones of the @rslev—Falster—Tagnder
formations as a seal, and the shallower Upper Jurassic—Lower Cretaceous Frederikshavn
Formation with the Lower Cretaceous claystone-dominated Vedsted Formation as a seal.
Both the Gassum and Frederikshavn formations have large closure areas and likely good
reservoir properties. As discussed in this report, the Middle Jurassic Haldager Sand and
lower Upper Jurassic Flyvbjerg formations possibly form additional reservoirs in parts of the
structure with the Upper Jurassic Bgrglum Formation as a seal.

Characterization of the reservoir quality of the Gassum Formation in the Gassum structure
is primarily based on core descriptions and core measurements. Overall, the Gassum For-
mation is divided into three reservoir zones separated by relatively thick mudstones. In the
Gassum-1 well, the Reservoir Zone 1 in the lower part of the Gassum Formation consists of
18.8 m sandstones and a net to gross ratio of 1.0 with an average porosity of 29.6% and
average permeability of 2637 mD. The shallower Reservoir Zones 2 and 3 have a net reser-
voir sandstone thickness of 20.9 m and 16.6 m, respectively, with calculated average porosity
of 27.9% and permeability of 511 mD. Within the primary reservoir of the Gassum Formation,
located at roughly 1500 m, the estimated salinity reaches approximately 112,000 mg/I CI-.
Meanwhile, at the depth of the Skagerrak sandstone reservoir, located around 2800 m, sa-
linity is estimated to be approximately 201,000 mg/I CI-, indicating that it is approaching sat-
uration with respect to halite.

The mudstone dominated Fjerritslev Formation is known to have good seal properties. The
thickness of the Fjerritslev Formation in the Gassum-1 well is 318.5 m. The seismic data
shows an uneven thickness of the Fjerritslev Formation from c. 300—350 m at the top with a
suggested marked thickness increase towards the north. The marine claystones and mud-
stones of the formation forms an effectively seal for the seasonal storage of natural gas in
the Gassum Formation in the Stenlille structure. Compared to the Stenlille area, the Fjer-
ritslev Formation is more fine-grained and contains less siltstone and sandstone layers in the
Gassum structure.

Faults are interpreted and described from the 2D seismic data with focus on their occurrence
in the Gassum and Fjerritslev formations. A major fault zone is present north of the top of the
structure (Fig. 1.4) where it can be followed for c. 15 km. Individual faults can be identified at
multiple seismic profiles and cause offsets in top Gassum Formation as well as the seal
(Fjerritslev Formation) and shallower successions of up to 40—60 milliseconds, correspond-
ing to c. 100 m offset. As faults may act as migration pathways or result in mechanical
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weakening of the seal or compartmentalization of the reservoir, it is recommended to inves-
tigate this further by additional data acquisition and analyses.

The areal extent of the Gassum reservoir in the Gassum structure is estimated to be c. 280
km?2, and is thus slightly larger than indicated in the previous regional study (233 km? in Hjelm
et al. 2022), which was based on vintage seismic and velocity data. Also, the structural relief
is larger than previously estimated (925 m compared to 725 m in Hjelm et al. 2022), due to
a better constrained depth conversion based on data from the new seismic survey. Without
addressing the influence of the faults located north of the top point of the Gassum structure,
the increase in the rock volume of the structure, together with an assumed storage efficiency
factor of 10% compared to the previously assumed 40%, the estimated storage capacity of
586 Mt CO; in Hjelm et al. (2022) is updated to a unrisked mean of 498 Mt CO, or between
c. 325-689 Mt CO.. The estimations are based on a static assessment of the storage capac-
ity and must be investigated further by more site-specific assessments and reservoir simula-
tion modelling.
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10. Recommendations for further work

The new data of the GEUS2023-GASSUM 2D seismic survey together with the existing data
provided a comprehensive database for the present updated mapping and analyses of the
size, spill-point, volume, details of reservoir- and seal successions, and faults of the Gassum
structure, included in this initial maturation. However, it is recommended, that a further mat-
uration of the structure should include new seismic acquisition, a drilling program, and a risk
assessment with seal integrity study, including analysis of leakage risk at faults and the leg-
acy well.

A 3D seismic acquisition over the potential injection and storage sites is recommended, for
more detailed interpretation prior to COz injection. Acquisition of 3D seismic data over the
structure can add important new data towards mitigating the fault related risks, develop sce-
narios to evaluate optimal well design, as well as provide data for modelling studies of CO-
migration.

During a potential future CO; injection phase, repeated seismic surveys in the same area
can contribute to monitor the extent of the CO2 migration, together with other monitoring tech-
niques (e.g., sampling in monitoring wells, seismometers, and other instrumentation). Such
data will also enable a more precise definition of trap closures and reservoir outline, which
again will feed into a refined storage volume calculation.

