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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 26th, 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 30th, 2021 includes a decision to continue 

the initial investigations of sites for potential geological storage of CO2 in Denmark. GEUS 

has therefore from 2022 commenced seismic acquisition and investigations of potential sites 

for geological storage of CO2 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 Havnsø, Gassum, Thorning, and Rødby structures, and in addition the 

small Stenlille structure as a demonstration (pilot) 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 

storage of CO2. 

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 CO2 

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 køreplan for lagring af CO₂, 

der inkluderer undersøgelser af potentielle lagringslokaliteter i den danske undergrund. Der 

er derfor udvalgt fire store strukturer på land med dataindsamling og kortlægning til videre 

modning: Havnsø, Gassum, Rødby og Thorning, samt den mindre Stenlille struktur til de-

monstrationslagring (Fig. 1.1–1.3). Derudover indsamles nye data til kortlægning og modning 

for den kystnære Jammerbugt struktur, mens de to Inez og Lisa strukturer, længere mod vest 

i Nordsøen, kortlægges og modnes baseret på eksisterende data.  
 

Havnsø strukturen er en stor og dyb struktur, der ligger kystnært i Vestsjælland, nær Havnsø. 

Tidligere og nye seismiske data viser strukturens form og opbygning. Korrelation med de 

seismiske data til det nærliggende Stenlille område med 20 boringer giver en vigtig viden om 

regionens geologiske opbygning, som også kan tolkes op til Havnsø området, hvor der ikke 

er dybe boringer.  
 

Dette sammendrag opsummerer kort forundersøgelsen og den initiale vurdering af lagrings-

muligheden i Havnsø strukturen. Vurderingen bygger på tolkning af eksisterende samt nye 

geologiske og geofysiske data og viden (Kapitel 3−4), og belyser undergrundens geologiske 

opbygning i og omkring Havnsø strukturen (Kapitel 5–7). Vurderingen har fokus på struktu-

rens form, størrelse, overordnede opdeling inklusive reservoir- og seglforhold, geologiske 

risikofaktorer, især større forkastninger og segl, og der foretages en vurdering af statisk lag-

ringskapacitet for det primære reservoir (Kapitel 8). Desuden opsummeres anbefalinger til 

yderligere modning af strukturen hen imod en mulig CO2 lagring (Kapitel 9, 10). 

 

Datagrundlag 

Havnsø strukturen er dækket af et net af refleksionsseismiske data (Fig. 4.1.1) med 2D pro-

filer af varierende tæthed og kvalitet indsamlet i 1960’erne, 1970’erne, 1980’erne, 1990’erne, 

samt i 2022 for dette projekt. De ældre datasæt er generelt af dårlig kvalitet med meget støj. 

Derfor blev der i august til oktober 2022 indsamlet ni nye 2D refleksionsseismiske profiler (i 

alt c. 130 km) ved hjælp af 2 vibrator trucks (kilde), tilkoblet en land-streamer med geofoner, 

samt trådløse geofoner i vejsiden. Disse data har forbedret dækning og kvaliteten af data 

samt tolkningsmulighederne over strukturen og flankerne (Fig. 4.2.1–4.2.7). Uppsala Univer-

sitet gennemførte indsamlingen og processeringen på vegne af GEUS, med seismiske kilder 

(2 vibrator-lastbiler) fra polske Geopartner Sp. zo.o og med feltassistance fra universitetsstu-

derende fra Københavns- og Uppsala universiteter. COWI varetog ansøgninger om tilladel-

ser, logistik, kommunikation og borgerkontakt. Der blev forud for indsamlingen informeret på 

tre borgermøder i juni 2022, via webside information hhv. af GEUS og COWI, via informati-

onsbreve og flyers, samt på to besøgsdage under indsamlingen. Det nye 2D seismiske sur-

vey (GEUS2022-HAVNSOE) har forbedret data grundlaget over toppen og flankerne af 

Havnsø strukturen og muliggør en forbedret kortlægning. Surveyet er udført så det også 

indeholder en lang linje (P1: Fig. 4.1.1), der forbinder og forbedrer korrelationsmulighederne 

fra den meget store database (boringer og 3D survey) i Stenlille strukturen med Havnsø 

strukturen. P1 linjen blev indsamlet med startpunkt indenfor 3D surveyet (Fig. 4.1.1) nær 

Stenlille-19 boringen og fortsætter mod nordvest helt op til kysten, hvor den forbindes med 

marine data og slutter ude på Nekselø. Derfor forbinder denne linje Stenlille området og de 

eksisterende data med Havnsø området og marine data. P1 linjen fra den originale proces-

sering ved Uppsala Universitet og reprocesseringen ved Realtime Seismic viser begge, at 

3D surveyet fra 1997 i Stenlille området skal korrigeres c. 40 millisekunder ned. 
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Tolkning 

Havnsø strukturen er en geologisk 4-vejs lukning med forkastninger, som er dannet fra Jura 

til Tidlig Kridt tid over en dyb salt pude med Zechstein salt (Fig. 1.2). De primære reservoir-

segl-par i Havnsø strukturen forventes at have mange lighedspunkter med det boringspåvi-

ste geologiske lagringskompleks i Stenlille, som er vist i Figur 1.3: Det primære reservoir-

segl-par er Gassum−Fjerritslev formationerne; De to dybere, sekundære reservoir-segl-par 

er hhv. Intra Oddesund sandstenslag med overliggende mudderstenssegl (Oddesund For-

mation), og Bunter Sandstone Formation med overliggende mudderstenssegl (Ørslev Fm) – 

se også den generelle lithostratigrafi for det Danske Bassin i Figur 3.3. 

Strukturen lukker på flere stratigrafiske niveauer fra Trias til Jura. Særligt vigtigt er lukningen 

på toppen af Gassum Formation (Sen Trias alder) med det primære reservoir, som har fokus 

i denne vurdering (Kapitel 6). Formationen blev i boringerne i Stenlille området opdelt i 6 

zoner (Zone 1–6), som indeholder reservoir sandsten af forskellig tykkelse med de tykkeste 

sandsten i de to nederste zoner (5 og 6). Reservoirzonerne indeholder primært sandsten 

men lersten og siltsten indgår i zonerne med varierende tykkelse og er defineret i Stenlille 

boringerne. Da der ikke er boringer i Havnsø strukturen er disse zoner ikke påvist i strukturen. 

Der er dog tolket enkelte profiler fra de nye seismiske data med korrelation fra Stenlille bo-

ringer og 3D seismik, der illustrerer en mulig opbygning af sekvenser i formationen ud mod 

Havnsø strukturen (Kapitel 7). Derved gives en tolkning af formationens opbygning og mulige 

indhold af sandstensdominerede reservoir zoner. 

Beskrivelsen af Gassum Formationen er baseret på Stenlille boringerne understøttet af mere 

regional viden. Gassum Fm er c. 140–160 meter tyk i både Havnsø og Stenlille strukturen 

baseret på tykkelseskort fra den seismiske tolkning med korrelation til boringer i Stenlille 

området. Den består i Stenlille strukturen og sandsynligvis også i Havnsø strukturen primært 

af sandsten med lerstenslag, dog muligvis med færre sandsten og mere lersten i Havnsø 

strukturen. Formationen har varierende reservoir-egenskaber, som er beregnet i Stenlille bo-

ringer både fra logs og kernemålinger, hvorfra data sammen med den seismiske tolkning 

indgår i vurderingen af Havnsø strukturen (se også Afsnit 7.1).  

Et reservoir i Gassum Formationen defineres som en sandsten, der har et ler-indhold <0.5% 

og porøsitet >10%. Gassum Formationens reservoirsandsten og potentielle reservoiregen-

skaber i Havnsø strukturen (uden boringer) er vurderet som prognose i tre forskellige scena-

rier: (1) Som i Stenlille strukturen; (2) Et regionalt gennemsnit fra Stenlille brønde (ST-1 og 

ST-19) og nærmeste omkringliggende boringer; (3) Ud fra en sekvensstratigrafisk tolkning, 

der bygger både på seismiske data og korrelation med brønddata (Kapitel 7). Tolkningen 

viser, at ud mod Havnsø strukturen indeholder Gassum Formationen primært lavstandssand-

sten fra sekvens 4, 5 og 6, der i Stenlille har gode reservoiregenskaber.  

For scenarie 1 gælder det, at der kan forventes reservoirsandsten i sekvenserne 3–7 (i hele 

formationen) med en samlet reservoirsandstenstykkelse på 111 m, en gennemsnits porøsitet 

på 21,9% og en permeabilitet på omkring 800 mD. Til scenarie 2 bruges ud over brønde fra 

Stenlille også andre omkringliggende brønde, som bidrager til en statistisk estimering af re-

servoirparametrene, som giver anledning til en samlet tykkelse af reservoirsandsten på 69 

m, en gennemsnits porøsitet på 23,3% og en permeabilitet på ca. 1100 mD. Scenarie 3 byg-

ger mere på en geologisk aflejringsmodel, som er understøttet af tolkningen af de seismiske 

data, hvor lavstandssandstenene fra sekvenserne 4 – 6 også forventes aflejret i Havnsø 

strukturen. Ved dette scenarie belyses reservoiregenskaberne ved en samlet 
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reservoirsandsten på 47,6 m, en gennemsnits porøsitet på 27,3% og en permeabilitet på ca. 

1500 mD. Det bemærkes, at uanset hvilket af disse tre scenarier, der anvendes til at forud-

sige reservoiregenskaberne i Havnsø strukturen, så ses det, at der er gode reservoiregen-

skaber. 

De nye data med ny kortlægning bekræfter, at Havnsø strukturen lukker på top reservoir 

niveau ved Top Gassum Fm og ved toppen af de sekundære reservoirholdige formationer i 

Oddesund Fm (Intra Oddesund sst. lag) og Bunter Sandstone Fm (Fig. 6.3.3). Lukningens 

størrelse på Top Gassum dybde-struktur kortet (Fig. 6.3.3C, 8.1.1) er c. 70 km2 ved den 

lukkende kontur på c. 1710 m dybde under havniveau (below mean sea level - b.msl). Top-

pen af strukturen ved Top Gassum Fm er c. 1550 m (b.msl) og højden (relief) af strukturen 

fra spill-point er derfor c. 160 m. 

Beregningerne i denne undersøgelse viser en væsentlig potentiel lagringskapacitet (storage 

capacity) af CO2 i Gassum Formationen i Havnsø strukturen (Kapitel 8). Lagringskapaciteten 

er her estimeret for tre scenarier (se beskrivelse ovenfor) ud af mange mulige i en 4-vejs 

lukning. Den gennemsnitlige (mean) lagringskapacitet (buoyant storage capacity) i Gassum 

Formationen for Havnsø strukturen er for 4-vejs lukningen af strukturen estimeret for hvert 

scenarie til hhv.: (1) 65 megaton (MT) CO2; (2) 58 MT CO2 og (3) 35 MT CO2. I scenarie 3 

er tolkningen, at Havnsø strukturen primært indeholder reservoir sandsten fra sekvens 4–6, 

dog kan andre tyndere enheder forekomme. Lagringskapaciteten og de mulige lagringssce-

narier bør undersøges nærmere, f.eks. med mere konkrete data (herunder placering af in-

jektionsboringer) og reservoir simuleringsmodeller. 

Der kan desuden være lagringspotentiale af CO2 i dybereliggende sandsten i Oddesund og 

Bunter Sandsten Formationerne (se Kapitel 7 og 8 for flere detaljer om reservoiregenskaber 

og lagringskapacitet). Sandsten i Oddesund og Bunter Sandsten Formationerne er i Stenlille 

området dokumenteret i ST-19 boringen, som er den eneste boring, der boret til dette strati-

grafiske niveau, men det må forventes, at der er variationer igennem området til Havnsø. 

Sandsten i Oddesund Formationen er også påvist i både Slagelse-1 og Ullerslev-1 borin-

gerne, hvor de dog er tynde. Derfor kan det forventes, at sandsten kan være tynde eller 

fraværende i Havnsø strukturen. Det vurderes derfor ikke sandsynligt i denne rapport, at 

Oddesund Formationen har et reservoirpotentiale i Havnsø strukturen. 

På samme måde som for Gassum Formationen, er Bunter Sandsten Formationen vurdereret 

som prognoser i to scenarier, hvor første scenarie baserer sig på data fra Stenlille-19 og 

Slagelse-1 boringerne, imens scenarie 2 bygger på en mere regional og statistisk tilgang til 

reservoirkarakteriseringen baseret på data fra flere boringer. I scenarie 1 for Bunter Sandsten 

Formationen vurderes reservoiregenskaberne i Havnsø strukturen at have en samlet reser-

voirsandstenstykkelse på 118 m, med en gennemsnitsporøsitet på 19,1% og en permeabili-

tet på 129 mD. Scenarie 2 inddrager flere brønde (se kap. 7 for flere detaljer), som er mere 

fordelt over bassinet. Her vurderes den samlede reservoirsandstenstykkelse til at være 90 m 

med en gennemsnits porøsitet på 18,6% og med en permeabilitet på 204 mD. Derfor forven-

tes det, at Bunter Sandsten Formationen kan betragtes som et rimeligt godt sekundært re-

servoir i Havnsø strukturen. 

Det primære segl for Gassum Fm er Fjerritslev Fm, som er en flere hundrede meter tyk suc-

cession af lersten af seneste Trias til Tidlig Jura alder. Den nederste del af formationen (un-

der TS11 sekvensfladen) indeholder i Stenlille boringerne nogle tynde lag af silt- og sand-

sten, der muligvis kan reducere seglkapaciteten, mens den øverste og tykkeste del af forma-

tionen vurderes at have de bedste seglegenskaber. I lighed med Stenlille strukturen, 
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vurderes det for Havnsø strukturen, at der over Fjerritslev Fm forekommer sekundære segl 

med lersten fra Vedsted Fm, mergel og kalk fra Rødby Fm (begge Nedre Kridt) og derover 

en kilometer-tyk enhed (Chalk Group) af primært skrivekridt og kalk af Øvre Kridt til tidlig 

Paleocæn (Danien) alder, og som er dækket af yngre aflejringer. Fjerritslev Formationen, der 

er vidt udbredt i Danmark, forventes også at være til stede i Havnsø strukturen med en lig-

nende sammensætning og tykkelse som den kendes fra Stenlille boringerne. Sikker naturgas 

lagring i Gassum Formationen i Stenlille strukturen er foregået gennem mere end 30 år og 

har vist, at seglene er effektive. 

Overalt i regionen overlejres Bunter Sandsten Formation af den finkornede Ørslev Forma-

tion, som formentlig har gode forseglende egenskaber. Både de seismiske data og en mere 

regional sammensætning taler for, at denne formation sandsynligvis også er til stede i 

Havnsø strukturen og vil kunne agere som segl for eventuel lagring i Bunter Sandsten For-

mationen. 

Der er identificeret nogle små forkastninger (mest kun i størrelsesordenen 10–15 ms TWT), 

især med NV-SØ og SV–NØ retninger med små forsætninger i Gassum og Fjerritslev For-

mationerne i toppen af strukturen (Kapitel 6). Der er også nogle mindre forkastninger oppe i 

Kalk gruppen. Det er formentlig ældre, inaktive forkastninger og der er i området kun regi-

streret få og meget svage jordskælv. Eventuel CO2 injektion bør ske væk fra forkastninger 

og ikke nær saddelpunkter.  

De nye 2D seismiske data fra Havnsø strukturen har forbedret datagrundlaget betydeligt med 

større linjedækning, datakvalitet og tolkningsmuligheder af bl.a. strukturens størrelse, lukning 

på top reservoir niveau, volumen, detaljer i reservoir- og segl enheder, samt forkastninger til 

denne initiale modning af strukturen. 

De nye seismiske data og grids (to-vejs tid; TWT) af de vigtigste tolkede horisonter fra denne 

rapport er publiceret og tilgængelige via GEUS projektlinket: https://www.geus.dk/produkter-

ydelser-og-faciliteter/data-og-kort/ccs-data-2022-2024 

Strukturen bør dog undersøges yderligere forud for en eventuel beslutning om injektion og 

lagring af CO2 og det anbefales at supplerende 3D seismiske data indsamles over de områ-

der, der vurderes egnet til lagring, da der på nuværende tidspunkt stadig er noget afstand 

mellem linjerne med data. Dette ville kunne øge den foreliggende viden om reservoir, segl 

og forkastninger, og derved forbedre mulighederne for modellering af CO2 migration, risiko 

analyser og detail planlægning før injektion (Kapitel 10).  

Under en eventuel injektion kan gentagne indsamlinger af seismiske data de samme steder, 

sammen med anden monitering og målinger (f.eks. via forskellige målinger i observations-

boringer og i overfladeære lag, seismometre, sensorkabler, satellit, osv.), desuden bidrage 

væsentligt til monitering af CO2 udbredelse. 

Viden fra forundersøgelsen af Havnsø strukturen vil indgå i myndighedernes videre arbejde 

med at afdække muligheder og behov, samt eventuelle krav til flere data og undersøgelser 

for yderligere modning af et potentielt lager. 

https://www.geus.dk/produkter-ydelser-og-faciliteter/data-og-kort/ccs-data-2022-2024
https://www.geus.dk/produkter-ydelser-og-faciliteter/data-og-kort/ccs-data-2022-2024
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1. Summary 

The subsurface in Denmark has a large number of deep structures offshore and onshore, 

and some of these are suited for CO2 storage and some are also located near emission 

sources (Fig. 1.1). The named structures are selected for initial investigation and maturation 

through seismic acquisition, geological analyses, and renewed mapping from 2022 to 2024 

by GEUS, and with cooperating partners on acquisition and processing (see database chap-

ter below). 

This report provides basic descriptions of the Havnsø structure (Fig. 1.1–1.3) based on a 

seismic database including newly acquired seismic data over the structures and with ties to 

wells in the Stenlille structure to improve the understanding of the structure in terms of its 

geological development, size, relief, composition, and geometry of the structure. It includes 

a description overview and new mapping of the reservoir and seal formations, the largest 

faults, the lowermost closure (spill-point) and top point at the top of the reservoir, estimations 

of the overall closure area and potential storage capacity.  

 
Figure 1.1. Map of Danish structures with potential for geological storage of CO2. The named 

dark green structures (Stenlille, Havnsø, Rødby, 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 Havnsø structure, and the study area is marked 

with a red rectangle. From Hjelm et al. (2022). 
 

The new 2D seismic survey (GEUS2022-HAVNSOE survey) included in the present report-

ing was acquired in the autumn 2022 to enable improved mapping of the Havnsø structure 

and consists of c. 130 km seismic lines over the structure (Chapter 4). The survey includes 
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also a long 2D line (P1) that was acquired with the scope of enabling the correlation of the 

dense high-quality database from the Stenlille structure in the mapping and analyses of the 

Havnsø structure. This regional line was collected within the 3D survey area near to the 

Stenlille-19 well to the east and continues to the west coast of Zealand at Havnsø and ends 

with marine data and data on the island of Nekselø. Thereby a new direct seismic line from 

the Stenlille area to the sea is acquired and both the original processing by Uppsala Univer-

sity and a reprocessing in 2023 of the line and of the 3D survey by Realtime Seismic (RTS) 

show that the original 3D seismic dataset from 1997 in the Stenlille area is offset ca. 40 

milliseconds (ms TWT) too shallow. Consequently, vintage seismic 2D lines were time-

shifted down to fit the new data. 

The Havnsø structure is a geological 4-way dip structure with faults probably formed during 

mainly late Early to Late Jurassic time over a deep Zechstein salt pillow (Fig. 1.2, 6.1.5).  
 

 
Figure 1.2. Simplified map of the Top Gassum surface in time (ms TWT) with seismic sections 

(PRKL74A-303; SSL73-038; PRKL6267-R4-1_part1&2; DN94-D07), showing the Stenlille and 

the Havnsø structures and the mapped connection with their common saddle-point (near spill-

point). The Havnsø structure is much larger than the Stenlille structure. From the reporting of the 

Stenlille structure (Gregersen et al. 2023). 

 

The main reservoir-seal couples of the Havnsø structure may be similar to the Stenlille struc-

ture storage complex, which is shown in Figure 1.3.  

The Gassum Formation is c. 140−160 m thick (Fig. 6.3.4C) in the structure with large lateral 

continuity based on mapping with seismic correlation from the Stenlille wells (Section 6.3). 

The Gassum Formation consists in the Stenlille wells of sandstones with interbedded clay-

stones, known from the Stenlille wells. The Gassum Formation is in the Stenlille wells divided 

into 6 reservoir zones (Zone 1–6) with various thicknesses, variable reservoir properties and 

variable content of mudstones and siltstones. The quality of the reservoir zones is in the 

Stenlille wells calculated from both logs and measured in cores and used together with the 

seismic interpretation and mapping in a prognosis for the Havnsø structure (see Section 7.1). 
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Figure 1.3. The geological storage complex, here in the Stenlille structure, is expected to be 

similar in the Havnsø structure. See Fig. 6.1.1 for more detailed lithostratigraphy, seismic stratig-

raphy and well-tie. See Fig. 6.1.5 and 6.1.8 for similar interpretation of Top and Base Gassum 

Fm and overlaying Fjerritslev Fm, Top Intra Oddesund sst. beds and Top Bunter Sandstone Fm 

successions in the Havnsø structure correlated from Stenlille: The Havnsø geological storage 

complex consists of: The primary reservoir–seal couple of the Gassum Fm–Fjerritslev Fm and its 

overlying secondary seal successions of the Vedsted Fm, Rødby Fm and Chalk Group. The 

deeper Triassic secondary reservoir–seal couples with potential reservoirs include the Bunter 

Sandstone Fm and the Intra Oddesund sandstone (sst.) beds, and their respectively interbedded 

and overlying mudstone dominated seals. The larger structural and stratigraphic context are out-

lined in Fig. 3.1–3.4. From Gregersen et al. (2023). 

 

A reservoir is defined as a sandstone containing a volume of shale <0.5% and with porosities 

>10%. The Gassum Formation reservoir sandstones and properties in the Havnsø structure 

(without wells) are evaluated as prognoses in three different scenarios (Chapter 7): (1) As in 

the Stenlille structure; (2) As a regional average from selected Stenlille wells (ST-1, ST-19) 

and surrounding wells; (3) From a sequence stratigraphic interpretation of the new seismic 

data as well as log data from Stenlille showing that mainly lowstand sandstones of sequences 

4, 5 and 6 are preserved. 

In scenario 1 it is expected that the sequences 3–7 (i.e. throughout the formation) have a 

combined thickness of reservoir sandstones of 111 m, an average porosity of 21.9% and 

permeability of c. 800 mD. For scenario 2, two representative wells from the Stenlille area 

are complemented with regionally distributed wells that all contribute to a statistical evalua-

tion of the Havnsø structure. This gives an estimated thickness of reservoir sandstone of 69 

m, with an average porosity of 23.3% and a permeability of c. 1100 mD. Scenario 3 applies 

a more geological driven depositional model that is supported by the interpretation of the 

seismic data and log data, where only the sandstones deposited during relative low sea level 

of sequences 4 – 6 reach the Havnsø area. In this scenario, the combined thickness of the 

reservoir sandstones adds up to 47.6 m, with an average porosity of 27.3% and a permea-

bility of c. 1500 mD. It is important to note that in all three scenarios, the reservoir parameters 

used to characterize the Havnsø structure are very good. 
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The new data and mapping confirm that the Havnsø structure has closures at the Top Gas-

sum Fm and also at deeper levels including the top of the deeper secondary reservoirs of 

the Intra Oddesund sandstone beds (Oddesund Fm) and the Bunter Sandstone Fm (Fig. 

6.3.3). However, the sandstone contents of the formations below the closures towards 

Havnsø are uncertain. Only in the Gassum Fm and Bunter Sandstone Fm intervals minor 

progradational reflections (and channels in Gassum) on the seismic data indicate possible 

sand-prone depositional systems. 

The area of lowermost closure on the Top Gassum depth-structure map is c. 70 km2 at the 

closing contour of c. 1710 m depth b.msl (Fig. 6.3.3C, 8.1.1). The top of the structure at the 

Top Gassum map is at c. 1550 m (b.msl), and the relief of the structure at Top Gassum is 

thus c. 160 m (Fig. 6.3.3C, Appendix A). 

The calculations in this study show a significant storage capacity of the Gassum Formation 

(Chapter 8). The storage capacity of is estimated for three (see description above) out of 

several possible scenarios in the Gassum Formation of a 4way closure. The mean (buoyant) 

storage capacity of CO2 in the Gassum Formation in the structure is estimated for each of 

the scenarios within the 4way closure to: (1) 65 MT CO2; (2) 58 MT CO2 and (3) 35 MT CO2.  

There may also be potential for CO2 storage in deeper sandstones of the Oddesund and 

Bunter Sandstone Formations, but their storage capacities have not been assessed here. 

Sandstone-dominated units in the Oddesund Formation and Bunter Sandstone Formations 

are documented in the deep Stenlille-19 well with TD in the Bunter Sandstone Formation. 

Variations of thicknesses and reservoir properties are expected across the region at these 

two stratigraphic levels. See Chapters 7 and 8 for more details on the reservoirs. 

The primary seal for the Gassum Fm is the Fjerritslev Fm, which is several hundred-meter-

thick mudstone successions of a latest Triassic to Early Jurassic age, and it includes gener-

ally good to very good sealing mudstones. The lowermost part of the formation (F-Ia Mb) 

includes a number of thin siltstone and sandstone beds, which probably to some extent re-

duce the seal quality, whereas the upper and thickest part of the formation (F-Ib to F-IV Mb) 

is a good quality seal. Above this formation are the secondary seals, which includes the 

Vedsted Fm mudstones and Rødby Fm 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 Fm of natural gas and monitoring for potential 

leakage through many years has proven that the F-Ia member of the primary Fjerritslev For-

mation seal is efficient in the Stenlille structure. The same stratigraphic seal unit is also ex-

pected in the Havnsø structure. See also Section 7.2 for more details on the seals. 

There are on the seismic sections only identified a few, small faults with minor throws in the 

Gassum and Fjerritslev Formations and with mainly NW–SE and SW–NE trends parallel or 

semi parallel, and perpendicular to the outline of the structure, which is elongated NW–SE 

(Fig. 3.1, 6.3.3). The faults from the present database appears to be old with mostly minor 

throws, and only few, minor natural earthquakes have been detected in the study area. Pos-

sible CO2 injection should consider risks including the presence of faults. 
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New 2D seismic data has been acquired across the structure, which has significantly im-

proved the database with more dense, good quality seismic data. This improved database is 

used in this report for providing the updated interpretation of the size, spill-point, volume, 

details of reservoir- and seal successions, and faults of the Havnsø structure for this initial 

maturation. The new seismic data and grids in two-way time of key seismic horizons are 

available in the GEUS project link: https://www.geus.dk/produkter-ydelser-og-facilite-

ter/data-og-kort/ccs-data-2022-2024 

New seismic acquisition, in particular of 3D data, over the structure and the potential injec-

tion- and storage areas is recommended, for more detailed interpretation prior to CO2 injec-

tion, as there is still some distance between the line data coverage. This can improve site-

specific knowledge with more details on reservoir, seal, and faults, and can improve model-

ling of CO2 migration and risk analyses. Repeated 3D surveys in same place can contribute 

to monitor the extent of the CO2 migration, together with other monitoring (e.g., via wells, 

sampling, seismometers, sensor cables, satellite, etc). 

New necessary data acquisition and sampling, analyses and evaluations should be carried 

out for further maturation, including risk analyses, to cover geological and other technical 

uncertainties and risks. The knowledge from the investigated structures will be included in 

the further work of the authorities to reveal opportunities and requirements towards further 

maturation, site selection and possible licensing of geological CO2 storage. 

https://www.geus.dk/produkter-ydelser-og-faciliteter/data-og-kort/ccs-data-2022-2024
https://www.geus.dk/produkter-ydelser-og-faciliteter/data-og-kort/ccs-data-2022-2024
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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 CO2 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 CO2 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 CO2 storage potential (Fig. 1.1; Hjelm et al. 2022).  