The study documents the existence of a major fault zone near the top of the Gassum struc-
ture. Faults can lead to compartmentalization of the reservoir and weaken the seal, which
may pose significant risks to CO, storage projects. The risk of leakage, fault reactivation and
compartmentalization should be addressed in geomechanical and reservoir modelling stud-
ies.

The existing Gassum-1 well was drilled in the period between 1948 and 1951. While several
cores were cut during drilling contributing to the geological understanding, the electrical log-
ging program run at the time of drilling reflects the technical capability at that time. The quality
and extend of the logging suite impact the accuracy to which reservoir and seal properties
can be evaluated. The area under structural closure at top Frederikshavn Formation level is
compatible with that at Top Gassum level. The Frederikshavn Formation may possess a
considerable reservoir potential level. But the storage potential of this unit has not been eval-
uated in this study due to the insufficient logging suite available. The same applies for the
Skagerrak Formation. Combined, these units may provide a significant upside to the storage
capacity of the Gassum structure, which should be evaluated once new wells with modern
electrical log suites and coring programs has been carried out. In addition, reservoir sand-
stones of the Haldager Sand and Flyvbjerg formations are probably present in parts of the
Gassum structure and if so, then provide a further upside of the storage capacity. Biostrati-
graphic analysis of samples from the interval referred to the Upper Jurassic Bgrglum For-
mation in the Gassum-1 well may contribute to elucidate if part of this interval in fact shall be
referred to the Haldager Sand Formation and/or the Flyvbjerg Formation. Should that be the
case, this Middle—lowermost Upper Jurassic interval should then be mapped out on the seis-
mic data.

Site-specific studies on the seal capacity are needed for all structures to be matured towards
CO; storage. For the Gassum structure, no site-specific studies exist for the sealing units
and the need to establish fundamental knowledge of the seal properties is very high. For the
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Fjerritslev Formation we can draw parallels to the better-known Fjerritslev Formation in the
Stenlille area and the Vedsted-1 sample set as a basis for the evaluation, but we cannot
safely rely on its representation. For the younger secondary sealing units in the Gassum
structure no analytical data exist on the seal capacity.

The geometry of the structure on the mapped surface of the Top Gassum Formation and the
relief from the deepest closure (spill-point) to the top structure is sensitive to mapping and
depth conversion constraints despite the much-improved database. Thus, it is recommended
to still improve the database and conduct a careful mapping and time-to-depth models.

A key element for the quantification of the storage potential of the structure is the understand-
ing of the storage efficiency. The storage efficiency factor is mostly dependent on reservoir
architecture and performance and thus potential heterogeneity, permeability, and compart-
mentalization, but also by economic aspects such as well density, well layout and injection
design. Better understanding of the reservoir and dynamic simulation of reservoir flow could
constrain storage efficiency better and thus narrow the estimated final capacity range.
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Appendix A — Well-log interpretations

(Gassum-1 and the nearest wells)

Links to well-log interpretations
. Gassum-1

. Hobro-1
. Kvols-1
. Voldum-1
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Appendix B — Biostratigraphy (see Chapter 7)

(Gassum-1 and the nearest wells)

Links to stratigraphic summary charts
. Gassum-1

*  Hobro-1

*  Hyllebjerg-1
- Kvols-1

*+  Voldum-1

Introduction

The Gassum-1 well penetrates the Gassum structure. In this well a series of cores were
taken from the Upper Cretaceous to the TD in Permian deposits and several biostratigraphic
studies have been performed on the core material. The biostratigraphic framework for the
Gassum structure is therefore mainly based on these data but is supported by data from four
offset wells located relatively near the structure, including Hobro-1, Hyllebjerg-1, Kvols-1 and
Voldum-1. The present summary of the biostratigraphy in these 5 wells is mainly focused on
the time interval represented by the Gassum and Fjerritslev formations.

The biostratigraphy has been used to guide the sequence stratigraphic framework for each
well and for the correlations between the wells.

For each well a link is given to two different digital stratigraphic summary charts as these
contain too many details to be seen in a printed version. One chart focuses on the Gassum-
and Fjerritslev formations and combines the chronostratigraphy, lithostratigraphy, biostratig-
raphy and sequence stratigraphy and further include the bio-events and biozonations for the
succession representing these two formations and their lower and upper boundaries. Another
chart shows the overall stratigraphy for the full well, combining the chronostratigraphy,
lithostratigraphy and sequence stratigraphy.

Provenance data (Olivarius et al. 2022) are included in the summary charts from those wells
from which such analysis have been made.

Zonations

The zonations used include the ostracod zonation of Michelsen (1975a), the dinocyst zona-
tion of Poulsen & Riding (2003) and a combination of the spore-pollen zonations of Lund
(1977), Dybkjeer (1991), Koppelhus & Nielsen (1994) and Lindstrom et al. (2023).
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Biostratigraphic summary for each of the key-wells

The biostratigraphy summarised here for each well is based on data from reports and publi-
cations combined with new data from some of the wells.