The Havnsø structure is one of these structures and is a relatively large structure geograph-

ically located in the western part of Zealand (Fig. 1.1), and geologically in the south-eastern 

part of the Danish Basin (Fig. 3.1). The structure was only covered by a limited number of 

old, poor 2D seismic lines, mainly acquired in the 1960s and early to mid-1970s. However, 

in 2022 new seismic data for this project was acquired (see Chapter 4). Seismic lines can be 

tied to the nearby located Stenlille structure with a comprehensive database including 20 

wells, which document the geology. Natural gas is here stored in reservoir zones with sand-

stones interbedded by mudstones of the Gassum Formation below the thick sealing mud-

stones of the Fjerritslev Formation. The Havnsø structure is also expected to have storage 

potential for resources such as CO2, and this structure with the Gassum Formation is the 

focus of this study, but also deeper reservoir-seals of the structure are described.  

Earlier screening projects by GEUS for structures relevant for CCS have also evaluated the 

Havnsø structure for potential CO2 storage. The GESTCO project reported in 2003 that the 

Havnsø structure may be a relevant CO2 storage site in the closed structure of the Gassum 

Formation (Fm) sealed by Fjerritslev Fm mudstones (Larsen et al. 2003). The large 

CCUS2020 project was carried out by GEUS during 2020 and included comprehensive stud-

ies of particularly the Stenlille structure, but also with limited work on the Havnsø structure 

(e.g. Gregersen et al. 2020). A comprehensive summary with an evaluation of the CO2 stor-

age potential in Denmark was provided by Hjelm et al. (2022). GEUS reports of the 

CCUS2020 project are available from www.geus.dk web-site (link to the pdf files: CCUS-

projekt 2020 (geus.dk)). In 2023 an updated interpretation of the Stenlille structure with new 

data of this project was published (Gregersen et al. 2023). Thus, there is a comprehensive 

knowledge available, in particular from the Stenlille structure, which is correlated to the 

Havnsø structure in the present study using both the existing and the new seismic data. 

In this study, the Havnsø structure is investigated further based on evaluation of the inte-

grated database of old and new seismic data, with correlation to wells in the Stenlille area, 

to characterize its tectonic and depositional evolution, composition with reservoir-seal cou-

ples, faults and geometry towards maturation for potentially geological storage of CO2. 

https://www.geus.dk/natur-og-klima/tilpasning-til-klimaaendringer/geologisk-lagring-af-co%E2%82%82/projekt-ccus-2020
https://www.geus.dk/natur-og-klima/tilpasning-til-klimaaendringer/geologisk-lagring-af-co%E2%82%82/projekt-ccus-2020
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3. Geological setting  

The central to western Zealand area, including the Havnsø structure, is located in the eastern 

part of the Norwegian–Danish Basin (Vejbæk 1997), which is also termed the Danish Basin 

(Nielsen 2003). The Danish Basin trends WNW−ESE between the Ringkøbing–Fyn High and 

the North German Basin to the south and the Sorgenfrei–Tornquist Zone at the southern 

boundary of the Skagerrak–Kattegat Platform to the north (Fig. 3.1, 3.2).  

The Danish Basin is an eastern part of the larger Norwegian–Danish Basin with connections 

to the North Sea region and an intracratonic structure formed since the Late Palaeozoic 

(Vejbæk 1997) as a major basin caused by Late Carboniferous–Early Permian stretching 

and faulting, followed by thermal subsidence. The top pre-Zechstein surface or the base of 

the Zechstein forms the basis of the basin, as shown in Figure 3.2. The deep structures of 

the crystalline basement and the Cambrian to Lower Permian sedimentary successions con-

stitute the rock sequence below the Danish Basin.  
 

 

Figure 3.1. Map of the main structural elements including highs, basins, and main faults onshore 

and offshore Denmark. The study area is mostly within the black square from the Havnsø struc-

ture (orange polygon) to the Stenlille area with wells. The structural elements include the Danish 

Basin (SE part of the Norwegian–Danish Basin), the Sorgenfrei–Tornquist Zone, the Skagerrak–

Kattegat Platform, the Ringkøbing–Fyn High and the northern part of the North German Basin. 

Positions of deep wells are also marked. Modified from Nielsen (2003). 
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Figure 3.2. Map to the Top pre-Zechstein surface showing the deep main structural elements 

onshore and offshore Denmark, including highs, basins, and main faults. The location of the 

Havnsø to Stenlille study area is marked with a white rectangle. The elements include the Nor-

wegian–Danish Basin (eastern part in Denmark is the Danish Basin), the Sorgenfrei–Tornquist 

Zone, the Skagerrak–Kattegat Platform, the Ringkøbing–Fyn High and the northern part of the 

North German Basin. Modified from Vejbæk & Britze (1984). 
 

Stretching of the lithosphere below the Danish–Norwegian Basin caused Carboniferous−Per-

mian rifting with extension, normal faulting followed by basin subsidence, and the Ringkø-

bing–Fyn High probably formed at same time due to less stretch than basin areas (Vejbæk 

1997). The tectonism led to formation of large, rotated fault blocks, intrusive volcanism, ex-

tensive erosion, and mostly coarse siliciclastic deposition (Rotliegende) affecting large parts 

of the basin (Vejbæk 1997; Michelsen & Nielsen 1991, 1993; Nielsen 2003). After mainly 

evaporites (Zechstein Group) developed in shallow basin areas during late Permian time, the 

region subsided and thick Triassic clay and mud-dominated successions formed with a few 

sandstones, carbonates and halites (Bunter Shale, Bunter Sandstone, Ørslev, Falster, 

Tønder, Oddesund, Vinding Formations; Fig. 3.3, 3.4, 3.5A,B).Sandstones are in particular 

known from the Bunter Sandstone Formation (Bertelsen 1978, 1980). During the Late Trias-

sic−Early Jurassic time, sand-rich continental–fluvial, coastal near and shallow marine sand-

rich systems interbedded by more clay-rich intervals formed and now constitute the widely 

distributed Gassum Formation (Fig. 1.3, 3.4, 3.5C). During the latest Triassic (Rhaetian) and 

into the earliest Jurassic (Hettangian – early Sinemurian) times the coastal to continental 

areas were repeatedly overstepped by the sea (Fig. 3.6). The relative sea-level rise resulted 

in the deposition during the Early Jurassic of thick clay-dominated successions with some 

silty and sandy layers (Fjerritslev Formation), which have been correlated basin wide in sev-

eral depositional sequences and members (Nielsen 2003; Michelsen et al. 2003).  
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Figure 3.3. Generalized stratigraphy in the Danish Ba-

sin from north to south, mostly representative of the 

Jutland part of the basin. The Havnsø to Stenlille area 

is located in the eastern part of the Danish Basin (Fig. 

3.2), just north of Ringkøbing-Fyn High (RFH), equiva-

lent to the central figure part, without M-L Jurassic for-

mations. Dashed horizontal lines at the top and base 

of the scheme indicate omitted Selandian + Quater-

nary and pre-Zechstein successions, respectively, due 

to space limitation. Based on Bertelsen (1980) and 

Nielsen (2003). 
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Figure 3.4. Two regional profiles through 

the eastern Danish Basin and the Stenlille 

structure with wells with interpreted stratig-

raphy: The upper blue unit indicates the 

Chalk Group and Danian. The Gassum (yel-

low unit) and Fjerritslev (dark-grey unit) For-

mations form the upper part of the Stenlille 

structure, which is formed by the deep 

Zechstein salt pillow (purple). Bunter Sand-

stone Formation is orange. Triangle posi-

tions mark lithostratigraphic well-top ties. All 

wells are projected onto the profiles.  

The upper W−E composite seismic profile 

from the Stenlille-1,-2,-4,-19 wells to the 

Margretheholm-1 well is modified from 

https://dybgeotermi.geus.dk/.  

The lower SW−NE−N composite seismic 

profile (lines: SSL72_001, SSL73_036 and 

DN94_D07) from the Slagelse-1 to the 

Stenlille-1,-5 wells is from Gregersen et al. 

(2022).  

https://dybgeotermi.geus.dk/
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Figure 3.5. Paleogeographic maps of 

Denmark and southern Scandinavia illus-

trating the possible distribution of general 

depositional environments. The central 

part of the Havnsø structure area is lo-

cated at a small red circle. 

A. Late Permian (Zechstein) sea (dark 

blue), coastal near areas (light blue) and 

onshore areas (orange red). From Ras-

mussen & Nielsen (2020). 

B. Early–Middle Triassic (incl. the Bunter 

Sandstone Fm) dominated by desert with 

local sand dunes, lakes and sabkhas. 

From Rasmussen & Nielsen (2020). 

C. Late Triassic (Rhaetian) to earliest Ju-

rassic (Hettangian – early Sinemurian) 

Gassum Fm distribution in Denmark. (Oli-

varius et al. 2022). 

Earlier work (e.g. Nielsen 2003; Vosgerau 

et al. 2020; see also Section 7.1) show, 

that the Gassum Fm is composed of sev-

eral depositional sequences with regres-

sions–transgression cycles and deposi-

tion in onshore, nearshore, and shallow 

marine environments.  
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Figure 3.6. Paleogeographic maps of Denmark showing the inferred distribution of general dep-

ositional environments during the Jurassic time, when the primary seal of the Fjerritslev Formation 

was deposited. The central to western Zealand, incl. the central part of the Havnsø structure area 

(red circle), is dominated by deposition of marine clays with some layers and beds of siltstone 

and sandstone, from Hettangian to Toarcian or Aalenian (A–C), whereas sedimentary succes-

sions are not shown (removed or not deposited?) during the Middle- and Late Jurassic times. 

From Petersen et al. (2008) modified from 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 eastern Danish Basin, with a 

hiatus expanding towards the Ringkøbing–Fyn High (Fig. 3.3) (Nielsen 2003). Renewed sub-

sidence in the Early Cretaceous resulted in mudstones dominated successions with local 

sandstones, which became gradually more calcareous during the Albian (Rødby Formation). 

Chalk (Chalk Group) was formed throughout the Danish Basin in the Late Cretaceous, and 

structures were elevated due to regional inversion. Finally, Cenozoic incl. Quaternary suc-

cessions were deposited in the Danish Basin, with episodic uplift (Japsen & Bidstrup 1999; 

Japsen et al. 2007). 
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4. Database 

4.1 Seismic data  

The geophysical database on the Havnsø structure is limited with mostly old (1960s to 

1970s), poor seismic lines, but also with new 2D seismic data (GEUS2022-HAVNSOE sur-

vey) from 2022 acquired for this project (Fig. 4.1.1). In contrast, the Stenlille area SE of the 

Havnsø structure includes a comprehensive database with 20 wells, a 3D seismic survey 

from 1997 (reprocessed for GEUS in 2023), relatively recent 2D seismic surveys (1980s to 

1990s) and a small new (GEUS2022-STENLILLE) survey of this project (see Gregersen et 

al. 2023). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.1. Project database at 

the greater Havnsø area with the 

new 2022 Havnsø 2D seismic sur-

vey (GEUS2022-HAVNSOE) and 

older onshore and offshore data 

and wells. The project area also 

includes comprehensive datasets 

of the Stenlille area SE of the 

Havnsø area, with a 3D survey, 

older 2D surveys and a new from 

2022 with five lines, and 20 wells 

used for ties with the Havnsø data 

into the Havnsø area. See also 

positions of the new Havnsø lines 

in Fig. 4.2.1. 
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This chapter will focus on the new data of the GEUS2022-HAVNSOE survey integrated with 

the old data and used here for description and interpretation of the Havnsø structure. The 

used seismic data are described below. The database used is shown in Figures 4.1.1,–2 and 

Table 4.1.1.  

The 2D seismic survey GEUS2022-STENLILLE is a new survey acquired February 2022, 

organized by GEUS as part of the ongoing maturation efforts regarding application of CCS. 

The survey was acquired and processed by Uppsala University (Malehmir & Papadopoulou 

2022). The survey is located at the NE flank of the structure, near the NE boundary of the 3D 

seismic survey (Fig. 4.1.1). The purpose of the survey was to add quality data and coverage 

to this data poor part of the structure flank, where only few and old seismic lines exist, for a 

better definition of the structure geometry and closure, reservoir–seal successions, and 

faults. In addition, it was a test of equipment, settings and lay-out for possible further site 

investigations. Five seismic lines, in total c. 12.5 km, were acquired (see more details in 

Section 4.2). Data and report are available via GEUS: Processing summary sheet (geus.dk) 

The 3D seismic survey STENLILLE-97 (Fig. 4.1.2) was carried out in 1997 by THOR Ge-

ophysikalische Prospektion GmbH on behalf of Dansk Olie og Naturgas A/S (DONG) and it 

covers totally 56.4 km2 and was acquired as vibroseis with 1−3 vibrators conducting minimum 

4 sweeps in 20 seconds with a frequency range of 10–120 Hz (THOR, 1997). The survey 

was processed by CGG, and the survey datum plane elevation is at the mean seal level, the 

data is in zero phase with reverse SEG polarity, the nominal bin size is 20 m x 20 m, and the 

nominal stacking fold is 16 (CGG 1998). The 3D survey is reprocessed in 2023 by Realtime 

Seismic for GEUS and this reprocessed survey: STENLILLE-97-GEUS-RE2023 is also avail-

able from GEUS (link to CCS-data). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.2. Database 

at the Stenlille structure 

with positions of wells 

and the 3D seismic sur-

vey (STENLILLE-97). 

See Fig. 4.1.1 for posi-

tion of seismic 2D lines 

and surveys. 

 

 

https://data.geus.dk/ugdata2d3d/procsum.html?proc_id=15584
https://www.geus.dk/produkter-ydelser-og-faciliteter/data-og-kort/ccs-data-2022-2024
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The 2D seismic survey DN94O was acquired in 1994 by Compagnie Générale de Géophy-

sique (CGG) for Dansk Olie og Naturgas A/S (DONG). The eight survey lines are located 

across the Stenlille structure in the area of the later 3D survey; more details are available in 

the acquisition report. 

The 2D seismic survey DN87 (DN87O and DN87I) was acquired in 1987 by Prakla-Seismos 

AG for Dansk Operatørselskab i.s. (Danop) and nine lines of the survey were used in the 

study area. The seismic lines are located across the Stenlille structure in the area of the later 

3D survey with a few lines further to the SW and NE; more details are available in the acqui-

sition report.  

The more recent vintage data (1987 to 1997) were acquired mainly to develop gas storage 

in the Stenlille structure. Older data were mainly acquired more regionally to map for struc-

tures relevant for petroleum exploration. 

The 2D seismic survey WGC81 was carried out in 1981 by Western Geophysical Co. for 

DONG, and here only two of the lines were used, as some of the lines were approximately 

acquired again by better quality data of the DN94O survey. 

The 2D seismic survey SSL7273 was carried out in 1972 and 1973 by Gulf Oil Co. Denmark 

for Dansk Undergrunds Consortium (DUC) and six lines were used, although mostly of poor 

quality. 

The oldest seismic dataset is the 2D seismic survey SSL6267, which was acquired in 1962–

67 by Gulf Oil Co. Denmark and Shell for DUC, and four lines were used in area where other 

lines are missing, although they mostly are of very poor quality (Table 4.1.1). 

Released seismic surveys, and acquisition and processing reports are available through the 

data web portal at GEUS: Danish Deep Subsurface Data (geus.dk) or by requests to the 

GEUS Subsurface Archive: info-data@geus.dk. 
 

The quality of the seismic data in the study area is highly variable from very good to very 

poor (Table 4.1.1, Fig. 4.1.3, 4.1.4). Most of the oldest 2D seismic surveys from the 1960s 

and 1970s are generally very poor to poor in quality, whereas the more recent 2D and 3D 

seismic data are generally of good quality and in digital format.  

In the Stenlille area variable data quality and data mis-ties may be related to different param-

eters and different amounts of gas storage at the difference acquisition times, which affects 

the seismic signals differently. In some of the data, especially in the old surveys, there are 

significant noise, however also in the new 2D surveys.  

In the new Havnsø data noise especially occur at end and at bendings of the lines. Different 

processing approaches on the data and line positions, such as the binning, lateral smoothing, 

and where lines are crocked have affected the final line positions and thus the ties. Preserv-

ing much original positions (and crookedness) can more accurately keep the original record-

ing positions and ties to existing seismic and well data but can also give significant noise at 

the crooked bends, whereas strongest noise can be reduced on more smoothed lines. This 

has not been studied further in this project, but a good example is at the southernmost end 

of P1 and the northern part of P2, where the line has been smoothed in the original pro-

cessing (GEUS2022-HAVNSOE), whereas the reprocessing (GEUS2022-HAVNSOE-

RE2023) preserved more crookedness, but also shows the noise zones more clearly at line 

turnings (Fig. 4.3.3, 4.3.4). 

 

 

https://data.geus.dk/geusmap/?mapname=oil_and_gas&lang=en#baslay=&optlay=&extent=104722.22222222225,6025876.543209877,937277.7777777778,6424123.456790123&layers=dkskaermkort
mailto:info-data@geus.dk
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Table 4.1.1. The seismic surveys and lines used in, and slightly out of the mapped area from 

Stenlille to Havnsø and the data quality.  
 

Seismic survey  Seismic lines Data quality 

GEUS2022-HAVNSOE GEUS22-HVN-P1, P2, P2.5, P3, P4, P6, P7, P8 Good 

GEUS2022-HAVNSOE-RE2023 GEUS22-HVN-P1, P2, P2.5, P3, P4, P6, P7, P8 Very good 

GEUS2022-STENLILLE GEUS22-STL-P1, P1.5, P2, P3, P4 Moderate and good 

STENLILLE-97-GEUS-RE2023 3D data Very good 

DN94O 01, 02, 03, 04, 05, 06, 07, 08 Good 

DN87O    001, 003, 004, 005, 006, 007, 008, 009, 010 Good 

SSL6267 (R-lines) R4-37117, R9-37126, R9-1-37126, R13-37131 Very poor 

WGC81 8110, 8113 Moderate and good 

SSL7273  72-001, 73-025, -036, -037, -038, -039 Poor and moderate 

PRKL74A All Moderate 

 

 

Figure 4.1.3. Exam-

ples of seismic data 

quality (two-way time 

sections). A. Very poor 

data quality of 1960s 

data (SSL6267_R4). B. 

Poor to moderate qual-

ity of 1973s data (73-

036). C. Good quality of 

the 1987 data (DN87-

007), (D) 1994 data 

(DN94-D01), and (E) 

2022 data (‘P3’). F. 

Very good quality of the 

1997 3D data 

(Xline495). All the sur-

veys are represented in 

the study area (Fig. 

3.1). All lines except 

the 3D Xline are time 

shifted. Compare these 

vintage data to the new 

original and repro-

cessed data (Fig. 4.1.4, 

6.1.3, 6.1.4). 

 



 

 

G E U S 27 

Seismic data mis-ties  

The 2D seismic profiles in the study area (Fig. 4.1.1) have different datum elevations, mostly 

related to different static corrections, topography, etc. In this context and in relation to the 

data acquired, also the level of the water saturated zone (groundwater) plays a role and will 

be slightly different depending on the season of the year and wet or dry periods. The topog-

raphy from Stenlille to Havnsø is variable, with up to more than 80 m above msl within the 

new 2D survey area.  

In order to compensate for many differences in the datum elevation between seismic profiles, 

it was decided to use processing to mean sea level (msl) as the seismic reference datum, 

and for mapping purpose in this project to conduct static vertical time shifts (a constant and 

non-data stretched shift) of each 2D seismic profile.  

The new onshore 2D seismic survey GEUS2022-HAVNSOE was acquired by Uppsala Uni-

versity for GEUS in 2022 across the Havnsø structure (Fig. 4.1.1). The southernmost profile 

(P1) starts with a tie within the 3D seismic survey near at the Stenlille-19 well to connect with 

the Stenlille data and interpretation in order to facilitate the tie to the Havnsø structure. This 

is also important in order to contribute to sort out the mis-fit of the older data and optimize 

correlation of formations and sequence surfaces. 

The Stenlille 3D seismic survey from 1997 is reprocessed by Real Time Seismic for GEUS 

(STENLILLE-97-GEUS-RE2023) and ties with a line (P1 with a small timeshift) of the new 

reprocessed version of the 2022 Havnsø 2D seismic survey by Real Time Seismic for GEUS 

(GEUS2022-HAVNSOE-RE2023). The key-tie line P1 line connects directly all the way from 

the Stenlille 3D survey area (near wells) and to Havnsø and Nekselø (Fig. 4.1.1). This line is 

available in a version merged with the marine data (OBS and streamer) recorded in the nar-

row strait between Havnsø and Nekselø. 

The reprocessed 3D survey is also used for tying the seismic data with wells using synthetic 

seismic data. The reported datum plane elevation of the 3D seismic survey (STENLILLE-97) 

is the mean sea level, and the final data are with reverse SEG polarity convention (white 

trough representing an increase of acoustic impedance), in zero phase (CGG, 1998: Final 

report of seismic data processing. Survey: STENLILLE-97 3D survey). Most 2D data in this 

project area is also in SEG reverse polarity. 

Mis-ties were investigated visually and also digitally with the Petrel SRD Manager to con-

strain the time-shifts. The visual mis-tie screening and the Petrel mis-tie analysis show that 

there are data mis-ties between different seismic surveys, but also between lines of the same 

surveys in the order of mostly approx. 10−40 ms TWT, but up to 48 ms TWT. Some of the 

mis-ties requires a dynamic shift (gradual time shifts stretching/squeezing the data) on the 

same line to make a full fit at crossing seismic sections. To preserve sections we use here 

constant shifts focused on the interval from c. 700 to 1500 ms TWT.  

It was decided to first conduct constant digital time-shifts via Petrel manager, and then man-

ual constant time-shift for each seismic line. The adjusted and used time-shifts are shown in 

Table 4.1.2 below. The new 2D survey, both originally processed and reprocessed fit near to 

the marine data, and also approximately (only 7 ms difference) the reprocessed 3D data (with 

msl datum). The original 3D survey (STENLILLE-97) is 40 ms too shallow (not in the table). 

In this study the reprocessed version was used. 
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Table 4.1.2. Seismic surveys & lines used in the mapped Stenlille–Havnsø area with time-shift. 
 

Survey Line and survey: Vertical, constant time-shift (millisecond TWT) - to fit 

the reprocessed Stenlille 3D survey (STENLILLE-97-GEUS-RE2023) 

GEUS2022-HAVNSOE GEUS22_HVN_P1: -7ms; P2, P3, P5: 0ms; P2.5, P4: -16ms; P6: -48ms; P7: -

30ms; P8: -18ms 

GEUS2022-HAVNSOE-

RE2023 

GEUS22_HVN_P1, P3: -7ms; P2: -21ms; P2.5: -5ms; P4, P5, P6: -26ms;                

P7: -16ms; P8: -36ms 

GEUS2022-STENLILLE GEUS22_STL_P1, P1.5, P2: 20ms; P3: 40ms; P4: 30ms 

STENLILLE-97-GEUS-

RE2023 (3D survey) 

0ms (datum plane elevation: mean seal level) 

DN94O D01, D02, D03, D05, D07: -16ms; D04, D06, D08: -11ms 

DN87O 001, 003, 004, 007: -19ms; 005, 008: 1ms; 006, 009, 010: 6ms 

SSL6267 R2, R7, R16: 0ms; Other lines: 21ms 

WGC81 8110: 0ms; 8113: 21ms  

SSL7273  72-001, 73-025: 30ms; 73-036: 15ms; 73-037, -038, -039: 10ms 

PRKL74A (offshore) 0 ms (at mean sea level) 

 

First, the 2D seismic profile GEUS22_HVN_P1 (‘P1’) is shifted -7 ms (down) to fit the repro-

cessed 3D seismic survey (e.g., Inline1164 close to the ST-19 well). The P1 line is located 

c. 700 m South of the ST-17, -18, -19 wells. Then other lines of same survey crossing P1 are 

adjusted to this line, then the other lines are adjusted internally in this survey, and finally all 

the other, older 2D lines are adjusted to this survey. 

Figure 4.1.4 shows an example, where the new ‘P1’ line acquired and processed by Uppsala 

University is shifted -7 ms to fit the 3D survey (inline 1171), reprocessed by Realtime Seismic. 

Mis-tie corrections for the surveys were only applied in this Petrel project for mapping pur-

poses. It was not possible within the frame of this study to sort out all mis-ties, but mis-ties 

are described here for the present mapping and for future consideration. It is important to be 

aware of the mis-ties and adjust data, to avoid bad ties and errors in interpretation and map-

ping.  

It can be suggested for further studies to perform more detailed analyses to set the elevation 

plane of each seismic line and survey compensating e.g., statics, topography, groundwater 

level, etc. more accurately and to fit all the seismic profiles. However, this may be rather 

resource demanding. 
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Figure 4.1.4. The new GEUS22-HVN-P1 (‘P1’, left) line acquired, and processed by Uppsala 

University, is shifted -7 ms to fit the 3D Stenlille-97 survey (inline 1171), reprocessed by 

Realtime Seismic. Seismic interpretation of this study and the projected Stenlille-19 well are 

also shown. 
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4.2 New seismic data acquired in this project 

 

The new seismic survey: GEUS2022-HAVNSOE and reprocessing  

The new GEUS2022-HAVNSOE 2D seismic survey acquired over the Havnsø structure from 

Stenlille to Havnsø in 2022 is 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: GEUS22_HVN_P1, -P2, -P2.5, -P3, -P4, -P5, -P6, -P7, -P8, with 

line km lengths in total c. 130 km (130.7 km). The positions of the profiles are shown in Fig. 

4.2.1, where they are abbreviated P1 – P8. Line extensions include a reference to the type 

of the geophone recording: streamer, wireless and merged (streamer & wireless together), 

and if the version is stacked (stk), or stacked and migrated (mig) - e.g., 

GEUS22_HVN_P1_merged_stk. Link to survey: Processing summary sheet (geus.dk) 

In addition, GEUS issued a company reprocessing in 2023 of the GEUS2022-HAVNSOE 

survey: GEUS2022-HAVNSOE-RE2023 (Realtime Seismic 2023), also available from 

GEUS. Link to survey: Processing summary sheet (geus.dk). Contact to GEUS on data by 

email: info-data@geus.dk.  
 

 

Figure 4.2.1. Map with locations of the seismic profiles from the acquisition and processing report 

(Malehmir & Papadopoulou, 2023). Black lines are locations of the final migrated seismic profiles 

(here the profiles of wireless and merged files). Blue lines are locations at the roads, or at the 

short marine strait to Nekselø, where the seismic data were acquired. For information of data 

contact GEUS (access from website or email to info-data@geus.dk). 

https://data.geus.dk/ugdata2d3d/procsum.html?proc_id=15644
https://data.geus.dk/ugdata2d3d/procsum.html?proc_id=16144
mailto:info-data@geus.dk
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Acquisition of the survey by Uppsala University 

Background and purpose 

In November 2021, GEUS contracted Uppsala University to acquire and process a new small 

seismic survey with nine reflection seismic profiles of the survey GEUS2022-HAVNSOE, in 

a research and development cooperation. The survey was conducted from August 1st to Oc-

tober 10th 2022 (Fig. 4.2.1, 4.2.2) and is delivered and reported in the acquisition and pro-

cessing report of June 2023 (final revision by Sept. 25th 2023) by Malehmir & Papadopoulou 

(2023) (Fig. 4.2.3). 

 

The purposes of this cooperation acquisition project are mainly:  

(1) to improve the database at the data-poor area between Stenlille and Havnsø to mature 

the Havnsø structure towards potential storage of CO2; 

(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 Fm), seal (mainly Fjerritslev Fm), 

faults and the geometry of the Havnsø structure. 

(4) to expand knowledge of CCS operations through research and education, here in coop-

eration with universities. 

 

Collaboration partners 

Uppsala University contracted the Polish company Geopartner Sp. zo.o with two small trucks 

with vibration hydraulic pistons as source for the vibro-seismic data. Students in Geophysics 

and Geoscience from both University of Copenhagen and Uppsala University were hired as 

field assistants to conduct field support, including handling, and moving the wireless geo-

phones with Differential GPS surveying, adjusting the landstreamer, handling the road traffic 

signs, distributing information folders and flyers to citizens. COWI was contracted for acquir-

ing permits, logistical planning, assessments in relation to landowners and supported on ex-

ternal contacts to authorities and citizens. Gas Storage Denmark A/S supported the acquisi-

tion with much help, including logistics of housing project meetings and storage of equipment. 

 

Communication & meetings 

Communication with the local community was provided through three public information 

meetings in June 2022, on June 16th (Jyderup hallen), on June 20th (Væksthus Havnsø), and 

on June 22nd (Gas Storage Denmark). Public visit days were on August 23rd and September 

18th. Information flyers and folders were provided to landowners in the vicinity of the acquisi-

tion, and information mainly on the website of project. In addition, local medias made inter-

views and articles on the acquisition (NORDVESTNYT, April 28th, 2022; Sjællandske Nyhe-

der, August 4th, 2022, August 31st, 2022; Jyllands-Posten, October 17th,2022), and in televi-

sion (TV2 regionerne). 

 

 

 



 

32 G E U S 
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Figure 4.2.2 (previous page). Survey design and equipment. Uppermost two rows: Survey 

design scheme and photo with two mini-trucks, and behind a landstreamer on the road and 

separate wireless geophones with a 10 m distance along the road. Middle row: The two mini-

trucks NW of Stenlille, a close-up photo of a wireless geophone and a sensitive tool (Micro-

Mate) to control-measure the vibration level to avoid too strong vibrations near properties. 

Lower row: Air photo of the acquisition trucks with the streamer approaching Havnsø and 

Nekselø in the horizon. The scheme, and the uppermost and lowermost photos are from the 

acquisition report (Malehmir and Papadopoulou, 2023), and middle photos: GEUS. 

 

The acquisition took place from August 1st to October 10th 2022 and the seismic data are 

recorded along the nine lines shown in Figure 4.1.1, with a total length of c. 130 km. The 

most crocked lines were later geometrically adjusted to become more straight lines, during 

the processing work to the final lines (Fig. 4.2.1).  

 

As seismic source, two small trucks (INOVA UNIVIB-326; operating at peak-force: 95 kN) 

were used with synchronized vibrating hydraulic pistons lowered in firm contact with the road 

(Fig. 4.2.2). Each truck has a weight of 9 ton but were loaded to be 12 ton in total for a better 

ground contact. Before the acquisition, the field personnel followed a road-safety course, and 

were equipped with safety clothing during fieldwork. 
 

On August 1st, after briefing of field personnel, equipment was checked, and acquisition tests 

were performed for optimal acquisition. The trucks generated simultaneous a sweep lasting 

18 seconds, increasing in frequency from 10 Hz to 140 Hz (Fig. 4.2.4). At every shot-point 

location this sweep was repeated three times. The three sweeps were later stacked to one 

shot-point during the processing to improve signal-to-noise ratio. After each shot-point with 

three sweeps, the trucks move 10 meters (shot-point distance) to the next shot-point. The 

last truck drags the attached land-streamer, adjusted along the road by field assistants (Fig. 

4.2.2). When passing close to properties, control measurements with a sensitive ‘Micromate’ 

devise were carried out at the properties 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 stopped or continued with smaller vibration level, and in some cases with 

sensitive properties the shot-point was skipped. 
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Figure 4.2.3. The front page and contents of the GEUS2022-HAVNSOE seismic survey: Acqui-

sition and processing report (Malehmir & Papadopoulou, 2023), which can be purchased through 

GEUS (access via webpage, or email: info-data@geus.dk). 

 

As recording equipment connected to the truck data system was used both landstreamer 

mounted geophones attached to the last truck and road-side wireless geophones (Fig. 4.2.2) 

and the recording time of the geophones was 25 seconds. The wireless geophones were 

placed in the roadside with a 10-meter distance and used a frequency of 10 Hz and a 2 ms 

sampling interval (Table 4.2.1). The landstreamer has mounted a Micro-Electro-Mechanical 

(MEM) based geophone at every 2 meters with a sampling interval of 1 ms (Table 4.2.1). The 

landstreamer is developed by Uppsala University and is constructed of attached sections 

providing a flexible length up to c. 270 meter in this survey. It was shortened after logistical 

conditions, such as crookedness and other road conditions. From the shortest line (P2.5) to 

the longest line (P1) the receiver positions varied from 422 to 4,015, and the total number of 

traces (vertical component) from 21,440 to 219,293 (Table 4.2.1).  

Papers, reporting and abstracts from Uppsala University present the results of the acquisition 

and processing of the GEUS2022-HAVNSOE survey, including: Malehmir & Papadopoulou 

2023; Kucinskaite et al. 2023a,b; Papadopoulou et al. 2023a,b; Zappalá et al. in review. 
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Table 4.2.1. Table showing the main onshore seismic data acquisition parameters from the 2D 

GEUS2022-HAVNSOE seismic survey: Acquisition and processing report (Table 1; Malehmir & 

Papadopoulou 2023). 
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Marine acquisition of the survey by Aarhus University - with sources from Uppsala 

University 

 

The survey lines (line GEUS22–HVN–P1) had to cross a 2-km-wide marine strait (Sejerø 

Bugt) between the port of Havnsø and the island of Nekselø (Fig. 4.2.4). To bridge the water, 

marine receivers were used to record the onshore vibroseismic sources. Marine sources 

were not an option due to the shallow water and the protection status as Natura2000 area. 

With the additional marine data, it will be possible to connect the land data from Nekselø with 

those from Havnsø. In addition, existing offshore seismic lines can be tied to the new onshore 

data. The reporting by Funck & Nørmark (2023) describes the recording and initial processing 

of the marine data, including data examples. Ultimately, the data from the marine receivers 

have to be merged with those recorded on land, which is described in Malehmir & Papado-

poulou (2023).  

For the marine component of the acquisition, 18 ocean bottom seismometers (OBS) from the 

national Danish seismometer pool DanSeis were deployed at the seafloor between Havnsø 

and Nekselø (Fig. 4.2.5, 4.2.6). These short-period instruments are equipped with three-

component geophones and a hydrophone. The latter one has the best data quality. Some 

stations stopped recording before all Vibroseis sweeps on the two segments (Nekselø and 

road towards the beach in Havnsø) were completed. However, the data quality of the rec-

orded signals is good. After correlation with the source sweep, reflections can be seen from 

depths below 2 s two-way travel time.  

A second type of receivers was used close to Havnsø. Here a 600-m-long marine streamer 

with 96 channels was deployed from a winch located on the beach (Fig. 4.2.6). After pulling 

out the streamer seaward, weight was added to it to lower it down to the seafloor. Data quality 

is good with exception of the channels close to shore and at the seaward end of the streamer. 

The poorer data channels are probably caused by increased noise levels due to the surge of 

waves at the beach and by motion that was transferred from the recovery buoy attached to 

the tail end of the streamer. Sweeps from the area close to Havnsø produce an almost com-

plete record from the surface to depths greater than 2.5 s two-way travel time, while the larger 

shot-receiver offsets for the sweeps on Nekselø result in a lack of data in the upper 1.0 to 

1.5 s of the record section. 
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Fig. 4.2.4. Map from Funck & Nørmark (2023) showing the location of the marine receivers: OBS’ 

(red points) and marine streamer (purple line). The onshore acquired lines (blue lines: GEUS22-

HVN-P1) are the nearby route of the source of the vibroseis. 

 

 
Fig. 4.2.5. Photo from Funck & Nørmark (2023) with an OBS (Sercel MicrOBS_Plus) attached to 

an anchor-cross on the seafloor. 
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Fig. 4.2.6. Arial view of the marine streamer and OBS. Onshore is the winch and in the back-

ground the approaching mini-vib trucks, which are the sources. Photo: Alireza Malehmir, 2022. 
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Processing of the seismic survey by Uppsala University  

Immediately after seismic data acquisition seismic processing from raw SEG-D field data to 

final post stack migration was performed at Uppsala University. Almost identical processing 

sequences have been applied to the wireless data recordings and to the short offset land-

streamer recordings. In the first processing step shot and receiver geometry are included in 

the seismic trace header and output data are in SEG-Y data format. Secondly, cross corre-

lation of the raw recorded vibrator signal with the theoretical source sweep has been applied 

to get the seismic response. Subsequently the 3 sweeps for each source location are then 

summed together to increase the signal to noise level. 

The relatively small vibrator source (2x12 ton in total) is a big advantage in survey planning 

of line lay out and is also relatively easy to operate in the field in comparison to heavier 

equipment. In comparison to earlier reflection seismic surveys, the very short shot-point dis-

tance (10 m) and the long offset wireless receiver layout (10 m receiver distance) strongly 

supports noise attenuation tools both in source, receiver, and common offset domain. 

The first run Uppsala University processing of the GEUS2022-HAVNSOE seismic survey is 

a relatively fast-track seismic processing of the dataset and the results have immediately 

been included in an updated seismic mapping of the Havnsø structure (Chapter 6). For get-

ting this fast-track processing conventional post stack migration has been applied to the da-

taset. However, GEUS has issued a reprocessing including pre-stack time migration at 

Realtime Seismic (RTS) and results are presented in Section 4.3.  

Landstreamer and wireless data were combined into a merged version (example for line P1 

is shown in Fig. 4.2.7), for the sections: GEUS22_HVN_P1, -P2; -P2.5, -P3, -P4, P5, -P7. 

However, short streamer and poor data quality, caused that streamer data and consequently 

merged data are not available for two sections: GEUS22_HVN_P6 and GEUS22_HVN_P8. 

Wireless data are available for these sections. 

 

Processing workflow for the wireless data from the Final Acquisition and Processing Report 

of the GEUS2022-HAVNSOE survey (Malehmir & Papadopoulou 2023): 
 

1) Read SEGD 
2) Theoretical sweep cross-correlation 
3) Vertical stack 
4) Minimum phase conversion 
5) Geometry setup 
6) First-break picking 
7) Trace edit 
8) Elevation statics 
9) Frequency filter (BS 48-49-51-52) 
10) Frequency filter (BP 20-30-70-90 
11) Airwave attenuation (330 m/s) 
12) Median horizontal filter (2200 m/s) 
13) Median horizontal filter (1000 m/s) 
14) DBS 16/150 
15) Refraction statics 
16) Constant Velocity Analysis 
17) Residual statics (1 run) 
18) Top mute 
19) AGC (300 ms) 
20) NMO corrections (60% stretch mute) 
21) Stack (diversity) 
22) Datum correction 
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23) Frequency filter (BP 15-30-90-110 Hz) 
24) FX-deconvolution 
25) Balance amplitude 
26) FD migration 

 
The processing workflow for the landstreamer data are almost identical to the workflow for 
the wireless data. Details are found in the Final Acquisition and Processing Report of the 
GEUS2022-HAVNSOE survey (Malehmir & Papadopoulou 2023) 
 

The wireless and the landstreamer data resulting from the corresponding pre-stack pro-

cessing works were merged together providing a unique dataset by combining the traces 

corresponding to each of the recorded shots. The stacked section generated from the 

merged dataset combines the detailed imaging from the landstreamer data in the uppermost 

part of the seismic section (down to c. 500–800 ms) with the better penetration depth from 

the longer offset wireless data. The wireless data shows better the deeper parts of the sub-

surface and reflects the target reservoir formations (below Top Gassum and Top Bunter Sst.), 

seal formations and even down to the pre-Zechstein basement (Fig. 4.2.7). 
 

 

Figure 4.2.7. Data example from the southernmost part of line P1 of the GEUS2022-HAVNSOE 

survey to the left with tie to the 3D STENLILLE-97-GEUS-RE2023 survey (Inline 1164) to the 

right. Horizons are shown from Top Chalk down to Top pre-Zechstein. 
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Deliverables from Uppsala University 
 

 

The list of deliverables is from the GEUS2022-HAVNSOE seismic survey: Acquisition and pro-

cessing report (Malehmir & Papadopoulou 2023). 
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4.3 Reprocessed seismic data in this project  

GEUS issued in 2023 the geophysical company Realtime Seismic (RTS) to reprocess the 

2D seismic survey: GEUS2022-HAVNSOE in order to improve the data for interpretation and 

the reprocessed survey: GEUS2022-HAVNSOE-RE2023 was finalized in October 2023. 

Data and processing report are available from GEUS. 

The objective of the reprocessing at RTS is to identify and select a robust processing se-

quence that improves the overall signal-to-noise ratio (S/N) and the resolution of the seismic 

data. Based on the experience from the STENLILLE-97-GEUS-RE2023 reprocessing at RTS 

a focused test program including PSTM migration for improving the GEUS2022-HAVNSOE-

dataset were planned. The data is processed in such a manner that it should be optimized 

both for structural and sedimentological interpretations, as well as being prepared for input 

to pre-stack quantitative interpretation workflows, e.g. AVO inversion. 

In the RTS reprocessing wireless recordings and landstreamer data were integrated together 

immediately after sweep cross-correlation. The main objective of the reprocessing was to 

apply PSTM migration in order to improve the seismic imaging and to improve the seismic 

resolution of the data for enhancing e.g. the identification of channels and other details in the 

Gassum Formation and to improve fault imaging. In general, the data quality was substan-

tially improved both regarding continuity of seismic horizons and in seismic resolution (see 

comparison in Fig. 4.3.1 and Fig. 4.3.2). However, the crookedness of the lines caused in 

places vertical disturbances possibly may lead to suggestion of faulting. In comparison to the 

Uppsala processing the disturbances from crookedness in general seems to be stronger in 

the RTS reprocessing and are to some extent related to the PSTM migration. Different 

strength of smoothing in data gridding were tested, but these disturbances from crookedness 

of lines were not fully resolved and needs further evaluation outside the time available in the 

present project. In Fig. 4.3.3 an example of the disturbances caused by crookedness is 

shown for full stack of line P2 and in Fig 4.3.4 is shown an example of the disturbances from 

crookedness on near, mid, far and full stack from a small line segment from the southeastern 

part of line P1 in the vicinity of the Stenlille area. In particular, the mid stack shows continuous 

reflections and no displacements through the noise zones and not faults here. 

 

Processing workflow for the reprocessing of the GEUS2022_HAVNSOE-RE2023 dataset: 
  

1) Full data and geometry QC: Complete RTS QC module with RMS, LMO, statistical 
analysis of shots and receivers 

2) First break picking: Three iterations of automatic picking using a robust sequence 
3) Non-linear refraction tomography: 10 iterations of non-linear, 0.5 as smoothing pa-

rameter 

4) Primary refraction statics: Surface consistent tomo statics, Floating datum in depth, 

Topography smoothed over 100 m, Intermediate datum at isovelocity 2000 m/s 

5) Residual refraction statics: Surface consistent residual refraction statics, Model-

based decomposition of residuals, Max shift 20 ms 

6) Amplitude balancing: High Amplitude Noise Attenuation, Smoothing length 100 ms, 
Threshold 100%, Scale to 100% 

7) Single trace deconvolution: Trace by trace deconvolution, Operator length 200 ms, 

Gap length 8 ms, Pre-whitening 0.1% 

8) Time-Variant Spectral Whitening: Frequency: 8 - 150 Hz, Number of bands: 15, Ta-
per 5 Hz 
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9) 2 iterations of reflection residual statics and horizonconsistent stacking velocity pick-

ing: Stacking velocity scans, from 1500 m/s to 6000 m/s, 50 m/s step, Stretch mute: 

60% 

10) Surface Wave Attenuation, (SWA): Radial filter, Minimum velocity (m/s) and Inter-

cept time (ms): 150 m/s and, 100 ms, Maximum velocity (m/s) and Intercept time 

(ms): 1700 m/s and 0 ms, Operator length of median filter: 31, Frequency range: 0 

Hz - 0 Hz - 35 Hz - 45 Hz 

11) High Amplitude Noise Attenuation: FX Denoising, Noise threshold: 5, Number of 

filter points: 5, Number of estimation traces: 11, Window length: 200 ms, Frequency 

band: 0 Hz - 150 Hz, Add back: 5% 

12) Surface Consistent Amplitude Correction: SCAC, Source domain: Decompose and 

apply, Receiver domain: Decompose and apply, Bin domain: Decompose only, Off-

set domain: De-compose only, Number of iterations: 50, Solver tolerance: 1E-8, 

White noise additive factor: 0.01 

13) Surface Consistent Deconvolution: SC deconvolution, Decomposition domains: av-

erage, source, receiver, offset, bin, Apply domains: average, source, receiver, Offset 

bin size: 10 m, CMP supergather size: 5, Operator length 200 ms, Gap length 8 ms, 

Pre-whitening 0.1% 

14) Time-variant filtering: Bandpass: Filter: 5 Hz - 8 Hz - 130 Hz - 150 Hz 
15) 3D Regularization: Time patch: 200 ms, CMP patch: 71, Offset patch: 21, Maximum 

iterations: 80, Maximum frequency: 150 Hz 

16) RMS migration velocity, picking on full scans, horizon consistent: Residual Kirchhoff 

pre-stack straight-ray migration scans, From 1500 m/s to 6000 m/s, 50 m/s step, 

Aperture (T, X, Y): 0 ms, 4000 m, 4000 m, Stretch mute: 60% 

17) Kirchhoff PSTM Full Kirchhoff Pre-Stack Time Migration: Aperture: 4000 m x 4000 

m, Dip limit: 75°, Maximum time: 7000 ms, Time increment: 2 ms, Max frequency of 

antialiasing: 140 Hz 

18) RMO: Averaging window size: 100 ms, Depth slice AGC: 200 ms, Min/Max % 

change: -/+ 5%, CMP interval for picking: 3, RMO field - Vertical smoothing: 51 

m/ms, RMO field - CMP smoothing: 101 bins 

19) Spectral shaping:  Frequency-amplitude pair: 0 Hz - 1 / 50 Hz - 1 / 80 Hz - 1.5 / 100 

Hz - 1.3 / 140 Hz - 2 / 150 Hz – 1 

20) Time-Variant Filtering: Window 1: 0 s - 2.6 s, Filter: None, Window 2: 2.6 s - 3.0 s, 

Filter: High-cut 70/40 dB, Window 3: 3.0 s - 7.0 s, Filter: High-cut 45/40 dB, Filter 

length: 500 ms 

21) Trim Statics: Top horizon: 0 ms, Bottom horizon: 7000 ms, Frequency band: 30 Hz 

- 100 Hz, Maximum shift: 4 ms, Minimum cross-correlation coefficient: 0.1, Window 

length for time-varying trims: 500 ms, Window overlap for time-varying trims: 50 % 

22) Outside mute: Outside mute at angle: 45°, Taper: 100 ms, preserve shallow up to 

offset: 100 m, Smooth interval velocities: 2000 ms 

23) SOD: Dip field estimation, CMP search increment: 1, Time search increment: 8 ms, 

CMP search radius: 51 bins, Semblance search window: 50 ms Smoothing, Vertical: 

11 ms, CMP: 21 bins, Smoothing table: 0.01 

24) Post-stack enhancement: Bandpass:Filter: 5 Hz - 8 Hz - 130 Hz - 150 Hz, AGC 

(Structural only): Window: 500 ms 

 

 



 

44 G E U S 

 
 

Figure 4.3.1. Line P1, a) Original processing and b) reprocessing at RTS. In the repro-
cessing the seismic resolution has been substantially improved. Vertical section down to c. 
2500 ms TWT. Profiles are c. 35 km long. The onshore landstreamer- and wireless data are 
merged with the marine OBS data, missing upper part. See also frequency spectre below. 
The same lines are shown in larger displays with interpretation in Fig. 6.1.4, 6.1.8. 

 

 

Figure 4.3.2. Frequency spectre for the original line P1 and the reprocessed line P1. The big 
difference in the frequency spectre confirms the visual impression in Figure 4.3.1 of improve-
ments in seismic resolution of the reprocessed line. 
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Figure 4.3.3. The vertical disturbed zones for the RTS reprocessing of line P2 are closely 
related to line bends along the line. 

  

 

 

Figure 4.3.4. Stack panels from 2-line bends along line P1. From left to right: far offset stack, 
mid offset stack, near offset stack, full stack, and full stack with mute at crookedness locations. 
The mid offset stack is less affected from the line crookedness than both the full stack and 
the far and near offset stack section and shows more continuous reflections and no marked 
faults. 
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4.4 Well data 

The Stenlille structure is drilled by the 20 wells: Stenlille-1 to Stenlille-20 (ST-1 to ST-20), 

with 19 of the wells located within the 3D seismic survey area, and one (ST-6) just NE of the 

survey (Fig. 4.1.2). The first well ST-1 was drilled in 1980 and the latest well ST-20 is from 

2009.  

For this study additional wells surrounding the Havnsø 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 char-

acterization and interpretation. See Chapters 5–7 for the specific used well logs. 

Original logs: Caliper (CAL), Gamma-Ray (GR), Spontaneous Potential (SP), compressional 

Sonic (SON, DT, DTLF, DT4P), shear Sonic (DTS, DT4S), Resistivity (R_deep mostly used), 

Neutron Porosity (NPHI) and Density (RHOB) logs.                                                                                                   

Derived (interpreted) logs: Shale volume (Vshale), 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, meter above mean seal level), Total Depth (TD, meter below 

Kelly Bushing, measured drilled depth), deviation and Chronostratigraphy of the TD units.   
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Well samples: Cores, SWC and ditch cutting samples 

A number of cores, sidewall cores (SWC) and ditch cutting samples exist from the Stenlille 

wells and the cores and sidewall cores are listed in Table 4.4.2 below. Stenlille-4 is excluded 

from the list. The used samples and results are further discussed in Chapter 7. 

 

Table 4.4.2. Overview of the different cores, SWC and cuttings related to formation and well site. 

Chalk Group lower part is including the ”Basal Chalk” and ”Lower Chalk” and is of Cenomanian, 

Turonian and Coniacian age. Rødby Fm is Albian to lowermost Cenomanian age. Vedsted Fm is 

of late Hauterivian to late Aptian age. Fjerritslev Fm is of latest Triassic to Early Jurassic age. 
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5. Methods 

Seismic interpretation and well-ties (Chapter 6) 

The Havnsø structure, its formation and stratigraphy with reservoir-seal pairs, are investi-

gated and evaluated from structural and stratigraphic analysis, based on the available 2D- 

and 3D seismic data and well-ties. Seismic horizons, seismic successions and seismic facies 

are identified and interpreted, using seismic attributes and reflector terminations such as 

onlap, downlap and truncation. The seismic stratigraphic horizons are essential sequence 

stratigraphic and chronostratigraphic surfaces but in this limited area they can be regarded 

as near base or near top formation boundaries. Horizon names are for simplicity similar to 

the formation names tied from the wells, in particular the deep Stenlille-19 well. The seismic 

stratigraphic boundaries and sequence stratigraphic surfaces and units should on a regional 

scale have more neutral naming (as e.g., in Nielsen 2003; Boldreel et al. in review). At the 

same time, faults, salt structures, and folds were identified and mapped together with internal 

configuration and thickness patterns. A structural and tectonostratigraphic interpretation 

were carried out using the chronostratigraphic framework from the well ties.  

Petrel (2022) software was used for establishing the database, seismic interpretation with 

manual and auto-tracking of the horizons and well-ties with synthetic seismograms. In total 

14 regional seismic stratigraphic horizons were interpreted in the Stenlille–Havnsø area to 

determine the stratigraphy, geological evolution, and most important to define reservoir-seal 

pairs and structural closures (see Chapter 6). In addition, the deepest horizons (below Top 

pre-Zechstein) were interpreted on selected lines and correlated from Stenlille area to the 

Slagelse-1 well, in order to describe the earliest part of the tectonostratigraphic evolution of 

the region. However, the most comprehensive and detailed mapping of horizons and faults 

has been performed of the successions from the Top Vinding (Base Gassum) to the Base 

Chalk, comprising the primary reservoir (Gassum Fm), primary seal (Fjerritslev Fm) and part 

of the secondary seal to the Gassum Fm. In addition, the Gassum Fm are detailed described 

in special studies of sequence stratigraphy (with 8 internal sequence boundaries and trans-

gressive surfaces) with well-logs and seismic lines, and reservoir properties. The methods 

used are described in each of these studies (see Chapters 6 and 7). Lithostratigraphic and 

sequence stratigraphic well-log boundaries (well-tops) are adjusted by time-depth relations 

to the seismic data and synthetic seismograms of the wells are used to constrain the seismic 

interpretation (see below; Fig. 5.1). 
 

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

In order to utilize well log data and well tops (depth domain) with seismic data (time domain), 

seismic-well tie procedure have been performed on wells that contain sonic and density logs 

(Fig. 5.1). As no boreholes exist on the Havnsø structure, the study area therefore includes 

the previous investigated greater Stenlille area (GEUS RAPPORT 2022/26). Here, in total 13 

wells contained density and sonic logs (see database section 4.4), though some wells only 

contained information in the vicinity of the reservoir section. In contrast to GEUS RAPPORT 

2022/26 where the original 3D Stenlille processed seismic data was used from 1997, in this 

study we utilized the 2023 re-processed data, which required a new seismic-well-tie proce-

dure due to a significant time shift (c. 40 ms). A statistical wavelet was extracted within the 

interval of the Fjerritslev – Gassum Formations, resembling a zero-phased wavelet with re-

verse polarity, and having several sidelobes due to the noisy seismic data (Fig. 5.1).  
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Figure 5.1. Well to seismic tie of the Stenlille-19 well. Synthetic seismic trace is shown down 

along the well in red-white-blue display and on the 3D seismic inline 1165 close to the well. Well-

tops and formations are also marked. Location of the projected well and inline 1165 and a larger 

seismic section are shown in Figure 6.1.3. 

 

Check shots were only available for the Stenlille-1 and -19 wells, which were used as an 

initial time-depth relationship, and using the density and sonic logs, a synthetic seismogram 

is produced for Stenlille-19 and compared to seismic data (Fig. 5.1). A combination of bulk 

shifts (initial shift to match Base Chalk Group reflection and Top Gassum reflection), and 

slight stretching or squeezing, QC’ed by observing reasonable interval velocities for the given 

lithologies, resulted in a good correlation of synthetic seismogram and seismic, thereby en-

suring correct depths of well log information and well tops. For the other wells without check 

shot information, check shots from Stenlille-1 and -19 were used as well as initial time-depth 
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relationship. We evaluated this to be justified considering the relatively small distances (sev-

eral kilometers at maximum), similar well trajectories and expected similar interval velocities 

due to the relative homogenous geological buildup. Some minor mismatch of the seismic-to-

well tie in the gas saturated areas occur due to different years (data vintage) of drilling, seis-

mic acquisition, and gas injection and volume. The Stenlille-1 to Stenlille-6 wells were drilled 

prior to the gas-injection initiated in 1989, and the Stenlille-18 was the latest well drilled prior 

to the 3D seismic survey in 1997. In addition, other factors may also affect the ties such as 

poor log data, the seismic datum, static correction, the level of the ground-water table, and 

other factors also affect the seismic velocities (e.g., lithology variations) and thus time-depth 

relations. 

 

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 model area was defined so that the velocity model includes 

a significant buffer around the Stenlille and Havnsø structures, which resulted in an area of 

53 by 28 km (1484 km2). Extra figures on the depth conversion process are available in 

Appendix A. 

The data available include: 1) TWT seismic horizons of the main stratigraphic units, utilizing 

the 3D seismic survey and 2D lines (including new GEUS2022-STENLILLE and GEUS2022-

HAVNSOE-RE2023 lines), gridded to 250x250m and well-adjusted to the Stenlille boreholes; 

2) Well top markers; 3) Seismic migration (RMS) velocities from the 2D lines (GEUS2022-

HAVNSOE-RE2023), and newly reprocessed 3D seismic volume (STENLILLE-97-GEUS-

RE2023), which were Dix-converted to average velocities. 

In order to account for vertical and lateral variations in average velocities found within the 

stratigraphic units as seen in the TDRs and 3D seismic migration velocities, the velocity 

model was constructed in two steps, followed by depth-conversion of the TWT seismic hori-

zons: 

1. First, seismic migration velocities from the 3D volume and 2D lines were upscaled into a 

structural 3D grid (using arithmetic mean), and subsequently extrapolated within each 

zone using full tension option in Petrel (Spline in Tension algorithm). 

2. Second, a multi-layer velocity model was created using the modelled 3D interval veloci-

ties as velocity input, and 3D horizons and well tops to correct the velocity values 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: 

• QC of the input data:  

o seismic-well-ties; removing outliers in interval velocities observed in the TDRs 

originating from overstretching and squeezing in the seismic-to-well tie proce-

dure.  

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 MD fit of main stratigraphic units (Fig. 5.1); checking TWT thicknesses for bull-

seyes originating from horizon mis-picks or extrapolation, smoothening anoma-

lies.  
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• Performing a dix-conversion of RMS velocity from seismic processing (STENLILLE-97-

GEUS-RE2023 & GEUS2022-HAVNSOE-RE2023) to average velocities. 