Gassum-1

The succession in the Gassum-1 well referred to the Gassum- and Fjerritslev formations is
represented by a close series of cores and the biostratigraphic data from this interval are
based on these cores. The data comprise analysis of spores, pollen, dinoflagellate cysts
(Nielsen 1983; Dybkjeer 1988, 1991; Poulsen 1996) and ostracods (Michelsen 1975a).

The biostratigraphic data strongly support the lithostratigraphic subdivision for the Gassum-
1 well presented in Nielsen & Japsen (1991), indicating the presence of a 123 m thick Gas-
sum Formation overlain by a 320 m thick Fjerritslev Formation. The boundary between the
Gassum and Fjerritslev formations is located in the lower Hettangian. The upper part of the
Fjerritslev Formation (uppermost part of F-lll Member and F-IV Member) is missing. The
Fjerritslev Formation is unconformably overlain by Upper Jurassic deposits referred to the
Barglum and Frederikshavn formations.

Hobro-1

A series of sidewall-cores through the interval from the lower Frederikshavn Formation down
to the lower part of the Gassum Formation were analysed for their content of spores, pollen
and dinoflagellate cysts by Bertelsen (FB) (Lyngsie et al. 1974).

Michelsen (OM) (in Lyngsie et al. 1974) studied ostrocods from a very dense series of ditch
cuttings samples from the Haldager Sand Formation down to the basal part of the Gassum
Formation (Lyngsie et al. 1974). The samples in the Haldager Sand Formation and the upper
part of the Fjerritslev Formation were barren of ostracods. Except for one species recorded
in the lowermost part of the formation, all the ostracods recorded from the Gassum Formation
were interpreted as being caved from younger parts of the succession.

The results of these analysis strongly support the lithostratigraphic subdivision of the suc-
cession referred to the Gassum and Fjerritslev formations. The boundary between the Gas-
sum and Fjerritslev formations is located in the lower Hettangian. The upper part of the F-IV
Member of the Fjerritslev Formation is missing, and the formation is unconformably overlain
by the Middle Jurassic Haldager Sand Formation.

Hyllebjerg-1

Palynological analysis have been made by Robertson Research (1983), Koppelhus (in Niel-
sen 1995) and Poulsen (1996). The analyses were made mainly on ditch cuttings samples
but also on a few sidewall core samples. In spite of these three reports, the stratigraphically
useful palynoevents within the succession referred to the Gassum and Fjerritslev formations
are rather sparse.

Michelsen (1989) presented the results of a very detailed study of the ostracods within the
Jurassic succession in the Hyllebjerg-1 well. This study resulted in a subdivision of the Fjer-
ritslev Formation strongly supporting the lithostratigraphic subdivision presented here.
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The boundary between the Gassum and Fjerritslev formations is located in the Hettangian.
The upper part of the F-IV Member of the Fjerritslev Formation is missing, and the formation
is unconformably overlain by the Middle Jurassic Haldager Sand Formation.

Kvols-1

Based on a mixture of ditch cuttings samples and sidewall core samples a series of paly-
noevents was presented by Robertson Research (1976, 1983) from the Lower Cretaceous
down to the base of the well.

Ostracod data exists only from the upper part of the Fjerritslev Formation (Michelsen 1989).

The results of these analysis strongly support the lithostratigraphic subdivision of the suc-
cession referred to the Gassum and Fjerritslev formations. The boundary between the Gas-
sum and Fjerritslev formations is located in the Hettangian. The upper part of the F-IV Mem-
ber of the Fjerritslev Formation is missing, and the formation is unconformably overlain by
the Middle Jurassic Haldager Sand Formation.

The biostratigraphy in the Kvols-1 wells indicates a different correlation of sequence strati-
graphic surfaces with e.g. the Gassum-1 well at several stratigraphic levels within the Fjer-
ritslev Formation than the correlations presented in the present study, which mainly is based
on log correlations and sequence stratigraphy. A new, more detailed, biostratigraphic study
in the Kvols-1 well is therefore suggested.

Voldum-1

A few sidewall core samples have been analysed palynologically by Bertelsen (1974). Only
one sample represent the Gassum Formation, three the Fjerritslev Formation while six sam-
ples represents the overlying Middle Jurassic — Lower Cretaceous units. All these samples
were also examined for the present study by Karen Dybkjeer in order to try to identify addi-
tional stratigraphically important taxa.

Michelsen (1975b) analysed ostracods in a series of ditch cuttings samples covering the
Vinding, Gassum and Fjerritslev formations. The resulting data are rather sparse as several
of the samples were either barren or characterised by caved material. However, three ostra-
cod zones were identified.

The results of these analysis generally support the lithostratigraphic subdivision of the suc-
cession referred to the Gassum and Fjerritslev formations. The upper boundary of the Gas-
sum Formation is dated as early Hettangian. The upper part of the F-1ll Member and the F-
IV Member of the Fjerritslev Formation is missing, and the formation is unconformably over-
lain by the Middle Jurassic Haldager Sand Formation.
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