• Defining a 3D modelling grid (250x250m) based on the QC-ed TWT horizons using the 

Petrel structural modelling tool: 

o Model zonation according to the following horizons: MSL (0 ms), Top Chalk, Top 

Maastrichtian, Base Chalk, Top Fjerritslev, Top Gassum, Base Gassum, Top 

Oddesund, Intra Oddesund sst. beds, Top Falster, Top Ørslev, Top Bunter Sst., 

Top Bunter Shale, Top Zechstein (Fig. 5.2A). 

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 Group and the Lower Cretaceous strata). 

o Upscaling of the 3D seismic average velocities into the 3D grid using arithmetic 

mean (Fig 5.2B) 

o Upscaling of the 2D seismic average velocities into the 3D grid using P1, P2, 

P5, P6, P7 and P8 lines since these lines showed average velocity values 

similar to the 3D seismic dataset. P2.5, P3 and P4 were removed from this 

step since the velocities were substantially higher (around 300 m/s) (Fig. 

5.2B). 

• Extrapolate the upscaled cells into the entire 3D grid using full tension option in the 

property operations (Spline in Tension) (Fig. 5.2C). As minimum curvature option 

gave poor results as it maintains trends, and therefore further away from the upscaled 

cells extreme low or high velocity values appear and are geologically unrealistic. Full 

tension extrapolation tends to flatten values and appears more realistic. 

• 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 calibration, and 

3D average velocity grid from previous step as velocity model (Fig. 5.2D). Without applied 

correction, the average depth residual was in the order of 10 – 60 m. The final velocity 

model used the well tops (“global correction”) to improve to depth-converted horizons by 

adjusting the velocities (Fig. 5.2E). 

• Depth-convert the TWT horizons using the constructed velocity model (Fig. 5.2F). 

• The velocity model is called: 20231122_Havnsø_AvgVel 2D & 3D RTS (corrected) 

 

To make the velocity model more accurate, the following steps could be undertaken: 

1. Include additional velocity data from older seismic lines, as for some lines stacking ve-

locities are documented. 

2. Perform comprehensive data analysis on the upscaled cells to obtain geostatistical infor-

mation of the upscaled cells for kriging purposes (variogram ranges, nugget, azimuths for 

each zone), and use kriging of the upscaled instead of full tension extrapolation. 

3. Use the volume derived from point 2 and use co-kriging of average velocities from well 

TDRs and the 3D property grid as 3D trend. 
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Figure 5.2 (A) 3D perspective of the 14 horizons considered in the velocity model, which define 

the structural grid (250x250xc.10ms). The Stenlille structure is located on the righthand side 

where also the wells are indicated that were used to constrain the velocities. (B) The structural 

grid is indicated by the sections (0–3270 ms TWT), and the upscaled 2D and 3D Dix-converted 

RMS 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 14 horizons and associated well tops in Stenlille wells for correction. (E) Velocities are ad-

justed 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). (see Appendix A 

for enlargement). 
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 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 data used are from the wells closest to the Havnsø structure and mainly 

from the Stenlille area, which may to some extent be similar to the Havnsø area. The aim of 

these studies is to provide a more detailed understanding of reservoir and seal characteristics 

(see Chapter 7). 

The reservoir characteristics presented below and discussed in Chapter 7 are derived mainly 

from the acquired wireline logs in Stenlille, that are calibrated against conventional core anal-

ysis, descriptions of cuttings and sidewall cores. Potential reservoir units were identified from 

wireline logs by low formation resistivity, characteristic neutron-density log responses, pat-

tern of the spontaneous potential log, and low natural radioactivity as recorded by the GR log 

and documented by cuttings containing sand-sized quartz grains. Reservoir parameters were 

evaluated based on well data with emphasis on data from e.g., the ST-1, 2, 5, 6, 18 and 19 

wells. In petrophysical terms, a sandstone reservoir is herein defined as a rock having < 50% 

volume of shale, and an effective porosity (PHIE) of > 10%. The permeability is estimated 

using in-house established relationships between porosity and permeability, which is based 

on conventional core measurements. These relations are derived from core analysis data, 

i.e., porosities and permeabilities measured on core samples originating both from the Gas-

sum Formation and Bunter Sandstone Formation. Seal thickness and grain-sizes were sim-

ilarly evaluated based on petrophysical logs. Mudstone sections that will act as seal were 

identified from wireline logs by several methods based on the availability of logs in the differ-

ent wells drilled over a long period and for different purposes. 
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Storage Capacity Assessment (Chapter 8)     

To be able to compare the potential CO2 storage structures GEUS uses a simple widely 

accepted equation for saline aquifers. The storage capacity of reservoir units with buoyant 

trapping is estimated from: 

𝑆𝐶 = 𝐺𝑅𝑉 ∗ 𝑁/𝐺 ∗ 𝜑 ∗ 𝜌𝐶𝑂2𝑅 ∗ 𝑆𝐸𝑓𝑓 

where: 

SC Storage Capacity or Mass of CO2 (MT). 

GRV  Gross Rock Volume is confined within the upper and lower boundary of the 

 gross reservoir interval (h) and above of the deepest closing contour 

 from where spillage from the trap will occur.  

N/G Average net to gross reservoir ratio of aquifer across the entire trap (GRV). 

ɸ Average effective reservoir porosity of aquifer within trap (GRV). 

ρCO2R Average CO2 density at reservoir conditions across the entire trap. 

SEff Storage efficiency factor relates to the fraction of the available pore volume 

 within the trap (GRV)that will store CO2. This fraction depends on the size of 

 storage domain, heterogeneity of formation, compartmentalization, permeability, 

 porosity, and compressibility, but is also strongly influenced by different well  

 designs and injection schemes (e.g., Wang et al. 2013). 

 

Storage capacity (SC) is related to communication within the reservoir and the degree of 

pressurization. Pressurization depends on the difference between the fracturing pressure 

and the relation between pressure and volume increase, and compressibility of the rock and 

the fluids in the reservoir.  

In open aquifers, as used here, a CO2 storage injection is most likely pressure-limited during 

the entire operation, and the reservoir pressure will stay constant during injection, as the 

formation water will be pushed beyond the boundaries. The calculated stored CO2 will be the 

amount injected until it reaches the boundaries of the storage complex (e.g. ‘lowermost 

closed contour’). The calculation used here assumes a static approach where the pores in 

the trap is assumed to be 100% connected. However, it does not include dynamic pressure 

build-up and movement of CO2 and in-place brine(water) in the saline aquifer, neither in-side 

nor out-side the trap. Furthermore, it does not consider the solubility of CO2 in water, where 

more than 10% can normally be dissolved in the water. 

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 simulation of the potential storage capacity is normally carried out by the awarded 
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license holders and operators. Dynamic reservoir simulations should be used for local-scale 

CO2 storage reserves estimates and should also consider operational and regulatory factors. 

The CO2 storage efficiency factor (SEff) was first introduced in 2007 in regional-scale assess-

ments of storage capacity in the United States and Europe. The efficiency of CO2 storage is 

regarded as a combination of factors, and many published papers show values from <1% to 

more than 20%, emphasizing that no single value or set of values can universally be used. 

Regional storage efficiency values are around 1–4 % (e.g., CO2 Storage Atlas of the US and 

Canada 2008), while trap specific storage efficiency have values around c. 4–18% for clastic 

sediments (e.g. Craig et al. 2014; Gorecki et al. 2009); c. 3–10% (US-DOE; Goodman et al. 

2011) and c. 5–20% for traps in German North Sea area (BGR, 2023 on-going project).  

The storage efficiency factor represents the fraction of the total available pore volume of the 

saline aquifer that will be occupied by the injected CO2 in the trap volume (i.e. the GRV) and 

is regarded as the fraction of stored CO2 relative to the pore volume, - and has both a space 

and time dependency. It depends primarily on the relationship between the vertical and hor-

izontal permeability, where a low vertical to horizontal permeability ratio will lateral distribute 

the CO2 better over the reservoir than a high ratio. It will therefore be an advantage if the 

reservoir formation is internally layered with reservoir sandstone alternating with impermea-

ble or poorly permeable clay acting as local seals. The Gassum reservoir is regarded as a 

multilayered formation with internal barriers, why a low ratio would be expected (Section 7.1). 

Furthermore, the storage efficiency factor depends on the size of the storage domain, heter-

ogeneity of the formation, compartmentalization, porosity, permeability, pressure, tempera-

ture, salinity and compressibility, but are also influenced by number of injection wells, design 

and injection strategy.  

The Stenlille is the best-known case onshore Denmark, why a maximum value of 40% for a 

4-way dip-closure is used here for the excellent and well known Gassum Fm sandstone res-

ervoir. All other potential storage structures probably have lower storage efficiency values 

reaching more realistic values from 5 to 10%. For comparison reasons GEUS uses storage 

efficiencies from 40% in the Stenlille structure and 10% in all other potential structures.  

To address the geological uncertainties associated with seismic data quality and density, 

interpretation and seismic well tie, depth conversion challenges, mapping, reservoir param-

eters assessment and fluid parameter, a number of assumptions in the reservoir have been 

applied. Ranges of min, mode and max for each input parameters have been chosen to 

reflect parameter uncertainty. By using distribution models, a simple Monte Carlo simulation 

in-house tool has used to estimate potential storage capacity. To achieve stable and ade-

quate statistical representation of both input distribution 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 estimating reliable screening 

volumes and CO2 capacities, the methodology is considered relevant and adequate. The 

method is used for the calculations in Chapter 8. 
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6. Results of seismic and well-tie interpretation 

6.1 Stratigraphy of the structure 

In total fourteen regional seismic stratigraphic horizons (‘horizons’) were interpreted in parts 

of the study area and they are from the deepest to the shallowest: (1) Top pre-Zechstein 

(Base Zechstein or Top Rotliegende), (2) Top Zechstein, (3) Top Bunter Shale, (4) Top 

Bunter Sandstone (Sst.), (5) Top Ørslev, (6) Intra Oddesund sst. beds, (7) Top Oddesund, 

(8) Intra Vinding, (9) Base Gassum (Top Vinding), (10) Top Gassum (TS7), (11) Top F-Ia Mb 

(TS11) (intra Fjerritslev Fm horizon), (12) Top Fjerritslev, (13) Base Chalk, and (14) Top 

Chalk (Fig. 6.1.1−6.1.8).  

In addition, eight detailed, internal sequence stratigraphic horizons of the Gassum Formation 

were interpreted in selected lines (Fig. 6.1.9) into the Havnsø structure, including: Sequence 

boundaries (SB): SB2, 3, 4, 5, 6; Transgressive surfaces (TS): TS3, 4, 5, 6, 7, where Base 

Gassum is here SB2 and Top Gassum is here TS7 – See Chapter 7 (Fig. 7.1.13) for more 

details and facies reservoir model. Also, older horizons are interpreted in the Stenlille area, 

and correlated to the Slagelse area: Top Pre-Cambrian basement, Top basal Palaeozoic 

(Cambrian), and Top Lower Palaeozoic, to interpret the oldest tectonostratigraphic evolution 

and to tie the deepest succession in the Stenlille−Havnsø area to the Slagelse-1 well that 

has TD in Cambrian rocks (See the reporting of the Stenlille structure: Gregersen et al. 2023). 

Key horizons correlated into the Havnsø structure are the horizons: Top Zechstein, Top 

Bunter Sst., Base Gassum, Top Gassum, Top Fjerritslev, and Base Chalk. TWT grids of 

these horizons are published by Gregersen & Smit (2023) on November 28th 2023 with ref-

erence to the present report and can be accessed via the GEUS Dataverse (link). In addition, 

most of the other horizons were correlated to more limited extent, e.g., Fig. 6.1.4−6.1.8. 

The uppermost horizon Top Chalk (Fig. 6.1.4) is mainly used for the Chalk Group isochore 

map for the time to depth conversion. Horizons from Top Bunter Sst. and shallower can be 

correlated to the Stenlille-19 (ST-19) well (Fig. 6.1.1, 6.1.3). Horizons from Base Gassum 

and shallower can be correlated to well-tops in nearly all Stenlille wells. The interpreted seis-

mic stratigraphic horizons with well-ties documents the local stratigraphy of the Stenlille and 

the Havnsø structures with regional tie lines from Stenlille to Havnsø, in particular P1 and P2 

of the Havnsø survey (Fig. 6.1.3−6.1.5).  

The regional generalized lithostratigraphy to the deepest well Stenlille-19 is shown in Figure 

6.1.1 with stratigraphy, possibly also applicable to the Havnsø structure from the seismic 

correlation. This study and the study of the Stenlille structure have indicated that parts of the 

Triassic lithostratigraphy should be revised in the future for this part of the Danish Basin.  

The horizons are essentially interpreted as sequence stratigraphic (approximately chronos-

tratigraphic) boundaries, which are traced in a certain reflection (here a trough or a peak) 

(Fig. 6.1.9). However, they are in most cases also, on a local scale, near-formation bounda-

ries as correlated to the well-tops. Thus, the seismic horizons are here named after the ap-

proximate formation boundaries. More regionally, it may be considered to use lithostrati-

graphic independent naming such as letters or ages, as on a regional scale, some of the 

lithostratigraphic units are diachronous.  For example: The top of the Gassum Formation is 

https://doi.org/10.22008/FK2/ADIJKG
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late Rhaetian in age (at the sequence stratigraphic flooding surface TS7) in the Stenlille area, 

whereas it is of a younger Hettangian – early Sinemurian age in central to northern Jutland, 

where the formation top occurs at different sequence stratigraphic flooding surfaces e.g., 

TS9–TS11 (Nielsen 2003). However, here in this local area, the naming serves to more di-

rectly relate formations and thus key reservoir-seal pairs. 

Synthetic seismograms have been produced to study and connect wells to seismic reflections 

for interpretation of the horizons (Fig. 5.1). Most seismic data, including 3D and most 2D lines 

are European SEG reverse polarity, where a peak is a soft kick with downward decreasing 

acoustic impedance (AI), such as the Base Chalk seismic reflection. Figure 5.1 shows a 

significant drop in velocity from chalk of the Chalk Group into lower velocity marl and chalk 

of the Rødby Fm. We use here mostly coloured profiles displayed in red-white-blue (red 

peaks and blue troughs) or black-grey-white (black peaks and white troughs) (Fig. 6.1.1–

6.1.9).  

We define here each interpreted horizon in either a peak or a trough seismic reflection (note 

the reverse polarity), where e.g., the Base Chalk follows a peak, the Near Top Fjerritslev 

follows a trough, and the Top Gassum follows a peak reflection (Fig. 6.1.4–6.1.8). 

Several factors affect the seismic reflection responses (velocity and/or density), not only li-

thology variation, but also variations in e.g., compaction, cementation, fluids and gas. In the 

Stenlille structure close to the Havnsø structure, various amounts of natural gas have been 

stored in the Gassum Formation of the Stenlille structure, which in the seismic data impact 

locally decrease of the velocities and densities in the reservoir zones. The gas storage in the 

Stenlille structure shows a proven tight trap with more than 30 year of safe gas storage.  

The relatively continuous seismic horizons and units with few marked faults indicate relative 

similar stratigraphy and tectonism in Stenlille and Havnsø areas in the uppermost Triassic 

(Gassum Fm) to Lower Cretaceous successions, although some differences and facies 

changes occur towards Havnsø. A close inspection of Gassum Fm reflections in the Stenlille 

area show local strong amplitudes (some related to gas), small progradations (clinoforms) 

and troughs, which may be interpreted as channels (Fig. 6.1.9) – see also Chapter 7 (Fig. 

7.1.13) for detailed interpretation. The detailed study also shows that indications of progra-

dation and channels in the formation become less frequent towards Havnsø, probably sug-

gesting less sandstones, father from the coastal conditions that dominated the Stenlille area. 

The seismic facies of the Gassum Fm with much reflectivity is very different from the overly-

ing Fjerritslev Fm with more transparent and regular, continuous reflections. The Fjerritslev 

Fm comprises mudstones with thin sandstone and siltstone layers, mostly in the lower third, 

up to the Top F-Ia or TS11 surface (Fig. 6.1.8, 6.1.9). Local amplitude increases probably 

indicate sandstones or siltstones. Also, small progradations can be observed in the Bunter 

Sandstone Fm in few places, also if sufficient resolution allows, such as west of Stenlille 

towards Havnsø (Fig. 6.1.10). The progradations may also indicate sand-rich systems, alt-

hough progradations are not always associated with sand-deposition. 

In large scale, the Havnsø structure is underlain and formed by a salt pillow. The Triassic 

succession of Falster Fm and Oddesund Fm (Top Ørslev to Top Oddsund) thickens markedly 

from Stenlille to Havnsø (Fig. 6.1.8) probably related to increased subsidence in this part of 

the Danish Basin. 
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Figure 6.1.1. Lithostratigraphy and seismic horizons with well-tie at the Stenlille-19 well in the 

eastern part of the Danish Basin, north of the Ringkøbing–Fyn High (RFH). The lithostratigraphic 

scheme, based on Bertelsen (1980) and Nielsen (2003), summarizes a more western part of the 

basin (Jutland), but most of the formations of the area just north of the RFH are partly comparable 

to the Stenlille region (excluding M.+U. Jurassic formations). Colored seismic stratigraphic hori-

zons are shown in age in the separate stratigraphic column (this study), and in a seismic profile 

in two-way time (X-line 495 of the 2023 reprocessing – se Chapter 4 for location of the survey). 

The profile shows correlation to the Stenlille-19 well with well-tops (triangles, centers). Dashed 

horizontal lines at the top and base of the scheme (left) indicate omitted younger Cenozoic/Qua-

ternary successions, and pre-Zechstein successions, respectively due to space limitation. 
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Figure 6.1.2. 3D perspective view with 3D inline 1171, aligned with the new ‘P1’, ‘P2’ and ‘P3’ 

(GEUS22-STL-P1,-P2,-P3) seismic sections, and a Top Gassum map (ms two-way time), with 

indicated positions of Top pre-Zechstein, Stenlille salt pillow, Top Zechstein,TS11 (Top F-Ia), Top 

Fjerritslev, Base Chalk, and faults. The Top Gassum structural closure towards NE was confirmed 

with the new Stenlille 2022 data, and faults were detected and mapped in the Gassum–Fjerritslev 

formations, but some also up into the Chalk Group. The 2D seismic sections are time-shifted to 

fit the reprocessed 3D survey (STENLILLE-97-GEUS-RE2023). Positions of sections (red) are 

shown in the small map and viewed towards SE. Modified from Gregersen et al. (2023). 
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Figure 6.1.3. Well to seismic tie with Stenlille-19 well at inline 1165 (reprocessed 3D) in a com-

posite display with the P1 line (reprocessed, timeshifted -7ms). Synthetic seismic trace is dis-

played along the ST-19 well (see also Fig. 5.1). Well-tops and interpreted seismic horizons are 

also shown. Good correlation between the 3D and 2D data. The location of the line with the pro-

jected well is shown (red line) in the small map. Note that the reprocessed line is closer to the 

well (less smoothed). 
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Figure 6.1.6. 2D seismic line GEUS22-HVN-P2 (two-way time) S-N into to the Havnsø structure. 

The line is merged with marine (OBS) data and connects the onshore data from the islands of 

Nekselø and Zealand at Havnsø. The location of the P2 line is shown in Fig. 6.1.5. The deep 

Havnsø salt pillow growth elevated the Triassic–Jurassic successions, bounded at the top by an 

unconformity (Mid-Cimmerian Unconformity, sensu Nielsen 2003) at the Top Fjerritslev. The 

Fjerritslev Fm thins towards the top of the Havnsø structure and may indicate growth of the 

structure. The unconformity at the Top Fjerritslev may as in Stenlille span a hiatus from latest 

Early Jurassic and into Early Cretaceous time. The unconformity is overlain by Lower Creta-

ceous Vedsted Fm and Rødby Fm, also thinning across the top of the structure.  Growth of the 

structure probably continued during Middle to Late Jurassic, but also into the Cretaceous. The 

location of the P2 line is shown in Fig. 6.1.5. 
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Figure 6.1.7. 2D seismic line GEUS22-HVN-P6 (two-way time) S-N into to the Havnsø 

structure. The line is merged with marine (OBS) data and connects the onshore data from 

the islands of Nekselø and Zealand at Havnsø. The deep Havnsø salt pillow growth elevated 

the Triassic–Jurassic successions, bounded at the top by an unconformity at the Top Fjer-

ritslev. Minor faults are observed on line P6 and only a few of these in the Fjerritslev Fm 

and near Base Chalk. The small faults in Fjerritslev Fm have throws here less than 10 ms. 

Faults also deeper are probably related to growth of the salt pillow. The pre-Zechstein base-

ment is affected by larger faults. Noise affects the data and zones of noise are e.g. observed 

from top and down into the Chalk and Fjerritslev to Gassum successions between CDP 

61500 and 61800. The location of the P6 line is shown in Fig. 6.1.5. 
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Figure 6.1.9. A zoomed, flipped part of Fig. 6.1.8 of 2D seismic line GEUS22-HVN-P1 reprocessed 

by RTS from the Stenlille area to the Havnsø area fitting with the inline 1167 of the reprocessed 

Stenlille-97 3D survey. The Stenlille-19 well is also shown with well-tops defined in the well, and with 

a synthetic seismogram along the well. Note the detailed subtle progradational reflections and troughs 

(channels) also known from the Stenlille area where they are sand-rich and represent fluvial to near-

shore environments (Chapter 7). This P1 line has subsequently been interpreted further NW into the 

Havnsø structure and a facies reservoir model is described in Chapter 7 (Section 7.1; Fig. 7.1.13) 

and is further used in a scenario (no. 3) for storage capacity calculations in Chapter 8. The location 

of the line is shown in Fig. 6.1.8.  

Figure 6.1.10. A zoomed, flipped lower part of Fig. 6.1.8 of P1 reprocessed by RTS from 

the Stenlille area with the Stenlille-19 well. Note the subtle westward progradational reflec-

tions (green) in the Bunter Sandstone Fm, below Top Bunter Sst. horizon. 
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6.2 Acoustic impedance modelling comparing the Gassum 
Formation in the Stenlille and Havnsø areas 

This section shows results of an acoustic impedance modelling from the Stenlille to the 

Havnsø area. It gives an indication of the relative sandstone and mudstone volumes in the 

Gassum Fm along GEUS22_HVN_P1 (referred to as “P1” in this section). RMS-velocities 

are used to build a low frequent acoustic impedance model of P1. Results show that the 

acoustic impedance is generally higher in Havnsø compared to Stenlille, indicating a more 

mud-rich system. 

 

Methods 

The acoustic properties of sandstones, siltstones, and mudstones in Gassum Fm are inves-

tigated in the well Stenlille-19 (Fig. 6.2.1) from the density and sonic logs. 

The RMS-velocities used are migration velocities, picked using a horizon-consistent method 

of straight and bending rays algorithms for the GEUS2022-HAVNSOE-RE2023 processing 

of P1 (Processing report: Realtime Seismic, 2023), Fig. 6.2.2a. 

RMS velocities are converted to interval velocities using the Dix conversion,  

𝑣𝑛 =  √
𝑣𝑛

2𝜏𝑛 − 𝑣𝑛−1
2 𝜏𝑛−1

𝜏𝑛 − 𝜏𝑛−1
 

where 𝜏𝑛 and 𝜏𝑛−1 are the two-way zero offset times in the layer above and below the layer 

boundary n (Dix 1955), see Fig. 6.2.2b.  

Acoustic impedance is calculated using Gardener’s law calibrated to the Stenlille wells. First, 

densities are estimated, 𝜌 =  1.66 ∙ 𝑉𝑖𝑛𝑡
0.25 (velocities in km/s and densities in g/cm3), and 

then acoustic impedance is calculated, 𝐴𝐼 = 𝑉𝑖𝑛𝑡 ∙ 𝜌  (Gardner et al. 1974). A mild lateral 

smoothing is applied to the acoustic impedance model, see Fig. 6.2.2c. 

The acoustic impedance model is converted to depth using the RMS-velocities, see Fig 

6.2.2d.  

 

Results 

Mudstones and siltstones generally have a higher 

acoustic impedance than sandstones in the Gassum 

Fm in the Stenlille-19 well (Fig. 6.2.1). This is as-

sumed to be the trend for the Gassum Fm in general 

along P1.  

The acoustic impedance model shows lower values 

in the southeastern part of P1 (Stenlille) than in the 

northwestern (Havnsø). The change is occurring 

around CDP 1500, 15 km from the beginning of the 

line in Stenlille, see Fig. 6.2.2e. This is interpreted as 

more sand rich in Stenlille compared to Havnsø, 

which is also comparable to the sequence stratigraph-

ical interpretation and facies model in Fig. 7.1.13. 

Fig. 6.2.1. Acoustic impedance 

values for different lithologies of 

Gassum Fm in the Stenlille-19 well.  
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Discussion 

The acoustic impedance model reflects the low frequency changes (0–2 Hz). The model thus 

does not contain the same details and as large range as the well log data, but it contains the 

overall trend (Fig. 6.2.2d). The thickness of the Gassum Fm is small compared to the wave-

length (c. 1/5), so interval velocities above and below may affect the model.  

Compaction also influences the acoustic impedance. The top of the Havnsø structure and in 

particular the Stenlille structure are therefore expected to have lower acoustic impedances 

relative to the surroundings, independent of the relative volumes of sandstones and mud-

stones. However, lateral changes are also seen at constant depth (Fig. 6.2.2d). In the top of 

the Stenlille structure, stored natural gas also decreases the acoustic impedances (Bredesen 

2022). Other possible factors that may influence the acoustic impedances include cementa-

tion and pressure variations (Simm and Bacon 2014; Chapter 5). As the system is relatively 

consistent, these factors are expected to have a smaller contribution to the long wavelength, 

lateral variation in acoustic impedance, compared to changes in lithology. 

In conclusion, the results show relatively higher velocity and acoustic impedance and thus 

probably a more claystone rich Gassum Fm is suggested from CDP 1500 of P1 and towards 

the Havnsø structure, compared to the Gassum Fm of the Stenlille structure. Results should 

be used only as an indication, as it relies on RMS-velocities and wells in Stenlille.  

Fig. 6.2.2. Models covering 

the profile of P1 with hori-

zons Top and Base Gas-

sum. a) RMS velocity 

(TWT), b) Dix-converted in-

terval velocity (TWT), c) 

acoustic impedance model 

(TWT), d) Acoustic imped-

ance model and acoustic 

impedance of the Stenlille-

19 well (depth), and e) map 

view of the mean model 

acoustic impedance in 

Gassum Fm. Legend is 

shared with c). 
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6.3 Structure description and tectonostratigraphic evolu-
tion 

The seismic stratigraphic interpretation is tied to well-tops in the 3D seismic survey in most 

wells and extended further into the 2D seismic lines (fitted to the 3D survey) outside the 3D 

area. Figure 6.3.1 shows e.g., the two key-top reservoir surfaces in two-way time: Top Gas-

sum and Top Bunter Sst. along the key seismic line (GEUS22_HVN_P1) from the Stenlille 

structure to the Havnsø structure. Maps in two-way time have been generated from horizons 

by gridding and smoothing - see each map in Fig. 6.3.2, where the most important for the 

gross stratigraphy, reservoir and seal are shown (shallow to deep): (A) Base Chalk, (B) Top 

Fjerritslev, (C) Top- & (D) Base Gassum, (E) Intra Oddesund sst. beds, (F) Top Bunter Sst., 

and (G) Top Zechstein is included to show a morphology affecting overlying horizons.  

Figure 6.3.3 shows the depth converted maps of the four key horizons for the gross division 

of the Stenlille structure into top reservoir and seal containing formations (shallow to deep): 

(A) Base Chalk, (B) Top Fjerritslev, (C) Top Gassum, (D) Top Bunter Sst. For depth conver-

sion procedure see Chapter 5. 

Fig. 6.3.4 shows three key thickness maps including the (A) Chalk Group, important for depth 

conversion, and the primary seal and reservoir formations: (B) Fjerritslev Fm, and (C) Gas-

sum Fm. The maps are used in the following descriptions of the geological evolution, stratig-

raphy and for calculation of storage capacity. 

  

Figure 6.3.1. Seismic section GEUS22_HVN_P1 with mapped key reservoir formation tops: The 

Top Gassum (upper) and Top Bunter Sst. (lower) in a 3D display in two-way time (milliseconds) 

and viewed towards NE below Zealand. Maps are also shown in Fig. 6.3.2C, F. Positions of the 

Stenlille-19 well and the Stenlille 3D survey area (blue square) are also shown. 
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6.3.2. Depth-structure maps in milliseconds (ms) two-way time (TWT) below mean sea level 

(b.msl. or MSL) with the largest faults (black polygons) shown at the Top Fjerritslev (B) and Top 

Gassum Fm (C). A: Base Chalk; B: Top Fjerritslev; C: Top Gassum; D: Base Gassum. The maps 

are produced with a 250 x 250 m grid and are mildly smoothed (mostly x2). The contour interval 

is 30 ms for the maps.  
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 Fig. 6.3.3. Key depth-structure maps in meter (m) MSL of A: Base Chalk; B: Top Fjerritslev; C: Top 

Gassum; D: Top Bunter Sst. The largest faults (black polygons) are shown at the Top Fjerritslev 

(B) and Top Gassum Fm (C). The contour interval for the maps is 30 meters. The Top Fjerritslev 

map has a top in the Havnsø structure of c. 1260 m. The Top Gassum map has a top in the Havnsø 

structure at c. 1550 m, a lower closure at c. 1710 m with an area of c. 70 km2, and a relief of c. 160 

m. The Top Bunter Sst. map has a top in the Havnsø structure at c. 3090 m, and two smaller, lower 

closures at c. 3120 m. 
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Description of faults 

Faults may act as potential leakage pathways, that could occur across and along faults, but 

faults may also act as potential barriers (compartments) for pore-fluids. Therefore, fault in-

terpretation and mapping are important for evaluating reservoir fluid mobility and cap-rock 

integrity. Furthermore, mapping of faults provides insight into the geological evolution and 

setting of the investigated area. 

A manual interpretation of the 2D and 3D reflection seismic sections is performed in the study 

area, and supported by various seismic attributes, including ant-tracking, semblance, and 

coherency. Only in the Stenlille-97 3D seismic survey Machine Learning has additional been 

conducted (see below). The focus was on larger faults in the primary reservoir succession in 

the Gassum Fm and the primary seal successions of the Fjerritslev Fm and in overlying sec-

ondary seal successions of the Vedsted−Rødby Formations and in the Chalk Group. The 

faults were interpreted vertically and laterally (Fig. 6.1.7, 6.3.2–6.3.4).  

In particular, fault systems that appear to be connected vertically from top reservoir up 

through the seal successions are important to reveal for assessing the seal integrity. Some 

of the deeper faults near the top and above the Bunter Sandstone Fm and intra Oddesund 

Fm sandstone beds were also identified in connection to a possible secondary reservoir-seal 

potential, but not used for the maps and only shown on selected sections. 

 

Faults in the Havnsø structure 

We focus here on the Gassum and Fjerritslev Formations as the primary reservoir and seal 

successions, respectively. The regional interpretation of the Havnsø structure and surround-

ing areas shows in both formations few, small faults, less than a few km long (Fig. 6.3.2), 

and with throws mostly less than 10–15 ms (Fig. 6.3.5–6.3.7). Faults mainly occur with SW–

NE and NW–SE orientations (Fig. 6.3.2–6.3.4). Faults are mostly rather vertical, slightly dip-

ping, and mostly within the two formations, but some places they also continue up through 

lower part of the Chalk Group. 

Faults were mostly small and difficult to interpret on the old seismic data due to noise. The 

new seismic lines show less noise and more continuous reflections than the vintage data, 

where noise zones can be misinterpreted as faults. Also, in the new lines noise zones occur, 

especially at marked bends of the roads of acquisition and may show more up in some pro-

cessing types (Section 4.3; Fig. 4.3.3, 6.1.8) than in other (Fig. 6.1.4). A way to examine if 

noise zones reflect faults is to compare offset stack sections. Some tests of the reprocessed 

2D Havnsø survey show, that the mid offset stack is less affected by noise from the line 

crookedness than both the full stack and the far and near offset stack section (Fig. 4.3.4). 

Sometimes it is possible in the mid stacks to follow the reflections with no displacements 

across the noise zones, thus not indicating faults. Also, the small faults were difficult to cor-

relate and connect between seismic lines with noise and as lines are located at far distances. 

Faults mostly trend parallel to the dominant orientation and flanks of the Havnsø structure 

outline (Fig. 6.3.2–6.3.4). Therefore, most of the faults in the two formations were probably 

formed during the Jurassic development of the Havnsø salt pillow. Salt movements were 

probably governed by increased temperature and pressure from the thick Triassic to Jurassic 

overburden and triggered partly from the Mid-Cimmerian Tectonic Phase. The structure for-

mation is associated with development of an unconformity with a hiatus at the Top Fjerritslev 

(Lower Jurassic) onlapped by Lower Cretaceous successions Vedsted Formation. 
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Faults in the Stenlille structure – the southern part of the study area 

Faults becomes larger in length and throw in the Stenlille structure, where they are more 

detailly studied in a much more comprehensive database including a 3D survey (Gregersen 

et al. 2023). The Stenlille structure has a number of faults in its top and eastern flank, in 

particular in the Gassum and Fjerritslev Formations, and less apparently in the overlying 

successions of the Vedsted to Rødby Formations and the lowermost part of the Chalk Group. 

In large parts of the structure, most faults to the Top Fjerritslev horizon seem to displace 

more or less equal thicknesses in both the Gassum and Fjerritslev successions (Fig. 6.3.8, 

6.3.9) and as the Gassum Fm has little thickness variations, this imply that most of the sig-

nificant faults are formed after the deposition of the Gassum Fm and most of the Fjerritslev 

Fm. 

As some of the significant faults continues up through the Fjerritslev Fm and more or less 

stops at the unconformable Near Top Fjerritslev horizon, they were probably formed during 

late part or after deposition of the Fjerritslev Fm, related to the doming of the structure, mainly 

caused by the salt pillow growth. 

The Stenlille F1 fault SE in the study area, south of the Stenlille structure (Fig. 6.3.9, 6.3.10), 

is a large, deep normal fault, seated SE of the salt dome, which evolved from mid-Jurassic 

time. The F1 fault shows throw at the Top Gassum of c. 150−180 ms, with similar order of 

throws of the deeper horizons and units (c. 170−200 ms) down to Top Zechstein. The Stenlille 

structure was formed as response to the formation of the salt pillow, and faults at the flanks 

are probably related to the growth of the structure. At the fault zone to the SE (F1 fault) salt 

withdrawal and roll-over were also involved.  

The Fjerritslev Formation between Top Gassum and Near Top Fjerritslev horizons thickens 

in the hanging wall syncline towards fault F1 (Fig. 6.3.10), indicating growth fault evolution of 

a primary syncline of salt doming. The throw near Top Fjerritslev is less than c. 70–80 ms 

and mostly 10–30 ms, possibly in part due to erosion (Fig. 6.3.8). Apparently, it is primary 

the uppermost part of the Fjerritslev Formation succession (probably the F-III and F-IV mem-

bers), that thickens towards the fault. The top of the structure, south of the Stenlille-1 well is 

offset by faults (Fig. 6.3.8).  

Most faults in Gassum and Fjerritslev Formations in the Stenlille structure have mainly minor, 

normal and in some cases reverse throws, mostly less than c. 30 ms or c. 30−50 m (Fig. 

6.3.8). Most faults are located along the anticlinal NE−SW trending axis of the structure, in 

its top and its SE flank. A few faults trend N–S (Fig. 6.3.9). The deepest-seated faults occur 

along the SE structure flank, and some of these sole out deep into the salt pillow (Fig. 6.1.1, 

6.3.8), indicating that they are related to the structural deformation due to the doming of the 

structure. The most prominent fault in the structure top SE of well ST-5, is the F5 fault (Fig. 

6.3.8). Also, the shallower Gassum−Fjerritslev faults ending at the Near Top Fjerritslev hori-

zon are mainly related to the doming of the salt pillow during Middle- to Late Jurassic times. 

The manually interpreted fault polygons and ML fault trends both show consistent, mostly 

NE−SW fault directions at both the Top Gassum and Near Top Fjerritslev surface maps (Fig. 

6.3.9c,d). Recent studies show that some of the near Top Gassum faults identified by map-

ping (F11, F13 and F14) and Machine Learning may compart the Gassum Formation reser-

voir zones and seem to restrict predicted natural gas in some cases (Bredesen et al. 2022).  

At the Base Chalk surface (Fig. 6.3.9e) there are less faults, but still with NE−SW trends. 

This indicates relatively few clear fault connections between the Lower Cretaceous 
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successions and the Upper Cretaceous Chalk Group. However, breach of seals may occur 

even with few and subtle faults, and such risks should be investigated and assessed thor-

oughly before injecting CO2. There as some faults in the Chalk Group, but faults in the shal-

low section is difficult to reveal, e.g., due to noise, and storage should in general be kept 

safely away from problematic faults. However, the long-term, safe storage of natural gas at 

Stenlille indicates competent sealing successions. 

The Near Top Fjerritslev horizon is a significant seismic reflection trough with increasing 

acoustic impedance and the overlying successions (mostly of the Vedsted Formation) onlap 

this horizon (Fig. 6.1.1, 6.3.8). The Near Top Fjerritslev horizon is close to (or near below) a 

major unconformity (hiatus), separating Lower Jurassic (Toarcian age) deposits of the Fjer-

ritslev Formation from the Lower Cretaceous Vedsted Formation (Fig. 6.1.1; see also discus-

sion of ages in Section 7.2). 

The youngest part of the Fjerritslev Formation in the Stenlille area is correlated to the F-III 

and F-IV members of the Fjerritslev Formation. In some of the Stenlille wells the uppermost 

preserved part of the Fjerritslev Formation (at or slightly above the seismic Near Top Fjer-

ritslev horizon) seems to be of a latest Early Jurassic (Toarcian) age, whereas overlying 

deposits may belong to the Vedsted Formation of an Early Cretaceous age (Nielsen 2003; 

Pedersen et al. 2022) - see the discussion in Section 7.2. Thus, Middle and Late Jurassic 

deposits may be missing at the crest of the structure. The erosion and hiatus may be slightly 

different depending on the position on the structure, and the flanks of the structure were 

probably experiencing less erosion with more preserved successions, possibly also including 

uppermost parts of the Fjerritslev F-IV member. The major unconformity (hiatus) marks the 

formation of the Stenlille structure mainly due to formation of the underlying salt pillow, but 

possibly also due to regional uplift and erosion. The unconformity may be equivalent to the 

‘Base Middle Jurassic unconformity’ or ‘Mid-Cimmerian Unconformity’ (Nielsen 2003) and is 

associated with uplift and erosion or nondeposition (a major Middle- to Late Jurassic hiatus) 

over structures and margins of the Danish Basin, including the Ringkøbing-Fyn High in cen-

tral and southern Denmark. 

The Lower Cretaceous Vedsted and Rødby Formations are part of the seismic stratigraphic 

wedge, which onlapped the Near Top Fjerritslev horizon after the formation of the elevated 

Stenlille structural dome. This wedge is only affected by a few faults (Fig. 6.3.8, 6.3.9). The 

Rødby Formation is overlain by the regional Upper Cretaceous Chalk Group, and around this 

transition and in basal parts of the Chalk Group (at Base Chalk),  only few faults are observed 

from the ML method (Fig. 6.3.9). Slightly shallower, in the lower to middle parts of the Chalk 

Group (e.g., at 580 ms TWT), more extensional faults occur (Fig. 6.3.8, 6.3.9g) as sets of 

small half-grabens in and below the high-reflective succession (c. 550−600 ms) trending in 

three directions, mostly NW−SE and WNW−ESE, and less common NE−SW, due to renewed 

tectonism. Slight inversion may be recognized as gentle elevation over the top of the Stenlille 

structure (Fig. 6.3.8). 

In the shallower successions above c. 600 ms TWT, faults are more difficult to track in the 

3D seismic data mainly due to noise. Thus, data improvements and new data focused toward 

the shallow stratigraphic section is recommended for further evaluations. The new seismic 

data of the GEUS2022-STENLILLE and GEUS2022-HAVNSOE demonstrate, that some 

subtle faults can be detected in the shallow successions, not least due to the landstreamer 

data acquired.  
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Faults interpreted manually, are in 3D seismic data of the Stenlille area compared to Machine 

Learning (ML) derived fault probability, both vertically and laterally (Fig. 6.3.8, 6.3.9). In ad-

dition, deep faults to basement were interpreted at sections from the Stenlille area to the 

Slagelse-1 to investigate the regional structural evolution. See also description of these stud-

ies in Gregersen et al. (2022) and Lorentzen et al. (2022). 

 

 

Figure 6.3.8. X-line 578 (3D) with ST-1, -5 wells (projected) and details of the Stenlille structure. 

Interpreted horizons are coloured and manually interpreted faults (numbers – see Fig. 6.3.9) are 

vertical black lines. Vertical yellow zones mark fault probability (0.8−1.0) from a Machine Learning 

study by Lorentzen et al. (2022), which helped to predict fault patterns both vertically and laterally 

(Fig. 6.3.9). White arrows indicate onlap and toplap probably of the Vedsted Formation interval, 

that overlies the inconformity at the (Near) Top Fjerritslev horizon, where most deeper faults ter-

minate. Cretaceous faults seem to have minor connections into the Fjerritslev Formation below 

Top Fjerritslev. From Gregersen et al. (2022). 
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Figure 6.3.9. More than fifteen manually interpreted fault polygons (thin white numbered lines) 

and numerous yellow Machine Learning (ML) faults of Gassum Formation-Fjerritslev Formation 

(5 ms below to 15 ms TWT above Top Gassum); b. Manually interpreted fault sticks (3D) coloured 

by TWT depth in Gassum-Fjerritslev Formations and yellow ML faults; c. Manually interpreted 

fault sticks (2D) and yellow ML traces on Xline 504 (location in 6a); d. Left: Map of Top Gassum 

with both fault stick traces (white) and ML fault traces (red). Right: Same horizon with manual 

interpreted fault polygons (black). Northing/Easting, km-scale and wells (white circles) are shown 

in g; e. Map of (Near) Top Fjerritslev with both fault stick-traces (white) and ML fault traces (red); 

f. Map of Base Chalk with both fault stick-traces (white) and ML fault traces (red); g. Map of 580 

ms TWT (time slice) cutting through the lower part of the Chalk Group with ML fault traces (red) 

and Petrel generated fault traces (yellow). ML faults are generated and described by Lorentzen 

et al. (2022). Note the dominant NE-SW fault directions of Top Gassum-Fjerritslev, and the 

changed fault directions in the lower-mid (at 580 ms) Chalk Group, mostly trending NW−SE and 

WNW−ESE, and some NE−SW. From Gregersen et al. (2022).  
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Tectonostratigraphic evolution at the Stenlille structure 
 

The southern part of the study area comprises the Stenlille structure, which has a tectonos-

tratigraphic evolution very similar to the Havnsø structure and is with the dense database 

and stratigraphic control from wells a key for understanding the Havnsø structure. Therefore, 

this description (mainly repeated from GEUS Report 2022/26, Gregersen et al. (2023) of the 

Stenlille structure is included here. The Stenlille area with a comprehensive database ties to 

the Slagelse area, which is shown in Figures 6.3.10 and 6.3.11. The key-tie composite profile 

in Figure 6.3.10 is chosen as it crosses the SE part of the Danish Basin towards the Ringkø-

bing–Fyn High and includes important deep and shallow structures. The interpreted tecto-

nostratigraphic development is constrained by seismic stratigraphic horizons correlated to 

key wells, where lithostratigraphy and ages are defined. The tectonostratigraphic evolution 

of the area is summarized, based on the key profiles and well-ties, interpretation and map-

ping of horizons, units and faults, using among other tools horizon flattening and back-strip-

ping (Fig. 6.3.11, 6.3.12). The tectonostratigraphic evolution of the area is described below, 

mainly from sections with flattened horizons, from the Palaeozoic to the Base of the Chalk 

Group (Base Chalk), including the formation of the Stenlille structure during the Jurassic time. 

The stratigraphy described here includes completion reports and GEUS work of the Slagelse-

1 and Stenlille-19 wells. 

 

Precambrian to Top Early Palaeozoic 

The Precambrian basement (grey) and Lower Palaeozoic succession (turquoise colour) is 

affected by Early Palaeozoic extensional faults, which offsets the Top Basement horizon 

(black) and a thin uniform basal unit (below the lower green horizon) (Fig. 6.3.11a), which is 

onlapped by the thick upper turquoise unit, wedging out onto the two Slagelse structures. 

This indicates basin filling and deepening of basins connected between the Slagelse and 

Stenlille areas, which were partly divided by shallow structures and half-grabens (Fig. 

6.3.11a). The Precambrian basement (grey) is likely crystalline as drilled south and north of 

the basin (Nielsen and Japsen 1991, Nielsen 2003, Vejbæk 1997), and is overlain by Cam-

brian quartzite, silt- and sandstones and Cambrian−Silurian mudstones, which are drilled in 

the Slagelse-1 well (Fig. 6.3.10) (Schovsbo 2011). The basins (Fig. 6.3.11a) probably sub-

sided associated with tectonism due to the Caledonian Orogeny, with the central-north Eu-

ropean deformation front moving towards north creating the deep foreland basin, with a thick 

Silurian shale succession (turquoise unit above the green horizon), drilled in the Slagelse-1 

well (Schovsbo 2011 and references therein). 

 

Late Palaeozoic  

Extensional faults and large wedge-shaped basins developed after deposition of the Lower 

Palaeozoic unit, and an unconformity (turquoise colour) with truncation below and onlap 

above is interpreted at the base of the Upper Palaeozoic (red) succession both in the 

Slagelse area and towards the Stenlille area (Fig. 6.3.10, 6.3.11b). This indicates major rifting 

tectonism with fault blocks, erosional truncation, and syn-rift deposition. Thick Silurian shales 

are separated from Zechstein salt by a Rotliegende succession, and thus Devonian−Carbon-

iferous rocks are absent here at the Top Lower Palaeozoic unconformity (blue horizon: Fig. 

6.3.11b). The Rotliegende Group, including syn-rift successions of sandstones, mudstones, 

conglomerates and reworked volcanic rocks, are known from other wells drilled into tilted 
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hanging wall blocks (e.g., the Hans-1 well), in similar syn-rift wedges as in Fig. 6.3.10 north 

of the Slagelse-1 well, supporting significant Carboniferous−Early Permian regional tec-

tonism and rifting (Vejbæk 1997, Michelsen & Nielsen 1991, Mogensen & Korstgård 2003).  

The top of the Rotliegende succession is truncated by the regional Top pre-Zechstein (mid-

Permian) unconformity (black horizon; Fig. 6.3.11b,c). The Top pre-Zechstein unconformity 

associated with basin-wide erosional denudation is the deepest and oldest basin-wide map-

pable horizon. Thus, on the elevated areas, such as rift-shoulders etc., it constitutes the base 

of the Danish Basin, whereas in the tilted fault blocks with syn-rift wedges the base of the 

basin is localised below the syn-rift successions. The Top pre-Zechstein surface separates 

the pre-rift and syn-rift successions from the post-rift basin succession and formed the sea-

floor of the restricted shallow northern Zechstein sea where evaporites later evolved (Vejbæk 

1997). Lithosphere thinning and crustal extension during Late Carboniferous–Early Permian 

times possibly caused the widespread Rotliegende volcanism and block faulting as described 

by Frederiksen et al. (2001). This was followed by lithospheric thermal contraction creating 

subsidence and accommodation space for Zechstein evaporites and the overlying thick Tri-

assic successions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3.10. Composite seismic sections in two-way time from the Slagelse-1 to the Stenlille-

1,-5 wells (projected), with and without interpretation. Triangle positions mark lithostratigraphic 

well-ties. Major basin and structures are named. The upper blue unit indicates the Chalk Group 

and Danian. The Gassum (yellow unit) and Fjerritslev (dark-grey unit) Formations form the upper 

part of the Stenlille structure, which is formed by the deep Zechstein salt pillow (pink). Seismic 

sections are from SW to N: SSL72_001, SSL73_036 and DN94_D07. From Gregersen et al. 

(2022). 



 

 

G E U S 83 

 

The Zechstein Group (pink unit) is interpreted between the Top pre-Zechstein unconformity 

and the Top Zechstein (purple horizon), where the succession forms a number of minor 

mounds and in the Stenlille area a larger pillow. The unit ties into an evaporitic succession 

with halite, anhydrite, and dolomite in the Slagelse-1 well. The evaporites formed in an arid 

climate during the Late Permian time in large parts of the Danish Basin, where later mobili-

zation led to numerous diapirs and pillows. Near the Permian−Triassic transition uplift took 

place which was followed by regional subsidence (Vejbæk 1997). 

 

Triassic 

The lowermost Triassic unit (brown) above the Zechstein shows variation in thickness (Fig. 

6.3.11c), possibly due to incipient subsidence or secondary structures and later salt mobili-

zation. It thickens considerably into the Stenlille area, and this seismic stratigraphic unit is 

interpreted as the Lower Triassic Bunter Shale Formation by correlation to the Slagelse-1 

well (Fig. 6.3.10). The unit is separated from the overlying unit (orange) by an unconformity 

(light orange horizon) with downlap and is fairly uniform in thickness (Fig. 6.3.11c). This unit 

correlates to the Bunter Sandstone Formation in both the Slagelse-1 and the Stenlille-19 

wells (Fig. 6.1.1, 6.3.10). However, the completion reports show fine-grained sandstones and 

dominance of claystones. Further east (in Copenhagen; Fig. 3.1) sandstones of this for-

mation are reservoir for geothermal energy (the Margretheholm wells; Fig. 3.4).  

Middle−Upper Triassic units (brown with red-orange-yellow horizons) show more or less uni-

form thicknesses across the area, though with some local fault activity with local thickening 

at faults, located at flanks of the underlying Zechstein unit (Fig. 6.1.1, 6.3.11d). This may 

indicate reactivation of Permian faults and/or incipient salt mobilization. The Middle to Upper 

Triassic formations (Ørslev, Falster, Oddesund and Vinding) are mostly clay-rich formations, 

that occurs widespread across much of the Danish Basin (Fig. 6.1.1). Contents of dolomites, 

limestones, anhydrites, etc. may cause some of the intraformational strong seismic reflec-

tions, e.g., anhydrites near c. 1200 ms (Fig. 6.1.1). The Middle to Upper Triassic successions 

thicken especially towards the Stenlille area (Fig. 6.3.11d,e). Claystones, calcareous in lower 

parts – more siliciclastic in upper parts, dominated the successions until the latest Triassic 

Rhaetian time (Slagelse-1 and Stenlille-19 completion reports).  

 

Latest Triassic to Early Jurassic 

The Gassum Formation (Rhaetian age) in the Stenlille wells can be tied to a seismic strati-

graphic unit, bounded by top and base peak reflections and with internal reflectivity, occa-

sional mounded or with troughs interpreted as channels (Section 7.1; Vosgerau et al. 2020; 

Smit et al. 2022). The total thickness of the formation in the Stenlille wells is approximately 

140−150 meter, with the thickest and most sandstone-rich units preserved in lower part of 

the formation (below TS5) (Section 7.1; Vosgerau et al. 2020). The Gassum Formation can 

also be correlated in seismic sections from the Stenlille wells to the Slagelse-1 well, and the 

formation seems to have a more or less uniform thickness (average c. 150 m) in the mapped 

area of the structure. 
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Figure 6.3.11. Horizon flattening at key-horizons (a-e) of Fig. 6.3.10, illustrating the Palaeozoic 

to Cretaceous structural evolution between the Slagelse and the Stenlille structures, described in 

the text. See the insert map for location, and Fig. 6.3.10 for well-ties. From Gregersen et al. 

(2022). 
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Channel positions mostly west of and partly across the present top of the Stenlille structure, 

lowermost in the successions, may indicate a paleo-topographical high, e.g., due to initial 

syn-depositional doming or sedimentary system build-up (Section 7.1; Vosgerau et al. 2020). 

However, the most significant doming of the structure is later occurring at the Near Top Fjer-

ritslev horizon (Fig. 6.3.10e). The sedimentary systems of the Gassum Formation were dom-

inated by fluvio-deltaic, estuarine, and shoreface environments also interpreted by new de-

tailed seismic geomorphology, core facies, and sequence stratigraphic studies of wells and 

3D seismic data (Smit et al. 2022; Section 7.1). These studies also revealed sand-rich, 

coastal-near systems (meandering fluvial channels, point bars, and sand plates) and indica-

tions of transport directions. In addition, seismic reservoir characterization is studied in the 

previous section (see also Bredesen et al. 2022). The improved reservoir characterization 

can be used in static reservoir modelling and simulation of CO2 injection. 

Zircon provenance analysis shows that the Stenlille area received input from long distance 

transported sediments sourced from both the Fennoscandian Shield (Caledonian Orogen 

and Sveconorwegian Orogen), and from south (Variscian Orogen). The thick mature sand-

stones indicate tectonism and denudation in the hinterlands as well as sufficient accommo-

dation space at Stenlille for deposition of sand (Olivarius et al. 2022; See also Section 7.1). 

The Stenlille structure has a number of faults in its top, in particular in the Gassum Fm and 

through the Fjerritslev succession, and less apparently in the overlying successions (Fig. 

6.3.9). In large parts of the structure, faults seem to displace more or less equal thicknesses, 

though with minor variations, of both the Gassum and Fjerritslev Formations to the Near Top 

Fjerritslev horizon (Fig. 6.3.8, 6.3.9). This may indicate that these faults were active later than 

deposition of most of the Fjerritslev Fm, except for a thickening of the Fjerritslev Fm towards 

SE at the large F1 fault, close to the border of the mapped area (Fig. 6.3.9).  

The Stenlille F1 fault SE in the study area, south of the Stenlille structure (Fig. 6.3.10), is a 

large, deep normal fault, seated SE of the salt dome, which evolved from mid-Jurassic time. 

The F1 fault shows throws at the Top Gassum of c. 160−180 ms, with similar order of throws 

of deeper horizons (c. 170−200 ms) down to Top Zechstein. The Fjerritslev Formation be-

tween Top Gassum and Near Top Fjerritslev horizons thickens in the hanging wall syncline 

towards fault F1, indicating growth fault evolution of a primary syncline of salt doming, and 

the throw at the Near Top Fjerritslev is only 70−80 ms, possibly a result of erosion (Fig. 

6.3.10). Apparently, it is primary the uppermost part of the Fjerritslev Formation succession 

(probably the F-IV member), that thickens towards the fault. The structure top is offset by 

faults in particular south of the Stenlille-1 well, at the southern flank of the doming structure.  

Most faults in Gassum and Fjerritslev Formations in the Stenlille structure have mainly minor, 

normal and in some cases reverse throws, mostly less than c. 30 ms or c. 30−50 m (Fig. 

6.3.8, 6.3.9). Most faults are located along the anticlinal NE−SW trending axis of the Stenlille 

structure, in its top and its SE flank, and a few faults trend N-S (Fig. 6.3.9). The deepest-

seated faults occur along the SE structure flank, and some of these sole out deep into the 

salt pillow (Fig. 6.1.1), indicating that they are related to the structural deformation due to the 

doming of the structure. The most prominent fault in the SE structure top, SE of ST-5, is the 

F5 fault (Fig. 6.3.8). Also, the shallower Gassum−Fjerritslev faults terminating at the Near 

Top Fjerritslev horizon are probably related to the doming of the salt pillow after late Early 

Jurassic time.  
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Faults interpreted manually, are compared to Machine Learning (ML) derived fault probabil-

ity, both vertically and laterally (Fig. 6.3.8, 6.3.9; Gregersen et al. 2022, Lorentzen et al. 

2022). The fault-probability shown in yellow are scaled to 80−100% probability (binary colour 

coded: ‘1’= 80-100% fault probability, whereas ‘0’ (no colour) < 80%) of reflection discontinu-

ity, which represents mostly faults. The ML fault predictions are created by training a convo-

lutional neural network model on synthetic seismic data and was subsequently applied to the 

Stenlille 3D dataset (Lorentzen et al. 2022). This comparison improves the understanding 

significantly of the fault patches and will provide more accurate and detailed fault networks. 

Manually interpreted faults are mainly located at clear breaks/displacements in reflections 

and successions, whereas the ML fault predictions are also sensitive to less visible breaks 

and subtle features (Fig. 6.3.8, 6.3.9). Such features may also include boundaries of chan-

nels, mounds, seismic facies change due to changed lithology, fluids, etc., but also seismic 

noise. The significant details of ML fault-probability traces can provide important data for 

evaluations of fault risks, seal-integrity, etc., not least of prospects for storage CO2 or other 

resources. The manually interpreted fault polygons and the ML fault trends show consistent 

NE−SW fault directions both at the Top Gassum and the Near Top Fjerritslev surface maps 

(Fig. 6.3.9d,e). Some of the near Top Gassum faults may compart the Gassum Fm reservoir 

and seem to restrict natural gas in some cases (See Seismic reservoir characterization sec-

tion above; Bredesen et al. 2022). At the Base Chalk surface (Fig. 6.3.9e) there are less 

faults, but some still with NE−SW trends. This indicates relatively few clear fault connections 

between the Lower Cretaceous successions and the Upper Cretaceous Chalk Group. How-

ever, as breach of seals may occur at faults, such risks should be investigated and assessed 

thoroughly before injecting CO2. The long-term, safe storage of natural gas at Stenlille indi-

cates competent sealing successions. 

The Near Top Fjerritslev horizon is interpreted at a marked trough with increasing acoustic 

impedance, in a significant seismic stratigraphic unconformity, with onlap from overlying suc-

cessions and which defines the top of the Stenlille structure (Fig. 6.1.1). The preserved up-

permost Fjerritslev Fm (Toarcian age) is overlain by the Lower Cretaceous Vedsted Fm near 

at or slightly above this horizon (Fig. 6.1.1), and the actual boundary in the sedimentary suc-

cessions is thus a major hiatus – see also discussion in Section 7.2. The amount of erosion 

and thus the duration of the hiatus may be slightly different depending on the position on the 

structure, and the flanks of the structure probably experienced less erosion and have more 

preserved successions, possibly also including upper parts of the Fjerritslev F-IV Member. 

The major unconformity marks the formation of the Stenlille structure mainly due to formation 

of the underlying salt pillow. The unconformity may in part be equivalent to the ‘Base Middle 

Jurassic unconformity’ or ‘Mid-Cimmerian Unconformity’ (Nielsen 2003) associated with uplift 

and erosion (and a major hiatus) over structures and margins of the Danish Basin, including 

the Ringkøbing−Fyn High (Fig. 6.1.1).  
 
 

Cretaceous 

The Lower Cretaceous Vedsted and Rødby Formations are part of the seismic stratigraphic 

wedge, which onlapped the Near Top Fjerritslev horizon after the formation of the elevated 

Stenlille structural dome (Fig. 6.3.8). The dome formed primary due to salt pillow growth and 

probably caused erosional removal or non-deposition during Middle Jurassic to Early Creta-

ceous times. From the top of the Stenlille structure, closely above the Top Fjerritslev (at the 

Fjerritslev Fm/Vedsted Fm boundary), biostratigraphy shows, that the youngest Jurassic de-

posits are of Toarcian age (late Early Jurassic) and the oldest Early Cretaceous deposits are 

Hauterivian in age (see Section 7.2; Fig. 6.1.1). Parts of the Vedsted succession above the 
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Near Top Fjerritslev includes prograding reflections towards SE, away from the structural 

crest, and minor troughs (channels or fault related) occur towards the structure (Section 7.1). 

The Rødby Formation is overlain by the regional Upper Cretaceous Chalk Group. In the lower 

to middle parts of the Chalk Group extensional faults occur (Fig. 6.3.8, 6.3.9f) as sets of small 

half-grabens in and below the high-reflective succession (c. 550−600 ms) trending in three 

directions, mostly NW−SE and WNW−ESE, and less NE−SW, due to renewed tectonism. 

Slight inversion may be recognized as gentle elevation over the top of the Stenlille structure 

(Fig. 6.3.8). Most of the Cenozoic is missing over the Stenlille structure. Only a Paleocene 

succession shallow buried is described in the Final Well Report of well Stenlille-19. This suc-

cession includes the Lellinge Fm (Lellinge Grønsand of Selandian age) and the Ekofisk Fm 

(Danian age). The Paleocene succession is likely overlain by mostly Quaternary succes-

sions. Japsen & Bidstrup (1999) reported that c. 600 m Cenozoic successions are missing in 

some of the Stenlille wells. 
 

 

Summary of the structural evolution – The Stenlille structure 

The structural reconstruction of the development of the Palaeozoic and Mesozoic to the Base 

Chalk facilitated by horizon flattening at several key horizons shows that the Palaeozoic 

structures formed during several tectonic events with the Top pre-Zechstein as a base of the 

present Stenlille structure. The Stenlille structure mainly evolved by the growth of a salt pillow 

forming the overlying structural doming anticlinal. The formation of the structure was likely 

initiated during deposition of the Gassum Formation. However, the structure developed more 

pronounced under the subsequent burial of the thicker Fjerritslev Formation. The burial prob-

ably conditioned salt migration into the domal salt-pillow, which elevated the overburden 

structure during the Middle Jurassic to Early Cretaceous times. Normal faults and faults with 

reverse and compressional indications are observed and may be caused by doming and 

regional compressional related tectonics. More than fifteen faults were manually interpreted 

and show NE−SW trends in the Gassum-Fjerritslev Formations. Machine Learning increased 

the understanding of the 3D fault network. Shallower faults in the lower Chalk Group show 

three directions: NW−SE, WNW−ESE, and NE−SW. The Near Top Fjerritslev unconformity 

is onlapped by the Vedsted Formation and the Rødby Formation, which is overlain by the 

Chalk Group, and the structure was later affected by inversion and uplift episodes. 
 

Summary of the structural evolution – The Havnsø structure 

The Havnsø structure formed in a very similar way to the Stenlille structure and is also un-

derlain by a salt pillow that mainly developed during the Jurassic to Early Cretaceous time, 

when buried by thick sedimentary successions (Fig. 6.3.12). The Havnsø structure is an oval 

4-way dip closed structure, elongated with a NW−SE orientation. Nearly all successions over-

lying the Havnsø salt pillow core of the structure, form 4-way closures above the salt pillow. 

It is a large structure with a relief from top to base closure of the Top Gassum Fm of approx-

imately 160 m, and with an area of the basal closure at the Top Gassum of c. 70 km2.  

Minor faults were developed during the growth of the salt pillow, partly triggered due to the 

Mid-Cimmerian Tectonic Phase. Faults are small in throw (mostly less than 15 ms), less than 

few kms long, and trend NW−SE and SW−NE, parallel to the outline and flank of the struc-

ture. Thinning of the Fjerritslev Fm over the top of the structure (Fig. 6.3.12) may indicate a 

larger amount of erosion of the Lower Jurassic succession over the structure and develop-

ment of the structure during mid-early Jurassic–Early Cretaceous time. Onlap of the Lower 

Cretaceous Vedsted Fm on the Top Fjerritslev marks the Mid-Cimmerian Unconformity with 

a major hiatus, as in the Stenlille structure. 
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Fig. 6.3.12. Horizon flattening at key horizons of line P2 (reprocessed) across the Havnsø structure. 

(a) Lower Triassic with Bunter Sst. basin formed, slightly thinning over Havnsø. (b) Middle-Upper 

Triassic thickening (Oddesund Fm) across Havnsø indicates subsidence, whereas Gassum Fm 

has a more uniform thickness, though it thins slightly at the top (Fig. 6.3.4C) and may indicate minor 

structure elevation. (c) Thinning of the Fjerritslev Fm across the Havnsø structure is topped by an 

unconformity, onlapped by the Lower Cretaceous Vedsted marks a hiatus and the main growth and 

formation of the Havnsø structure. Location of the P2 line is shown in Fig. 6.1.5.  
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7. Geology and parameters of the reservoirs and seals 

No wells penetrate the Havnsø structure and consequently well data information concerning 

reservoirs and seals must be obtained from the offset wells. The nearest wells are those that 

penetrate the Stenlille structure situated c. 25–30 km SE of the Havnsø structure (Figs. 1.1 

and 3.1). Subsurface data from the Stenlille structure are comprehensive, including 2D seis-

mic lines, a 3D seismic survey covering most of the structure and well data (e.g., petrophys-

ical log-data and cores) from 20 wells (Figs. 4.1.1, 4.1.2). The comprehensive dataset has 

been acquired because the structure has been used for temporal storage of natural gas since 

the 1990’s, with the gas being injected and stored in the upper sandstone intervals of the 

Gassum Formation. The seismic data, collected in the present study, links the Havnsø and 

Stenlille structures and the interpretation of the data emphasize the relevance of using the 

Stenlille data as an analogue for the Havnsø structure. Thus, seismic sections and thickness 

maps reveal that both the primary reservoir for CO2 storage (Gassum Formation) and its 

primary seal (Fjerritslev Formation) extend from Stenlille to Havnsø with approximately con-

tinuous thicknesses (see section 6.1). Also, top of the secondary reservoirs (Top Bunter Sst. 

and Top Intra Oddesund sst. beds) and seals (Base Chalk, Top Ørslev, Top Oddesund) can 

be interpreted from Stenlille to Havnsø on seismic sections (see section 6.1). Borehole data 

from Stenlille are in the following therefore used as an analogue for the reservoirs and seals 

in the Havnsø structure. Consequently, the description of reservoirs and seals corresponds 

largely to the description of these in the CCS2022-2024 WP1 report dealing with the Stenlille 

structure (Gregersen et al. 2023). This is especially the case for the Gassum Formation as 

the description of its composition and the depositional environments in Stenlille forms the 

main input for evaluating the formation in the Havnsø structure. In doing so, the Stenlille data 

are adjusted to the Havnsø structure where lateral variations in the seismic data or simple 

proximal-distal considerations in the depositional environments, provides a basis for this. 

Also, data from selected wells that surrounds the Havnsø structure in the Danish Basin are 

included in order to elucidate regional lateral variations in the composition of the reservoirs 

and seals as an input for estimating their appearance in Havnsø structure. The Gassum-

Fjerritslev interval in the wells has been subdivided into depositional sequences based on 

integration of sedimentological interpretations of cores and petrophysical log patterns and 

palynological data. The biostratigraphic zonations used include the ostracod zonation of Mi-

chelsen (1975), the dinocyst zonation of Poulsen & Riding (2003) and a combination of the 

spore-pollen zonations of Dybkjær (1991), Koppelhus & Nielsen (1994) and Lindström et al. 

(2023). The biostratigraphic database varies considerably from borehole to borehole. Thus, 

from some boreholes a solid biostratigraphic framework exists while hardly any data exists 

from others. In Appendix C, the available biostratigraphy 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, biostratigraphy and sequence stratigraphy and fur-

ther include the bio-events and biozonations.  
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7.1 Reservoirs – Summary of geology and parameters                                       

The primarily reservoir for potential CO2 storage in the Havnsø structure is the sandstone 

dominated Gassum Formation whereas the deeper lying sandstones of the Oddesund and 

Bunter Sandstone Formations may form secondary reservoirs (Fig. 7.1.1). In the following 

description of reservoirs, emphasis is on the Gassum Formation whereas the secondary res-

ervoirs are only described briefly. The description of the Gassum Formation is based mainly 

on Vosgerau et al. (2020, in prep.) and Hovikoski & Pedersen (2020) which concerns the 

formation in the Stenlille structure. In Stenlille, the formation is subdivided into 6 Reservoir 

Zones and internal seals by DONG (DONG 2001), which is also used in the present reservoir 

characterization. The Gassum Formation and the identified Reservoir Zones are shown for 

the Stenlille-19 well in Figure 7.1.2. Interpreted well logs for selected Stenlille wells and wells 

that surround the Havnsø structure, however at large distances, are shown in the Appendix 

B. The Stenlille-19 well is to be considered as a key well since it contains the most compre-

hensive petrophysical data set of the Stenlille wells and furthermore it extends well below the 

Gassum Formation, having its TD within the Bunter Sandstone Formation (Fig. 7.1.1).   

 

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 Sønderborg 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 meters (Nielsen & Japsen 

1991, Nielsen 2003). Locally it is missing due to uplift and erosion related to regional uplift in 

the Middle Jurassic, at the ʿBase Middle Jurassic unconformityʾ or the ʿMid-Cimmerian Un-

conformityʾ 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 show-

ing a significant younging towards the northern, north-eastern, and eastern basin margins 

(Fig. 7.1.3) (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, including the area of 

the Stenlille structure, whereas it is of Early Sinemurian age along the basin rims (Nielsen 

2003 and references therein). This diachronic development of the boundary reflects an over-

all 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 eustatic 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 colored clay- and siltstones and locally 

thin coal layers (Bertelsen 1978, Michelsen et al. 2003, Nielsen 2003). The sediments were 

deposited during repeated sea-level fluctuations in Late Triassic – Early Jurassic times when 

the Danish Basin was a shallow marine 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 Ringkøbing–Fyn High in periods when this was exposed (Niel-

sen 2003 and references herein).  
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Figure 7.1.1. Lithostratigraphic subdivision of the Stenlille-19 well with interpreted lithology and 

formations based on petrophysical log interpretation and information from core data, cutting sam-

ples etc. This well is the only Stenlille well that is drilled deeper than the Vinding Formation. Sand-

stones of the Gassum Fm is the primary reservoir, and sandstones of the Oddesund and Bunter 

Sandstone Formations are potential secondary reservoirs. The Fjerritslev Fm/Vedsted Fm bound-

ary is at 1254.5 m MD and has been moved up from 1278 m MD based on new biostratigraphy 

(Gregersen et al. 2023) – see Section 7.2.  
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Figure 7.1.2. The Stenlille-19 well with interpreted lithology and formations based on well-log 

interpretation. Zoom section of Fig. 7.1.1 to the Gassum Formation. Columns to the right mark 

reservoir zones (1–6) according to DONG (2001), and cored part of Zone 6 (black column). Note 

the good accordance between porosities derived from logs (PHIE column) and core measure-

ments (red dots), and between permeabilities derived from logs (perm) and core measurements 

(green line), except in the Zone 6 clay. 
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Recent provenance studies suggest that the basin was sourced also with sand from southerly 

Variscan source areas, perhaps transported into the basin through grabens intersecting the 

Ringkøbing–Fyn High such as the Øresund Basin and the “Storebælt trough”.  

However, a general mixed composition of zircon ages in samples from the eastern part of 

the basin suggests that rivers draining the Caledonian and Variscan Orogens met in the east 

and supplied mixed sediment towards west into the basin (Olivarius et al. 2020, 2022) (Fig. 

7.1.4). 

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.  

 

 

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 

Ringkøbing–Fyn High (RFH). Approximately location of the Havnsø structure is shown with 

orange polygon. 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. 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 Ringkøbing–Fyn High. Tentative paleogeographic reconstructions for the lower (C) and upper 

(D) parts of the formation, where the primary difference is which of the Fennoscandian source 

areas that supplied most sediments to the basin. The maps represent snapshots since the coast-

line moved back and forth due to repeated transgressions and regressions in time. From Olivarius 

et al. (2022). 
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The Gassum Formation at Stenlille:  
 
Depth, thickness and extent: At Stenlille, well data shows that the thickness of the Gassum 

Formation varies between 141 and 154 m, with a mean thickness of c. 146 m. The vertical 

depth to the top of the formation is slightly exceeding 1500 m at the central part of the domal 

structure and down to 1564 m at the flanks of the structure (Table 7.1.1). All Stenlille wells 

are located within the 3D seismic survey area, except ST-6 that is situated nearly 1 km NE 

of the north-eastern limit of the 3D survey area (Fig. 7.1.5). Seismic mapping and interpreta-

tion indicate that the Gassum Formation is present in the entire Stenlille area, with a thick-

ness of approximately 140–160 m (Fig. 6.3.4C). 
 

 
 

Figure 7.1.5. Areal extent of the 3D seismic survey in Stenlille (blue rectangle) and the locations 

of wells of which only ST-6 to the NE is located outside the 3D survey. The marked log section 

(solid black line) is shown in Figure 7.1.6. Also marked, is the approximately location of a seismic 

section (dashed black line) shown in Figure 7.1.9. 

 



 

96 G E U S 

Table 7.1.1. Approximately depths to the Top and Base of the Gassum Formation and its thick-

ness in the Stenlille wells.  

Well 

True Vertical Depth (meter below Kelly Bushing) 

Thickness (m) 

Top Gassum Fm Base Gassum Fm 

ST-1 1507 1650 143 

ST-2 1512 1658 146 

ST-3 Not penetrated   

ST-4 1514 1659 145 

ST-5 1551 1692 141 

ST-6 1564 1706 142 

ST-7 1510 1657 147 

ST-8 1505 1650 145 

ST-9 1511 1653 142 

ST-10 1524 1671 147 

ST-11 1500 1647 147 

ST-12 1503 1650 147 

ST-13 1503 1650 147 

ST-14 1501 1649 148 

ST-15 1523 1677 154 

ST-16 1503 1647 144 

ST-17 1503 1649 146 

ST-18 1503 1650 147 

ST-19 1508 1653 145 

ST-20 1505 1653 148 

 

Subdivision: The formation is subdivided into 7 depositional sequences, SQ 1–SQ 7 (Fig. 

7.1.6B), based on integration of sedimentological interpretations of cores and petrophysical 

log patterns, palynological data and interpretation of the 3D seismic survey (STENLILLE-97) 

covering a large part of the Stenlille structure (Hovikovski et al. 2020, Lindström 2020, 

Vosgerau et al. 2020) (Fig. 7.1.7). The numbering of sequences and their associated sur-

faces follows the sequence stratigraphic nomenclature in Nielsen (2003). This was devel-

oped 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) form between sequence boundaries (SB) 

and the first transgressive surface (TS). Transgressive systems tracts (TST) form between 

the TS and the maximum flooding surface (MFS). Highstand systems tracts (HST) form be-

tween the MFS and the SB of the next sequence. This simple sequence stratigraphic ap-

proach (e.g., Payton 1977) is following the divisions of Nielsen (2003). There are also other 
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concepts (see e.g., Catuneanu 2019), but these are not discussed further here. Figure 7.1.6 

shows how the depositional sequences link to depositional facies and environments.  

DONG defined six reservoir zones with some internal mudstone seals in the Gassum For-

mation, but only the upper c. 40 m of the formation, covering Zones 1–4 and the upper part 

of Zone 5, is used for gas storage (Fig. 7.1.8). Overall, the lowstand systems tract (LST) and 

lower transgressive systems tract (TST) of the sequences consist of sandstone and corre-

lates to DONG´s reservoir sand zones. In contrast, the remaining part of the TST of the 

sequences consists of mudstone and heteroliths correlating to DONG´s defined internal seals 

in the Gassum Formation (Fig. 7.1.8).  

The seven sequences reflect an overall progradational stacking pattern from the base of the 

Gassum Formation and up to SB5. SQ´s 1–3 consist mainly of shoreface deposits, whereas 

thick lowstand systems tracts, up to 40 m thick, of the overlying SQ´s 4 and 5 are fluvial 

dominated with intercalations of shoreface sandstones.  The upper part of SQ 5 is 15–20 m 

thick in many wells and is dominated by shoreface deposits (Fig. 7.1.6). An overall backstep-

ping stacking pattern, above TS 5, is revealed by the depositional units becoming thinner 

and more fine-grained upwards in addition to offshore mudstone and shoreface sandstones 

becoming more dominant. SQ 6 has in several wells a thin fluvial succession at its base 

which marks the youngest event of fluvial deposition in the Stenlille area during deposition of 

the Gassum Formation.  

High order sea-level variations formed the individual sequences and generated the complex 

internal reservoir architecture of the formation with lowstand intervals forming internal sand-

stone reservoirs and transgressive intervals of mudstone and heteroliths forming internal 

seals as mentioned above. Locally, these seals are truncated due to fluvial erosion related 

to fall in relative sea level and formation of sequence boundaries, implying that lowstand 

sandstones from different sequences are connected. The most intensive erosional event as-

sociated with basinward bypass of sediments relates to the formation of SB4. This sequence 

boundary in places led to a complete removal of the deposits of SQ 3, especially in the north-

eastern part of the 3D survey area (Fig. 7.1.9). Many sequences are thin, which preclude 

that all the sequence stratigraphic surfaces, identified based on the well data, can be idenfied 

in the seismic data due to resolution. Consequently, a subdivision of sequences into systems 

tract is generally not posible in the seismic data. Thus, it is mainly sequence boundaries that 

are linked to seismic reflectors whereas transgressive surfaces and maximum flooding sur-

faces are more difficult to map out laterally. However, the transgressive surface TS 7 corre-

sponds approximately to the top of the Gassum Formation (Fig. 7.1.8B), which is marked by 

a decrease in the acoustic impedance from the Fjerritslev Fm to the Gassum Fm as a clear 

peak seismic reflection displayed in black or red color (Figs. 5.1, 6.1.3, 7.1.9). 
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Figure 7.1.6. A) Correlation panel of the Gassum and Fjerritslev Formations with interpreted fa-

cies associations. The top of the Fjerritslev Fm has been moved to a slightly shallower position in 

the wells based on new biostratigraphy and log correlation (Gregersen et. 2023). B) Correlation 

panel of the Gassum Formation showing sequence stratigraphic subdivision and interpreted fa-

cies associations. Location of log panels are shown in Figure 7.1.5.  
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Figure 7.1.7. An example of sedimentological description and interpretation of a core from the 

ST-18 well. Modified from Hovikoski & Pedersen (2020).  
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Figure 7.1.8. A) Schematic cross-section (SW–NE) of the natural gas underground storage at 

Stenlille showing the various reservoir sandstone dominated zones (1–6) separated by relative 

thin mudstone dominated intervals (dark grey). From Laier & Øbro (2009). B) The Stenlille-1 well 

with gamma-ray log (GR) and sonic log (DT), well-tied sequence stratigraphic surfaces and se-

quences, reservoir zonation and to the right interpreted seismic horizons correlated to sequence 

stratigraphic surfaces. Yellow and brown, filling out the space between GR and DT logs, indicate 

intervals dominated by sandstones and mudstones, respectively. SB: sequence boundary, MFS: 

Maximum flooding surface, TS: Transgressive surface. The subdivision of the Gassum Formation 

into DONG´s reservoir zones are shown to the right (see also the well in Appendix B). 
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Figure 7.1.9. SW–NE orientated 2D seismic line, DN94-D01, extending beyond the 3D survey 

area towards NE, and linking the ST-1 and ST-6 wells marked with their gamma-ray log motifs. 

The section is flattened on Top Gassum Fm (TS 7) to remove later halokinetic movement and 

bringing seismic reflections closer to original depositional geometry.  Red lines are mapped se-

quence boundaries of the marked sequences. Note SB4 truncating through SQ 3 over a zone of 

c. 630 m forming an incised valley that is approximately up to 15 ms or c. 25–30 m deep. The 

incised valley provides extra accommodation space available for the deposition of fluvial sand, 

compared to the location of the ST-1 and ST-6 wells, where the LST of SQ 4 consists of fluvial 

sandstones in reservoir Zone 6 (Fig. 7.1.8B). Depth is in two-way travel time (milliseconds). 

Shown with a vertical exaggeration of 10. Location of the seismic profile is shown in Figure 7.1.5.   

 

Lithology, depositional environment, and provenance: The formation is interpreted to 

reflect a range of depositional environments including offshore, shoreface, lagoonal complex, 

fluvial, backshore, lakes and marsh (Fig. 7.1.6). The thickest sandstone intervals represent 

fluvial and shoreface LST deposits, whereas the intervening mudstone rich intervals repre-

sent offshore or lagoonal TST deposits.  

Palynofacies analysis from facies below S5 5 in general indicate that the marine influence is 

low or absent, while the abundance of dinoflagellate cysts increases markedly above SB 5, 

thus reflecting the overall backstepping of the coastline towards the basin margins and ac-

cordingly stepwise enlargement of the marine areas during the latest Rhaetian. A shallow-

marine to coastal-near position in Stenlille is shown near the time (earliest Jurassic) of trans-

gressions at or near above the Gassum Fm in Figure 3.6C. The lowermost sequences, SQ´s 

1–3, consist mainly of offshore to shoreface deposits followed by SQ´s 4 and 5 which also 

contain thick lowstand deposits of fluvial and subordinate shoreface sandstones (Fig. 7.1.6).  

Seismic geomorphological analysis of SQ 5 using mapped sequence stratigraphic horizons 

within the 3D seismic volume and a frequency-filtering seismic attribute show concentric 

shapes associated with shingled reflections and channelized incisions in 2D sections, which 

suggest that the fluvial sandstones were deposited in sand-rich meandering river systems 

(Fig. 7.1.10; Smit et al. 2022).  
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Figure 7.1.10. A) Colour-rendering (with frequency-filtered data) of the time-shifted SB5 3D seis-

mic horizon with 15 ms up. The concentric shapes are interpreted to reflect fluvial pointbars with 

the main channel (thalweg) furthest southwest. B) Time structure of mapped horizon SB5 showing 

the relief of the fluvial landscape. C) For comparison, an example from False River in Louisiana 

(USA) of similar concentric shapes representing pointbar migration formed by meandering rivers 

(from Clift et al. 2019). 

 

Incipient salt doming possibly controlled the pattern of fluvial erosion, as the 3D seismic data 

suggest this mainly to have occurred along the flanks of the present-day domal structure 

where nearly all the Stenlille wells are concentrated. Above TS 5, intervals of offshore mud-

stones and shoreface sandstones dominate (Fig. 7.1.6), and the backstepping pattern the 

sequences form culminates in the overlying thick succession of offshore mudstones of the 

Fjerritslev Formation. Lateral variations in facies associations within the sequence systems 

tracts as seen for some of the sequences in Figure 7.1.6 most likely reflect lateral variability 

of sub-environments in a costal setting where land meets the sea and barrier islands, la-

goons, estuaries and nearby rivers may alternate within short distances.  
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Available dip-meter measurements from ST-3, -5, -6 and -11 were evaluated and compared 

to cored sections, when possible, to identify likely transport directions from sedimentary 

structures. Data from ST-5 seems to suggest a general N–S coastal trend in the section 

represented by the lower part of core 6 changing to a WNW–ESE trend in the upper part of 

core 6 and to a NE–SW trend in the section represented by core 5. One fluvial cross-bed 

above SB 6 suggest transport toward the SSW. Data from ST-11 may suggest westward 

transport in the thick fluvial to fluvial-estuarine sandstone-dominated intervals. However, it is 

mainly bedding planes of low inclination that are revealed by the dip-meter data, which make 

directional interpretations uncertain. Also, a variety of transport directions are expected in the 

depositional environments they are associated to, making it uncertain to draw conclusions 

on e.g., shoreline orientations based on the few data that show steep inclinations. 

Zircon dating from SQ´s 4 and 7 suggest that the area received sediments from southern or 

south-eastern source areas apart from sediments from Fennoscandia (Olivarius et al. 2020, 

2022).  As mentioned above, this may have occurred as a mix of fluvial systems from the 

north and the south that merged east of the Danish basin and transported sediment into the 

basin from the east and southeast in the present Baltic Sea area (Fig. 7.1.4).    

 

The Gassum Formation at Havnsø:  

The Havnsø structure is situated c. 25–30 km NW of Stenlille (Fig. 1.1). A likely sediment 

supply from east and southeast, as mentioned above for the Stenlille area, implies that the 

Havnsø area probably represents a more distal depositional setting at the time the sediments 

of the Gassum Formation were deposited. Mapping with seismic data correlated from Sten-

lille reveals that the Gassum Formation has similar thicknesses in the Stenlille and Havnsø 

structures (average of c. 150 m; Fig. 6.3.4C) and that the transgressive surface TS 7 most 

likely also constitutes the top of the formation in Havnsø. The seismic data reveal no sign of 

a marked change in depositional slope from Stenlille towards Havnsø. This indicates the 

presence of a relative flat and low gradient basin floor at the time the sediments of the Gas-

sum Formation were deposited. The sediments in Stenlille furthermore indicate overall shal-

low water or terrestrial conditions during deposition. Therefore, it sems likely that the shore-

line and fluvial depositional systems behind experienced large distances of progradation and 

retrogradation during relative sea-level falls and rises, respectively. An optimistic reservoir 

prognostication of the Gassum Formation in the Havnsø structure would therefore be to as-

sume that the depositional environments of the sandstone units in the Stenlille area also 

reach to the Havnsø structure. This approach will imply that the very good reservoir proper-

ties of the Gassum Formation in the Stenlille structure also characterize the formation in the 

Havnsø structure.  

Another reservoir characterization approach is to include reservoir data of some of the near-

est wells that surrounds the Havnsø structure in the Danish Basin (Fig. 7.1.11). This will 

include reservoir data from wells that represent both more proximal and distal depositional 

locations in “Gassum time” compared to the Havnsø structure. A simple average of the res-

ervoir values from these wells could then be assigned to the Gassum Formation in the 

Havnsø structure. In doing so, only data that derives from the base Gassum – TS 7 interval 

in the surrounding wells should be included as this interval most likely corresponds to the 

Gassum Formation in the Havnsø structure (Fig. 7.1.12).    

Finally, an attempt was made to map the sequences along a composite seismic line that link 

the 3D data set in Stenlille with the P1 seismic line that extends from Stenlille to the Havnsø 
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structure (Fig. 7.1.13). This is not straightforward as the resolution of seismic data is not high 

enough to reveal all the sequence stratigraphic surfaces identified in the Stenlille wells, and 

those that have been mapped are associated with uncertainty. Also, there are too much noise 

and too low resolution in offshore seismic data, vintage onshore data and new data from 

Nekselø to map and interpret internal seismic reflectors in the Gassum Formation. This is in 

general also the case for the new seismic lines that crosses the composite line. Also, the 

mapping and interpretation of the Gassum Formation along the composite line (Fig. 7.1.13) 

was done with a geological model in mind saying that the Havnsø area constituted a more 

distal depositional setting than the Stenlille area and that the sediment supply in this part of 

the Danish Basin mainly was from the SE and E (Fig. 7.1.4). Based on the geological model 

it is expected that: 

- SQ´s 1–3: These sequences are expected to be thinner and the content of offshore 

mudstones and heteroliths to be larger on behalf of shoreface sandstones in the 

Havnsø area compared to the Stenlille area. 

- SQ´s 4–5: The LST fluvial sandstones of sequences 4 and 5 in Stenlille may very 

well have reached the Havnsø area too due to the strongly progradational pattern 

these deposits reflect in Stenlille. Also, the relief of the basal sequence boundaries 

indicate marked erosion and basinwards bypass of sand into more distal parts of the 

basin. Consequently, the sandy LST of the sequences may even be thicker devel-

oped in the Havnsø structure than in Stenlille. The TST and HST of SQ 4 consist of 

lagoonal deposits in the Stenlille area implying that sandstones of a barrier island 

system may be present basinward in the direction of the Havnsø area.  

- SQ’s 6–7: It is likely that the LST´s of sequences 6 and 7 contain some sandstones, 

similar to those seen in wells located distally in the basin, whereas it is most likely 

that the TST´s consist of mudstones. Also, offshore mudstones may partly have re-

placed the sandy HST´s present in Stenlille due to the more distal depositional posi-

tion of the Havnsø area and the less progradational depositional pattern of the HST’s 

(compared to the LST ‘s of the sequences). Combined with the backstepping pattern 

the sequences form above TS 5 this implies that the number and thickness of sand-

stones in the upper part of the Gassum Formation is expected to be less in the 

Havnsø structure compared to the Stenlille structure.   

The above-mentioned considerations implied that seismic reflectors representing possible 

channels and foresets were considered to reflect high-energy sandy depositional systems 

that should be assigned to the LST or possible HST of the sequences. In contrast, relatively 

consistent sub-horisontal reflectors were mapped as representing mudstones containing the 

transgressive or maximum flooding surfaces. Via the seismic 3D data, mappable reflectors 

were linked to the sequence stratigraphic surfaces identified in the Stenlille wells. The com-

posite line was also investigated for any signs of sediment supply from other directions, e.g., 

from the Fennoscandian Shield. The interpreted seismic section is shown in Figure 7.1.13 

together with a conceptual figure based on the interpretation. The conceptual figure predicts 

that sandstone dominated intervals in the Havnsø structure are mainly to be found in the 

LST´s of Sequences 4, 5 and 6 whereas sandstones of the highstands are interpreted to 

wedge out into mudstone before reaching the Havnsø area. This interpretation is supported 

by acoustic impedance modelling done on the P1 seismic line (GEUS22_HVN_P1) that ex-

tends from Stenlille to the Havnsø structure. This indicate that the Gassum Fm becomes 

more mudstone rich towards the Havnsø structure, compared to its composition in Stenlille 

as described in section 6.2. The sandy lowstands are probably of fluvial origin, as they are in 

Stenlille, due to the presence of seismic reflectors resembling channels and associated 



 

 

G E U S 105 

foresets that may represent pointbar deposits similar to those described from Stenlille. Each 

of the LST´s may be linked roughly to a specific DONG reservoir zone as outlined in Figure 

7.1.8. A reservoir characterization approach could therefore be to assign the mean reservoir 

parameter values of these zones to the presumed sandy LST´s in the Havnsø structure. 

However, of reasons mentioned above, some uncertainties are associated with the interpre-

tation of the sedimentary lithology of the composite seismic section.  

There are no distinct signs of sediment supply from other directions. However, the local oc-

currence of a relative deep channel at the base of SB 6 and close to the Havnsø structure, 

possibly reflects incision by fluvial channels that were orientated perpendicular or oblique to 

the orientation of the seismic section (Fig. 7.1.13). Based on the basinal setting, it seems 

most likely that this then would reflect a local sediment input from rivers sourced from the 

Fennoscandian Shield. The resolution of the crossing seismic 2D sections is not high enough 

to lend support to this and thus the interpretation remains speculative. 

 

In summary, since no wells penetrate the Havnsø structure, three approaches are suggested 

to evaluate the reservoir properties of the Gassum Formation in the Havnsø structure: 

Scenario 1: Use the average reservoir parameter values of the Gassum Formation in Sten-

lille, one to one, for the formation in the Havnsø structure. 

Scenario 2: Use an average of the reservoir parameter values from the nearest wells that 

surrounds the Havnsø structure in the Danish Basin (from the interval covering the base 

Gassum to the transgressive surface TS 7). 

Scenario 3: Use average reservoir parameter values of DONG reservoir zones that corre-

sponds roughly to the LST sandstones that according to the conceptual model are present 

in the Havnsø structure.   

 

These scenarios are discussed below. 
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Figure 7.1.11. Correlation panel with selected wells that surrounds the Havnsø structure in the 

Danish Basin. Placement of formation tops are mainly based on depths given in Nielsen & Japsen 

(1991). Intervals between Top Fjerritslev and base Chalk Group consist of middle, upper or lower 

Cretaceous lithostratigaphic units depending on which well (see Nielsen and Japsen 1991). The 

transgressive surface TS 7 is used as datum line. Location of wells relative to the Havnsø struc-

ture is seen in Figures 3.1 and 7.1.3.  
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Figure 7.1.12. Correlation panel of selected wells that surrounds the Havnsø structure in the 

Danish Basin. Emphasis is on the interval from Base Gassum to the transgressive surface TS 7. 

This interval corresponds approximately to the Gassum Formation in the Stenlille structure and 

most likely also in the Havnsø structure. In reservoir estimates of the Gassum Formation in the 

Havnsø structure, based on the surrounding wells, data from this interval are therefore considered 

most relevant. The transgressive surface TS 7 is used as datum line. Location of wells relative to 

the Havnsø structure is seen in Figures 3.1 and 7.1.3.  
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Reservoir quality (porosity and permeability):  

Previous studies performed by GEUS have shown that the key reservoir parameters of the 

Gassum Formation and the Bunter Sandstone Formation primary are dependent on the sed-

iment source areas governing the mineralogy, the depositional environments determining the 

architecture of the reservoir sandstones, and the burial history of the Gassum Formation 

(e.g., Olivarius et al. 2022; Olivarius & Nielsen 2016; Kristensen et al., 2016; Weibel et al. 

2017a, b; Olivarius et al. 2019; Weibel et al. 2020; Olivarius et al. 2022). 

The porosity variations in the Mesozoic strata have been determined based on interpretation 

of well log data that are calibrated to the available core measurements. The permeability has 

not been logged in any of the wells, meaning that permeability has been evaluated from core 

permeability data and presumed porosity-permeability relations based on specific porosity-

permeability relationships set up for sandstone units. Both with regards to the porosity and 

the permeability the core measurements correspond very well to the log derived values (Fig. 

7.1.2). Thus, it is assumed that the log derived porosity and permeability also applies to the 

sections without cores. 

The sandstones can be characterized by generalized reservoir parameters, including reser-

voir/net sand thickness, porosity (PHIE), shale volume (Vshale) and permeability (PERM) as 

tabulated below by using log data, core analysis data and presumed porosity-permeability 

relationships (Table 7.1.2). The table summarizes the results of existing well-log interpreta-

tions and current permeability assessments. The thickness of a particular sandstone unit 

varies across the structure and may pinch out. Similarly, the net sand thickness varies in 

terms of shale volume, porosity and well location. Herein ‘Net sand’ is defined as sandstone 

intervals characterized by porosities > 10 % and shale content < 50 %.  

The porosities measured on the cores are the total porosities, i.e., including porosity within 

the clay minerals. The total porosity (PHIT) is also estimated from the logs; however, the 

effective porosity is used in the characterisation of the reservoirs. The total porosities meas-

ured on the cores and the logs are in good correspondence, but when the rock includes a 

high volume of shale the difference between the total porosity and the effective porosity is 

large. Contrary, in a clean sandstone, the total and effective porosities are similar. 

The conventional core analysis data point to the presence of several porosity-permeability 

relationships in the Gassum Formation as the depositional environment varies throughout 

the Late Triassic time. Hence, the grain size and clay content of the Gassum Formation 

sandstones vary with depth and spatially. Accordingly, two distinct poro-perm models are 

suggested for the Stenlille area: one relation for the upper sand- and mudstone stone units 

(corresponding to DONG Reservoir Zones 1–5, SQ´s 5-7), and one relation for the lower 

clean sandstone unit (i.e., DONG Reservoir Zone 6, SQ´s 3-4). These correlations are used 

for estimating permeabilities in un-cored zones, meaning that the permeability assessments 

are derived from porosities estimated from log data and then transferred to permeabilities via 

the poro-perm relation. 

 

In the following, reservoir characteristics are done for the three scenarios presented in the 

preceding.  

 

Scenario 1 

For the Scenario 1 reservoir prognostication of the Gassum Formation in the Havnsø struc-

ture assumes that the depositional environments of the sandstone units in the Stenlille area 
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also dominated around the Havnsø structure. In Stenlille, the composite cores from wells -1 

and -19 constitute an almost complete coverage of the Gassum Formation, as only the low-

ermost 40 m are not cored, which forms a strong basis for calibrating the petrophysical inter-

pretations in the Gassum Formation. Table 7.1.2 shows the reservoir characterization of the 

individual Reservoirs Zones as defined by DONG, as well as how these Zones relate to the 

sequence stratigraphic subdivision of the units within the Stenlille area. The table shows that 

best reservoirs in terms of porosity and permeability are located in the deeper units. Particular 

Reservoir Zone 6 sand that has average porosities of 27.1 %, corresponding to average 

permeabilities of 3496 mD. It is also seen that the best reservoir characteristics are found in 

the thick sandstone units. 

Defining a reservoir zone as having permeabilities of at least 100 mD and porosities higher 

than 10 % leads to concluding on Scenario 1 that it could be expected that the Havnsø struc-

ture contains Reservoir Zones 1, 3, 4, 5 Sand, 6 Sand, and 6 Base, which will provide a 

combined reservoir thickness of 111 m. In particular the Reservoir Zone 6 sand could contain 

42 m of reservoir sands with average porosities of 27.1 % and permeabilities close to 3500 

mD. 
 

Table 7.1.2. Reservoir characterization of selected representative Stenlille-wells for each of 

DONG original Reservoir Zones, how these relate to the developed sequence stratigraphy based 

on the petrophysical interpretation that again is calibrated to the cored intervals. The last column 

shows the averaged values, which could be projected to be found in the Gassum Formation within 

the Havnsø structure. Note, in Stenlille-15 the Reservoir Zone 6 clay is set equal to ‘Incised Valley 

Fill’ as original proposed for this interval and based on the sequence stratigraphic subdivision the 

‘Incised Valley Base’ is set equivalent to Reservoir Zone 6 Base. 

Sequence
s Dong Reservoir Zones Parametre 

Stenlille-
01 Stenlille-19 Stenlille-06 

Stenlille-
05 

Stenlille-
04 Stenlille-15 

Havns
ø 

SQ 7 Reservoir Zone 1 

Gross (m) 5.4 8.2 

Not pre-
sent 

5.2 6.5 9.6 7.0 

Net Sand (m) 3.2 4.6 5 4.3 6.8 4.8 

N/G 0.59 0.56 0.96 0.66 0.71 0.7 

Ave PHIE (%) 23.6 15.9 20.4 23.9 21.8 21.1 

Ave PERM 
(mD) 232 32 115 217 133 146 

Ave Vshale 0.19 0.26 0.31 0.34 0.27 0.27 

SQ 6 

Reservoir Zone 2a 

Gross (m) 6 10 5.7 7.9 5.0 5.0 6.6 

Net Sand (m) 0 0 2.4 0.3 0 0 0.5 

N/G 0 0 0.42 0 0 0 0.1 

Ave PHIE (%) N/A N/A 19.6 N/A N/A N/A N/A 

Ave PERM 
(mD) N/A N/A 104 N/A N/A N/A N/A 

Ave Vshale N/A N/A 0.25 N/A N/A N/A N/A 

Reservoir Zone 2b 

Gross (m) 6.1 

Not pre-
sent 

5.3 5.5 5.6 8.0 6.1 

Net Sand (m) 3.5 5.0 4 5 7.9 5.1 

N/G 0.58 0.94 0.72 0.90 0.98 0.82 

Ave PHIE (%) 19.9 24.4 20.7 20.6 18.5 20.8 

Ave PERM 
(mD) 99 

235 191 106 61 
138 

Ave Vshale 0.35 0.07 0.38 0.26 0.29 0.27 

Reservoir Zone 3 

Gross (m) 7.8 8.3 10.5 5.8 12.8 13.1 9.7 

Net Sand (m) 7.6 7.2 10.3 5.6 12.8 13.0 9.4 

N/G 0.98 0.87 0.99 0.97 1.00 0.99 0.97 

Ave PHIE (%) 24.2 17.2 25.5 21.3 25.1 24.8 23.0 

Ave PERM 
(mD) 223 43 266 184 256 234 201 

Ave Vshale 0.17 0.19 0.05 0.25 0.13 0.13 0.15 

Reservoir Zone 4 

Gross (m) 8.7 7.0 10.5 10.6 7.0 8.9 8.8 

Net Sand (m) 4.9 3.3 9.1 4.9 5.2 5.3 5.5 

N/G 0.56 0.47 0.87 0.46 0.74 0.60 0.62 

Ave PHIE (%) 18.6 12.3 23.4 21.5 20.4 21.0 19.5 

Ave PERM 
(mD) 73 8 203 155 115 125 113 

Ave Vshale 0.39 0.39 0.12 0.29 0.32 0.19 0.28 
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SQ 5 

Reservoir Zone 5 clay 

Gross (m) 4.8 4.3 6.1 4.3 5.9 5.0 5.1 

Net Sand (m) 0 0 3.4 0 2.4 0 1.0 

N/G 0 0 0.55 0 0.42 0 0.2 

Ave PHIE (%) N/A N/A 18.3 N/A 0.15 N/A 9.2 

Ave PERM 
(mD) N/A N/A 76 N/A 20 N/A 48 

Ave Vshale N/A N/A 0.24 N/A 0.43 N/A 0.34 

Reservoir Zone 5 
sand 

Gross (m) 23.2 33.3 33.6 40.9 26.7 27.3 30.8 

Net Sand (m) 21.1 25.6 24.9 28.9 26.5 27.1 25.7 

N/G 0.91 0.78 0.74 0.71 0.99 0.99 0.85 

Ave PHIE (%) 24.0 21.5 27.1 24.6 26.8 26.1 25.0 

Ave PERM 
(mD) 224 139 405 275 350 298 282 

Ave Vshale 0.24 0.11 0.05 0.18 0.10 0.05 0.12 

SQ 4 

Reservoir Zone 6 clay 

Gross (m) 4.9 8.2 5.3 4.8 6.8 47.0 12.8 

Net Sand (m) 1.5 2.1 4.2 4.8 2.5 14.3 4.9 

N/G 0.10 0.25 0.80 1.00 0.38 0.31 0.47 

Ave PHIE (%) 14.7 13.2 20.5 23.1 16.5 16.0 17.3 

Ave PERM 
(mD) 20 37 157 166 44 39 77 

Ave Vshale 0.45 0.38 0.16 0.25 0.38 0.34 0.33 

Reservoir Zone 6 
sand 

Gross (m) 51.1 56.5 29.6 21.9 53.4 

Not pre-
sent 

42.5 

Net Sand (m) 49.6 56.5 29.0 21.9 53.4 42.1 

SQ 3 

N/G 0.97 1.00 0.98 1.00 1.00 0.99 

Ave PHIE (%) 27.6 27.8 26.9 26.7 26.7 27.1 

Ave PERM 
(mD) 4189 3728 3253 3061 3249 3496 

Ave Vshale 0.11 0.03 0.04 0.03 0.13 0.07 

SQ 2 
Reservoir Zone 6 
base 

Gross (m) 25.0 8.6 35.5 62.8 15.4 29.5 29.5 

Net Sand (m) 20.9 6.6 23.5 18.5 12.5 21.6 17.3 

N/G 0.84 0.77 0.66 0.29 0.81 0.73 0.68 

Ave PHIE ( %) 27.4 14.5 20.1 20.7 19.9 20.1 20.5 

Ave PERM 
(mD) 4463 287 972 1370 711 126 1322 

Ave Vshale 0.11 0.35 0.15 0.21 0.31 0.21 0.22 

 

Scenario 2 

For Scenario 2 the reservoir characterization approach includes reservoir data of selected 

wells surrounding the Havnsø structure in the Danish Basin. This will include reservoir data 

from wells that represent both more proximal and distal depositional locations in “Gassum 

time” compared to the Havnsø structure. An average of the reservoir values from these wells 

are assigned to the Gassum Formation in the Havnsø structure. In doing so, only data from 

the stratigraphic interval from the base Gassum – TS 7 interval in the surrounding wells are 

included (Figs. 7.1.11 and 7.1.12). In calculating the average values of the reservoir charac-

terizations only the Stenlille-1 and -19 wells are included, as otherwise the dataset would be 

skewed toward the high data density in the Stenlille area compared to the surrounding re-

gions. 

Table 7.1.3 lists the general reservoir characterization of the Gassum Formation in the se-

lected seven wells surrounding the Havnsø structure, and the lowermost row indicates the 

average values of the above columns, which in this scenario represent the expected values 

to be encountered in Havnsø. It is important to note, that for the wells outside the Stenlille 

area, only one porosity-permeability relation has been utilized, corresponding to the relation 

for SQ´s 4-7 in the Stenlille wells.  

Despite of the variations of the sandstone units within the Gassum Formation, it can be gen-

eralized that the formation has excellent reservoir characteristics throughout the region. The 

top of the Gassum Formation is encountered in the depth range of 862 – 2613 m MD in the 

selected wells, which represent both basinal and marginal depositional settings. Based on 

the seismic data it could be expected to find the top of the Gassum Formation at 1550 m 

(below mean sea level) in the Havnsø area. The gross thickness of the Gassum Formation 
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ranges from 145 m in the Stenlille-19 well to 54 m in Horsens-1, which likely reflects a more 

proximal and distal depositional setting, respectively. Based on the seismic interpretation, 

the Gassum Formation is expected to be on average c. 150 m thick within the Havnsø struc-

ture (Fig. 6.3.4C). The net reservoir sand shows a similar pattern as the gross formation 

thickness, decreasing in a general east-west direction from 118 m in the in the Stenlille-19 

well to 29 m in the Horsens-1 well. The average effective porosity (PHIE) within the reservoir 

sandstones in the surrounding wells ranges from 18 % to 26 % with an average of 23.6 %. It 

is important to notice that these variations in the PHIE seemingly does not represent a basinal 

versus marginal setting, as it varies both within the marginal and basinal settings, and also 

depends on other factors such as burial depth. The permeability as listed in table 7.1.3 varies 

between 2743 mD to 188 mD, however as mentioned above these numbers cover two po-

rosity-permeability relations in the Stenlille-1 and -19 wells but only one relation in the re-

maining wells. Nevertheless, it can be seen that the Gassum Formation forms an excellent 

reservoir in all the shown wells. Even in the Rønde-1 well, where the present-day depth to 

the top of the Gassum Formation is more than 2600 m, there are excellent reservoir units, 

as for the 12 m thick LST sandstones within SQ 3 has average PHIE of 25 % and permea-

bilities exceeding 500 mD. 

    

Table 7.1.3. Generalized reservoir parameters for the Gassum Formation in wells surrounding 
the Havnsø structure. Due to the relative abundance of data in the Stenlille area it is possible to 
determine two porosity/permeability functions, however for the remaining wells this is not possible 
and therefore the permeabilities in these wells have been calculated based on a single function 
similar to the SQs 4 – 7 in Stenlille. Mean values assigned to the Gassum Formation in the Havnsø 
area, are a gross thickness of 105 m, of which 69 m are reservoir sandstone with a porosity of 
23.3 % and 1087 mD permeability.  

Well Top Gross Net N/G Av_Vshale Av_PHIE Av_PERM 

Name m m m v/v v/v % mD 

Stenlille-19 1561 145 118 0.82 0.13 21.9 1829 

Stenlille-1 1507 143 113 0.79 0.17 25.7 2743 

Ullerslev-1 862 79 51 0.65 0.13 25.8 848 

Horsens-1 1546 54 29 0.54 0.10 24.6 703 

Terne-1 1158 134 89 0.67 0.09 25.5 753 

Lavø-1 2293 74 50 0.67 0.16 21.8 547 

Rønde-1 2641 109 34 0.31 0.11 17.9 188 

Average (= Havnsø)  105 69 0.63 0.13 23.3 1087 
  

Scenario 3 

For Scenario 3, the reservoir prognostication of the Gassum Formation in the Havnsø struc-

ture utilizes a geological conceptual approach supported by the observations in the seismic 

data extending from the Stenlille area to the Havnsø structure. Figure 7.1.13 illustrates that 

only the LST sandstones of SQ´s 4, 5 and 6 extends from the Stenlille area out into the 

Havnsø area whereas sandstones of the highstand and transgressive system tracts are in-

terpreted to wedge out into mudstone-dominated intervals in the Havnsø area.  

Table 7.1.4 lists the thickness and reservoir parametres in the selected wells from the Sten-

lille area, which form the basis for the reservoir characterization of the Havnsø structure in 

Scenario 3. The selection of wells represents geographical dispersion across the strati-

graphic closure constituting the Stenlille structure and therefore representing the variability 
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that could be expected in Scenario 3 in the Havnsø area. In the table, reservoir values of the 

Gassum Formation in the Havnsø area is represented by average values from the Stenlille 

wells. The LST sandstones in the Stenlille area in general are excellent reservoirs with po-

rosities in the range of 17.7 – 30.5 % and a permeability range of 46 – 5634 mD (Table 7.1.4).  

Based on an average of the three sequences (SQ 4–6; Table 7.1.4), 43.5 m of LST sand-

stone with a porosity of 26.5 % and permeability of 1516 mD can be assigned to the Gassum 

Formation in the Havnsø structure. 
 

Table 7.1.4. Generalized reservoir parameters for the LST sandstones of SQ 4-6 of the Gas-

sum Formation in selected wells in the Stenlille area. 

Sequence
s 

System 
Tract Parametre 

Stenlille-
01 

Stenlille-
19 

Stenlille-
06 

Stenlille-
05 

Stenlille-
04 Stenlille-15 

Havns
ø 

SQ 6 LST 

Gross (m) 7.8 6.5 5.8 1.8 11.6 5.4 6.5 

Net Sand (m) 7.6 6.13 5.3 1.8 11.6 5.4 6.3 

N/G 0.98 0.99 1.00 1.00 1.00 1.00 1.00 

Ave PHIE (%) 24.2 17.7 26.4 27.1 25.8 26.2 24.6 

Ave PERM 
(mD) 223 46 305 402 276 298 258 

Ave Vshale 0.17 0.17 0.03 0.04 0.12 0.07 0.10 

SQ 5 LST 

Gross (m) 5.0 28.7 14.4 7.2 23.4 27.3 17.7 

Net Sand (m) 5.0 25.0 14.4 7.2 23.4 27.1 17.0 

N/G 1.00 0.87 1.00 1.00 1.00 0.99 0.98 

Ave PHIE (%) 28.1 21.8 29.1 28.0 27.4 26.1 26.8 

Ave PERM 
(mD) 427 143 498 410 377 298 359 

Ave Vshale 0.15 0.11 0.01 0.06 0.07 0.05 0.08 

SQ 4 LST 

Gross (m) 30 19.0 19.5 21.9 20.0 

Not pre-
sent 

22.1 

Net Sand (m) 30 19.0 19.2 21.9 20.0 22.0 

N/G 1 1.00 0.98 1.00 1.00 1.00 

Ave PHIE (%) 30.5 27.8 26.9 26.7 28.6 28.1 

Ave PERM 
(mD) 5634 3660 3187 3061 4115 3931 

Ave Vshale 0.02 0.03 0.01 0.03 0.08 0.03 

 

Conclusion on Reservoir Characterization 

The interpretation of the seismic data (Chapter 6) indicates that the top of the Gassum is to 

be expected around 1420 m (b.msl.) and that the thickness is c. 140 – 160 m, thus closely 

resembling the thickness of c. 150 m in the Stenlille area. Three different scenarios predicting 

the reservoir units contained within the Havnsø structure have been presented based on 

incorporation of the acquired seismic data, sequence stratigraphic subdivision, and in partic-

ular log data from the Stenlille area and adjacent wells surrounding the Havnsø structure in 

the Danish Basin. The best reservoir units in the surrounding wells, including in the Stenlille 

wells, are encountered in the deeper depositional units of the Gassum Formation, and in 

particular the LST sandstones of Sequences 3 – 5 show promising characterizations. In ad-

dition, these LST sandstones are interpreted to be present regionally in the Danish Basin 

forming a basin ward stepping sequence set (Nielsen 2003), and it is thus likely that similar 

depositional sequences and reservoir units are also present throughout the Havnsø struc-

ture. 

A single number for the potential of carbon storage potential in the Havnsø structure may be 

given by the transmissivity which is estimated by multiplying reservoir sand thickness with 

permeability. Table 7.1.5 shows that in all of the scenarios the transmissivity is high (> 72 

Dm), thereby underlining that the Gassum Formation in the Havnsø structure probably exhibit 

an excellent carbon storage potential in the sense of reservoir characterization. 
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Table 7.1.5. Summarizing the Scenarios 1-3 predicting the reservoir characteristics of the Gas-

sum Formation within the Havnsø structure. All three scenarios show excellent reservoir qualities 

and thicknesses quantified by the transmissivity ranging from 72 – 89 Dm (Darcymeter). 

  Reservoir Net to Gross PHIE PERM Transmissivity 

  m v/v % mD Dm 

Scenario 1 111 0.75 21.9 805 89 

Scenario 2 69 0.63 23.3 1087 75 

Scenario 3 47.6 0.33 27.3 1516 72 

Average 75.9 0.57 24.2 1136 79 
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The secondary reservoirs: Oddesund Fm and Bunter Sandstone Fm 

In the estimation of the reservoir properties of the Oddesund and Bunter Sandstone For-

mations data from Margretheholm-1, Stenlille-19, Slagelse-1, Ullerslev-1, Horsens-1, Løve-

1, Jelling-1 and Rønde-1 have been included with emphasis on the first two wells as these 

are located closest to the Havnsø structure.   
 

The Oddesund Formation 

The Oddesund Formation is largely dominated by variegated, calcareous, anhydritic clay-

stones and siltstones and with a thick interval of evaporite beds and is interpreted as formed 

during prevailing brackish to hypersaline, arid conditions (Bertelsen 1980). Basically, it is thus 

not to be considered as a reservoir. However, locally the formation may contain intervals of 

sandstones as is also the case in Stenlille-19, the only Stenlille well which penetrate the 

formation (Fig. 7.1.1). Input of sandstones in the otherwise fine-grained formation may reflect 

increasing humidity leading to the deposition of deltaic or fluvial sand in basin-marginal areas. 

The sandstones are in general fine-grained, silty or slightly clayey, greenish grey or red-

brown, micaceous, mainly non-calcareous and locally they contain dispersed microlignite 

(Bertelsen 1978). The mudstones of the lower part of the formation are interpreted to reflect 

deposition on flat coastal plains which were not permanently covered by water as the mud-

stones are predominantly reddish, common in anhydrite and fossils are lacking (Bertelsen 

1978). The sandstones from the upper part of the formation are interpreted to reflect fluvial 

deposition and a possible climatic change from semi-arid to more humid conditions (Bertel-

sen 1978).   

 

The Oddesund Formation in the study area:   

The Oddesund Formation is present in the Stenlille-19 well in the depth interval 1858 – 2241 

m MD (Fig. 7.1.1). The formation is dominated by mudstones and secondary anhydrite beds 

but also contains an interval (c. 2257 – 2128 m MD) of well-defined sandstone layers em-

bedded in the mudstones (Fig. 7.1.1). The three distinct sandstone layers range in thickness 

from c. 2 – 16 m with at least the lowermost and thickest sandstone layer probably being 

present in the entire Stenlille structure. The top of the sandstone beds, the ‘Intra Oddesund 

sst. beds’ horizon, has been interpreted in both the Stenlille structure and Havnsø structure 

from the seismic data, but no internal horizons (and possible sandstone beds) are interpreted 

in the succession in Havnsø (see section 6.1). The top ‘Intra Oddesund sst. beds’ surface in 

the Havnsø structure is, based on few interpreted seismic lines, located at c. 2440 m b.msl 

and the basal closing contour of this surface is c. 2500 m b.msl, and thus the structure at this 

surface has a relief of c. 60 m. 

The lithological description of the sandstones in the completion report of the Stenlille-19 well 

is sparse, saying that the sandstones are very fine to fine grained, moderately sorted with 

subrounded grains, with calcareous cement and traces of pyrite. The color is white to light 

grey or olive green (DONG 2001).  

In the Slagelse-1 well silt- and sandstones are present in three bundles of the interval be-

tween 1504 – 1567 m MD (Appendix B) with a combined net reservoir sand thickness of 12 

m, which likely correlate to the three sandy intervals in the Stenlille-19 well. Due to the sparse 

logs available for the Slagelse-1 well it is only possible to estimate the volume of shale 

(Vshale) based on the gamma ray, and it is not possible to estimate neither the porosity nor 
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permeability. Based on the Vshale, the reservoir quality of the Intra Oddesund sandstone 

beds is expected to be poor in Slagelse-1.  

In the Ullerslev-1 well, an interval in the Oddesund Formation contains siltstones and a thin 

layer of sandstone, as the net reservoir sand is estimated on the logs to be 0.3 m thick. 

Neither in the Horsens-1, Løve-1, Jelling-1, or the Rønde-1 wells are reservoir sands en-

countered within the Oddesund Formation. The Oddesund Formation is not encountered in 

the deep well of Terne-1 where the Triassic strata below the Gassum Formation consist of 

the Skagerrak Formation. Based on the information in these wells the intra Oddesund sand-

stone beds are thickest in the Stenlille area and may be pinching out towards west and north. 

This makes it less likely that the Oddesund sandstone beds form a significant reservoir in the 

Havnsø structure. However, for the sake of completeness, data on the reservoir properties 

of the sandstone beds are given below.  

 

Reservoir quality (porosity and permeability): The reservoir quality of the three pro-

nounced sandstone layers in the Oddesund Formation (Fig. 7.1.1) – located in the intervals 

2057 – 2068, 2090 – 2097 and 2110 – 2126 m MD – is not fully documented as no cores are 

available, meaning that sandstone permeability cannot be measured in the laboratory. How-

ever, an evaluation of the well-log data indicates fairly low shale volume and porosities up to 

30 % and averaging 18.9 %, suggesting fair reservoir quality. For this purpose, the porosity-

permeability relation within the sandstones in the Oddesund Formation is expected to be 

similar to the SQ´s 5-7 in the Gassum Formation, further supported as the grain sizes are 

described as fine to very fine in the Final Well Report. Further, these sandstones are posi-

tioned between layers containing anhydrite and therefore there is a risk of the intra Oddesund 

Sandstone beds are well cemented, although the available logs do not necessarily indicate 

that this is the case.  
 

The average reservoir parameters as derived from the petrophysical interpretation of the 

surrounding wells suggest that there would be 8.0 m of reservoir sand with an average po-

rosity of 15.5 % and permeability of 435 mD in Havnsø, as summarized in Table 7.1.6. 

 

Table 7.1.6. Generalized reservoir parameters for the Intra Oddesund sandstone beds in wells 

surrounding the Havnsø structure. In Stenlille-19 the sandstones have a combined reservoir thick-

ness of 28 m, while it is 12 m in Slagelse-1 and only 0.3 m in Ullerslev-1. The gross reservoir is 

here identified as the interval containing silt/sand and therefore not the full thickness of the 

Oddesund Formation. 

Well Top Gross Net N/G Av_Vshale Av_PHIE Av_PERM 

Name m m m v/v v/v % mD 

Stenlille-19 1858 38 28 0.74 0.28 18.9 852 

Slagelse-1* 1334 63 12 0.18 N/A N/A N/A 

Ullerslev-1 982 20 0.3 0.01 0.49 12.0 19 

Rønde-1 2827 631 0 0    
Horsens-1 1645 84 0 0    

Average (Havnsø)    8.0  0.38 15.5 435 

*Only the Shale cut off of 0.5 applied, as it is not possible to estimate PHIE 
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The Bunter Sandstone Formation  

The Bunter Sandstone Formation is known from deep wells in Denmark and Sweden and is 

widespread in the Danish Basin and the North German Basin. The geothermal plant at Marg-

retheholm in Copenhagen is designed to use hot water from sandstone layers in the for-

mation. The formation is less than 300 meters thick in the southern Danish area, and over 

the Ringkøbing–Fyn High the formation is either thin or absent. The high and adjacent areas 

were probably partially exposed in the Early Triassic (Michelsen et al. 1981). The formation 

consists of reddish-brown and yellow-brown, fine- to medium-grained sandstones, in addition 

to thick intervening intervals of siltstones and claystones. Locally, the deposits are strongly 

calcareous, anhydritic and micaceous. In the Danish Basin, the formation is replaced to the 

north by coarse-grained sandstones belonging to the Skagerrak Formation (Fig. 3.3) (Bertel-

sen 1980). The Bunter Sandstone Formation was formed in the Early Triassic in a dry and 

hot desert climate (Fig. 3.5B). Ephemeral rivers transported sand, mainly from the Fen-

noscandian basement, into the central part of the Danish basin, where the sand was depos-

ited in river channels. Vegetation was extremely sparse, and during the dry periods wind 

created sand dunes. Periodically eolian sand was supplied to the Danish Basin from the 

south (Olivarius et al., 2015). In between the river channel and dune sand, layers of clay 

were deposited in lakes.  

In the North German Basin, the Bunter Sandstone Formation is divided into four members, 

each consisting of a sandstone succession followed by a relatively thick claystone succes-

sion (Fig. 7.1.14). Two of these members (Volpriehausen and Solling members), and partly 

the Defurth Member, can also be recognized in most of the deep Danish onshore wells that 

penetrate the Bunter Sandstone Formation (Bachmann et al. 2010, Michelsen & Clausen 

2002).  

 

 

Figure 7.1.14 Subdivision of the Bunter Sandstone Formation in the ST-19 well into the 

Volpriehausen, Detfurth and Solling Members. Modified from Michelsen & Clausen (2002). 

 

The Bunter Sandstone Formation in the study area:  

Only one of the Stenlille wells (ST-19) is drilled deep enough to reach into the Bunter Sand-

stone Formation (Fig. 7.1.1). The ST-19 well penetrates the top of the formation at c. 2410 

m TVD (2464 m MD). The well reveals a minimum thickness of the formation of 104 m as the 

base of the formation was not been penetrated. Michelsen & Clausen (2002) interpret the 
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Volpriehausen, Defurth and Solling members also to be present in the ST-19 well (Fig. 

7.1.14). The lithological description of the sandstones published in the ST-19 completion 

report says that the sandstones are fine to medium grained, well sorted with rounded grains, 

and with calcite cement. The colour is described as red-brown to light grey to smokey (DONG 

2001).      

In the Margretheholm-1 well the Bunter Sandstone Formation is reached at 2368 m MD and 

has a thickness of 321 m and rest on weathered crystalline basement (DONG 2003). The 

studied wells to the west of the Havnsø structure it is only the Rønde-1 that reaches Lower 

Triassic, where the Bunter Sandstone Formation is encountered at 4058 m and has a gross 

thickness of 575 m. In order to have representative data for the reservoir characterization, 

the Løve-1 and Jelling-1 wells were included in the present study. In Løve-1, the Bunter 

Sandstone Formation is found at 1802 m and in Jelling-1 at 1636 m, while the gross thickness 

is 257 m and 114 m, respectively. 

The Top Bunter Sandstone with underlying interval has been correlated in seismic lines from 

the Stenlille-19 well and into the Havnsø structure and the formation likely continues west-

wards (see section 6.1). Seismic interpretation indicates a widespread occurrence of the for-

mation and a few places observations of subtle prograding/onlapping reflections and troughs, 

which may indicate depositional systems with sandstones and/or local tectonics at structure 

flanks near Stenlille-19 (see section 6.1). Such subtle features are also observed a few 

places in the new seismic data of the Havnsø structure (see section 6.1). The thickness of 

the formation may from seismic interpretation be in the order of c. 200 – 250 m within the 

Stenlille 3D survey area, and interpretation of selected seismic lines (in particular from new 

data) indicates thickening of the formation towards Havnsø (see section 6.1).  

Individual sandstone units in the formation are not mapped from seismic data in this study.  

 

Reservoir quality (porosity and permeability): In general, the reservoir quality of the 

Bunter Sandstone Formation is presumably good, since the aeolian deposits that character-

izes the formation have a large lateral continuity, a fairly constant thickness, and only few 

cementing phases that are mostly clay-free. A smaller part of the Bunter Sandstone For-

mation was cored in the Stenlille-19 well (at 2479 – 2497m MD; Fig. 7.1.1) covering parts of 

the reservoir and the underlaying mudstone. The cored interval is approximately 19 m thick, 

and the conventional core analysis data are plotted in Figure 7.1.15. Within the reservoir 

zone of the Bunter Sandstone Formation the core measured porosity ranges from 15 % to 

26 % and corresponds well with the log derived PHIE. The core measurements of the per-

meability within the sandstone vary from 17 to 1132 mD. 
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Figure 7.1.15. Porosity-permeability relationships for the Bunter Sandstone Fm sandstones cored 

in the Stenlille-19 well. Based on conventional core analysis data. The black line represents the 

presumed trend line of the Bunter Sandstone Formation. This specific trend line is supported by 

core analysis data that are available from wells located outside the Stenlille area. Permeability 

values are gas permeabilities measured by the COREX Core Laboratory. 

 

In the Margretheholm-1 well, the reservoir sand units within the Bunter Sandstone Formation 

have a combined thickness of 106 m, and an average PHIE of 17.5 % corresponding to 149 

mD permeability. The Løve-1 and Jelling-1 are located to the west of the Havnsø structure 

and have average PHIE of 23.0 % and 21.9 %, corresponding to permeabilities of 378 and 

329 mD, respectively. In Rønde-1 the Bunter Sandstone Formation has been buried deeper 

to 4058 m MD and with accompanying deterioration of the reservoir characters with an aver-

age PHIE of 11.5, and average permeability of 16 mD (Table 7.1.8). Based on mapping of 

the seismic data the Bunter Sandstone Formation could be expected to be encountered at 

depths from c. 3090 m b. msl at the top of the Havnsø structure (see section 6.1). Thus, it is 

inferred that the reservoir parameters in Havnsø are closer to the parameters in Stenlille 

compared to the values found in Rønde-1. 

The same approach to quantify the reservoir parameters for the Bunter Sandstone Formation 

is here used as was applied for the Gassum Formation. Two Scenarios are presented, where 

Scenario 1 assumes the same parameters as in Stenlille-19 and Scenario 2 is based on 

basin wide average parameters. 

Adopting the methods contained within Scenario 1 and 2 above it is possible to estimate the 

reservoir characteristics of the Bunter Sandstone Formation in the Havnsø structure. Firstly, 

it can be assumed that the Bunter Sandstone Formation is present in the Havnsø structure, 

as this formation is widespread regionally and the depositional environment suggest only 

small lateral changes compared to the Stenlille-19 well. Therefore, in Scenario 1, character-

izing the Bunter Sandstone Formation is to combine the parametres from Stenlille-19 and 

Slagelse-1 to Havnsø (Table 7.1.7). Unfortunately, the Stenlille-19 well terminates 
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approximately 100 m down into the Bunter Sandstone Formation without reaching the base, 

but the logs and cores provide the basis for evaluating the reservoir parametres. In the 

Slagelse-1 well the acquired log suite does not allow for other petrophysical interpretations 

than the formation thickness and volume of shale. Hence, for the purpose this characteriza-

tion the thickness of the Bunter Sandstone Formation is copied from the Slagelse-1 well of 

393 m, whereof 118 m are sand (no porosity cut-off applicable) and the reservoir parametres 

are copied from the Stenlille-19, where the combined reservoir thickness is 18 m with aver-

age porosities of 19.1 % and permeability of 129 mD could be expected in the Havnsø struc-

ture. Based on this scenario the estimated reservoir characters of the Bunter Sandstone 

Formation in Havnsø are summarized to a total thickness of reservoir sand of 118 m with 

average porosities of 19.1 % and permeabilities of 129 mD, as summarized in Table 7.1.7. 

 

Table 7.1.7. Generalized reservoir parameters for the Bunter Sandstone Formation based on a 
combination of the Stenlille-19 and Slagelse-1 wells, as these wells together constitute a petro-
physical basis for reservoir characterization. The average PHIE ranges from 19.1 % and the per-
meability of 129 mD.  

Well Top Gross Net N/G Av_Vshale Av_PHIE Av_PERM 

Name m m m v/v v/v % mD 

Slagelse-1 1865 393 118 0.30    
Stenlille-19 2464    0.17 19.1 129 

Havnsø  393 118 0.30 0.17 19.1 129 

 

Scenario 2 includes the surrounding wells and uses an averaging statistical method to predict 

the reservoir characteristics within the Havnsø structure. Table 7.1.8 lists the reservoir para-

metres in the six wells where the Bunter Sandstone Formation has been encountered. Similar 

to the approach for the Gassum Formation, the characterization of the Bunter Sandstone 

Formation in the Havnsø structure is then assumed to be represented by a simple average 

of the surrounding wells. Thereby, it is expected that the formation has a combined thickness 

of reservoir sandstone of 90 m, with porosity of 18.6 % and permeability of 204 mD.  

 

Table 7.1.8. Generalized reservoir parameters for the Bunter Sandstone Formation from the wells 
surrounding the Havnsø structure. These wells encounter the Bunter Sandstone Formation at 
different depths and also the reservoir characteristics vary significantly, as the average PHIE 
ranges from 11.5 % to 23.0 % and the permeability ranges from 16 to 378 mD. On average the 
reservoir sand in the Bunter Sandstone Formation is 90 m, 18.6 % PHIE and 204 mD permeability.    
  

Well Top Gross Net N/G Av_Vshale Av_PHIE Av_PERM 

Name m m m v/v v/v % mD 

Margretheholm-1A 2368 321 106 0.33 0.07 17.5 149 

Stenlille-19 2464 104 18 0.18 0.17 19.1 149 

Rønde-1 4058 575 55 0.10 0.12 11.5 16 

Løve-1 1802 257 151 0.59 0.25 23.0 378 

Jelling-1 1636 114 91 0.80 0.19 21.9 329 

Slagelse-1 1865 393 118 0.30    

Average (Havnsø)  294 90 0.38 0.16 18.6 204 
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Based on Scenario 1 and 2 regarding the Bunter Sandstone Formation, the transmissivity is 

calculated to be 15 Dm and 18 Dm, respectively (Tabel 7.1.9). Thus, it is estimated that the 

Bunter Sandstone Formation is a fair to good reservoir unit within the Havnsø structure. 

 

Table 7.1.9. Summarizing Scenarios 1 and 2 predicting the reservoir characteristics of the Bunter 
Sandstone Formation within the Havnsø structure. The scenarios show fair reservoir qualities and 
thicknesses quantified by the transmissivity ranging from 15 – 18 Dm (Darcymeter). 

  Reservoir Net to Gross PHIE PERM Transmissivity 

  m v/v % mD Dm 

Scenario 1 118 0.30 19.1 129 15 

Scenario 2 90 0.38 18.6 204 18 

Average 104 0.34 18.9 167 17 
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7.2 Seals – Summary of geology and parameters  

The primary seal of the Gassum Fm: The Fjerritslev Fm 

The Lower Jurassic Fjerritslev Fm is known from more than 60 deep wells in the Danish 

onshore and inland water areas and the well-sections show that the present distribution is 

largely controlled by Middle Jurassic and younger erosional events. The lithostratigraphy and 

positions of the wells drilled before 1990 were compiled by Nielsen & Japsen (1991). In ad-

dition to the many widespread wells, the formation is encountered in the 19 wells on the 

Stenlille structure close to Havnsø. In the Stenlille area sandstones of the Upper Triassic 

Gassum Fm are used for temporal storage of natural gas with the Fjerritslev Fm constituting 

the seal (Fig. 1.3). On the storage site in Stenlille the Fjerritslev Fm is known from seismic 

data and from 19 deep wells showing a thickness of c. 250–300 m (Fig. 6.3.4B; Table 7.2.1). 

There are no deep wells drilled in the Havnsø area, so data from the Stenlille wells and other 

wells in the Danish Basin that surrounds the potential storage site in Havnsø are included in 

this summary. Other wells are Terne-1, Lavø-1, Slagelse-1, Ullerslev-1, Horsens-1 and 

Rønde-1 (Fig. 3.1). However, none of the other wells have so detailed information about the 

Fjerritslev Fm as the Stenlille wells. The detailed and extensive data from Stenlille are there-

fore the main source of information in understanding the Fjerritslev Fm in the Havnsø area. 

The Fjerritslev Fm is a succession of marine claystones and mudstones, interbedded with 

thin sandstone beds. It is present in the Danish Basin, north of the Ringkøbing–Fyn High, 

and in the North German Basin south of the Ringkøbing–Fyn High but absent on the high 

itself. In the central and eastern part of the Danish Basin (including the Havnsø and Stenlille 

areas) the fluvial to shallow marine Gassum Fm is of Rhaetian (latest Triassic) age and is 

overlain by the Fjerritslev Fm of latest Rhaetian – Early Sinemurian age (Fig. 7.1.3.).The 

Havnsø area represents a more distal depositional setting in the Danish Basin than the Sten-

lille area and consequently the Fjerritslev Fm is expected to be more fine-grained and with 

less sandstone layers in Havnsø.  

However, in the Sorgenfrei–Tornquist zone and on the Skagerrak–Kattegat Platform deposi-

tion of sand continued through the Hettangian and into the earliest Sinemurian and is in-

cluded in the Gassum Fm (Nielsen 2003; Fig. 7.1.1). Towards the SE and E (southern Swe-

den and Bornholm) the Fjerritslev Fm is replaced by sandstone-dominated formations de-

posited in non-marine and coastal depositional environments (Gravesen et al. 1982, Surlyk 

et al. 1995, Michelsen et al. 2003). 

At Stenlille, Middle–Upper Jurassic and lowermost Cretaceous sediments are missing, and 

the Fjerritslev Fm is unconformably overlain by the Lower Cretaceous Vedsted Fm (Dybkjær 

1991, Gregersen et al. 2023; Figs. 3.3, 7.2.1). In the Havnsø area the stratigraphy is inter-

preted to be similar as indicated by seismic data (see section 6.1). This contrasts with areas 

close to the Sorgenfrei–Tornquist Zone where the Haldager Sand, Flyvbjerg, and Børglum 

Formations were deposited in the Middle Jurassic to earliest Cretaceous (Michelsen 1989a; 

Michelsen et al. 2003; Nielsen 2003). Palaeogeographical reconstructions suggest that the 

Ringkøbing–Fyn High and adjacent areas, including the Stenlille and Havnsø areas, were 

characterized by deposition of terrestrial deposits or by erosion during Middle–Late Jurassic 

as well as in earliest Cretaceous times (Michelsen et al. 2003; Petersen et al. 2008; Fig. 3.6). 

The Stenlille area was also affected by growth of the Stenlille salt pillow and the regional, 

mid-Cimmerian tectonic phase (Gregersen et al. 2023). From the seismic interpretation 

(Chapter 6) the structural evolution of the Havnsø structure is like the Stenlille structure 

mainly formed due to growth of a salt pillow at the base of the structure. The seismic 
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correlation from the Stenlille area to the Havnsø area (Chapter 6) shows an overall similar 

appearance and thickness of the Fjerritslev Fm, but possibly the lower part of the formation 

(F-Ia mb) contains less sandstones in the Havnsø area. In the Havnsø structure, the Fjer-

ritslev Fm is approximately 260–350 m thick and are thinnest towards the top of the structure 

(Chapter 6; Fig. 6.3.4B) but is of similar thickness as in the Stenlille structure (Table 7.2.1; 

Gregersen et al. 2023). 

On Zealand, the Fjerritslev Fm is well documented in the Stenlille area, where 19 wells pen-

etrate the formation with petrophysical logs, cores and cuttings samples, which have been 

investigated for sedimentology and biostratigraphy (Table 4.4.2). An overview of the many 

results is provided in the CCS2022-2024 WP1 report dealing with the Stenlille structure 

(Gregersen et al. 2023). In the Havnsø area, data from Stenlille-19 is primarily used as a 

reference. Most of the cores in the Stenlille area have been taken in the lower part of the 

Fjerritslev Fm and document the transition from the Gassum to the Fjerritslev Fm.  
 

Age of the Fjerritslev Fm 

The age of the Fjerritslev Fm is well-constrained by investigations of ammonites and bivalves 

(Sorgenfrei & Buch 1964), ostracods (Michelsen 1975, 1989a), and palynomorphs (Dybkjær 

1988, 1991; Lindström 2020; Lindström et al. 2012, 2015, 2017, 2019,  2023) showing that 

the formation covers the latest Rhaetian to the Toarcian, and the upper parts possibly in-

cludes Aalenian deposits locally e.g., in Hans-1, Terne-1 and Rønde-1 (Table 7.2.1). In the 

Stenlille area the basal part of the Fjerritslev Fm is of latest Rhaetian age and the youngest 

part is Late Toarcian in age and is unconformably overlain by Lower Cretaceous deposits 

(Dybkjær 1991; Vosgerau et al. 2016; Lindström 2020; Gregersen et al. 2023). In Terne-1 

the Fjerritslev Fm is complete including the members F-Ia to F-IV with no major unconformi-

ties and the basal part is of Early Sinemurian age and the youngest part of Early Aalenian 

age (Nielsen 2003) (Appendix C). In Lavø-1 a few cores existed from the Fjerritslev Fm, and 

the revised data display a basal part (F-Ia) of Hettangian age and a youngest part (F-III) of 

Toarcian age. Parts of F-III and all of F-IV are missing (Appendix C). The lower part of the 

Fjerritslev Fm (F-I) in the Rønde-1 well is of Hettangian to early Sinemurian age whereas the 

youngest part (F-IV) is possibly of Aalenian age (Appendix C). In Horsens-1 the oldest part 

(F-I) is of Hettangian age and the upper part has been removed by erosion and the top of the 

formation (F-II) is late Pliensbachian in age (Appendix C). In Ullerslev-1, situated close to the 

Ringkøbing-Fyn High, all Jurassic strata is missing and the Upper Triassic Gassum Fm is 

unconformably overlain by a Lower Cretaceous succession (Appendix C). In Slagelse-1, the 

oldest part of the Fjerritslev Fm is F-Ia of Hettangian age and the youngest part is F-Ib of 

Sinemurian age, and the formation is unconformably overlain by Lower Cretaceous strata 

indicating a hiatus corresponding to large parts of the Fjerritslev Fm and the Middle and 

Upper Jurassic. The large uniformity is indicated by lithostratigraphy and seismic data, but 

there is no biostratigraphic data to confirm this (Appendix C).  

The well-dated end-Triassic mass extinction event (ETE) is documented in cores from the 

lowermost part of the Fjerritslev Fm between SB 8 and TS 8 in the Stenlille wells ST-1, ST-

4, ST-5, and ST-6 and provides a well-defined correlation to the Lavø-1 and Rødby-1 wells 

and to the latest Triassic–earliest Jurassic succession in Scania (Lindström et al. 2012; 

Lindström et al. 2017; Lindström et al. 2023).The event is represented by characteristic grey 

siltstones in the Stenlille wells forming a distinct marker bed that is correlated to the GSSP 

section at Kuhjoch in Austria, and to several successions in northern Germany (Lindström et 

al. 2017). 
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Figure 7.2.1. Detailed litho-, bio-, and sequence stratigraphy of uppermost Upper Triassic to low-

ermost Middle Jurassic successions in the Danish Basin including the Stenlille-1 and Terne-1 

wells. Modified from Nielsen (2003) and Pedersen et al. (2022). A major unconformity (hiatus) 

separates the Lower Jurassic Fjerritslev Fm from the overlying Lower Cretaceous Vedsted Fm 

(Fig. 6.1.1). The age gab from the uppermost preserved Fjerritslev Fm to the lowermost Vedsted 

Fm in the Danish Basin is varying due to different amount of erosion of the upper parts of the 

Fjerritslev Fm. Terne-1 well, located in the Sorgenfrei-Tornquist Zone, comprises the youngest 

preserved Fjerritslev Fm of early Aalenian age. The chronostratigraphy (ages and ammonite 

zones) is based on Gradstein et al. (1994). The right part of the scheme is copied from Nielsen 

(2003) and needs to be revised applying the latest timescale of Gradstein et al. 2020 and new 

biostratigraphic data (e.g., Lindström et al. 2023).  Such a revision will include a thorough adjust-

ment of the ages and duration of the biozones and depositional sequences; however, lithology, 

reservoir parameters and thus storage volumes will not be influenced by the changes. 
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Figure 7.2.2. Petrophysical logs from Stenlille-19 well with the primary reservoir sandstone suc-

cessions of the Gassum Fm and the overlying mudstone seal successions of the Fjerritslev Fm 

(primary seal), followed by the Vedsted Fm to the Chalk Group (secondary seals). The Fjerritslev 

Fm is subdivided into informal members dominated by mudstones.  Note that the lowermost F-Ia 

member contains a number of thin sand- and siltstone layers in contrast to the other members. 

The figure is a zoomed section from Fig. 7.1.1. 

 

Lithological subdivision 

The Fjerritslev Fm was defined by Larsen (1966) and revised by Michelsen (1978, 1989a; 

Michelsen et al. 2003). The formation is divided into five informal members F-Ia, F-Ib, F-II, F-

III, and F-IV using the Hyllebjerg-1 as reference section (Michelsen 1989a).  A detailed cor-

relation between wells located centrally in the Danish Basin shows that characteristic log-

patterns can be traced across long distances suggesting that the formation comprises a high 

number of thin, but laterally continuous depositional units (Michelsen 1989b). A sequence 

stratigraphic division of the Gassum and Fjerritslev Formations was presented by Nielsen 

(2003). The base of Fjerritslev Fm is defined at TS 7 in the central part of the Danish Basin 

and in the Stenlille and Havnsø areas. The boundaries of the five members (F-Ia to F-IV) 

correlate to sequence stratigraphic surfaces (Table 7.2.1) (Nielsen 2003). 

The log-patterns described by Michelsen (1989b) are difficult to recognize in the Stenlille 

wells. Here thin sandstones with large lateral continuity are present in the F-Ia member, sep-

arated by clay- and mudstones (Fig. 7.2.3). Deeper into the basin, the F-Ia member consists 

of claystones and mudstones only, whereas it is laterally equivalent and contemporaneous 
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with the Lower Jurassic part of the Gassum Fm toward the basin margins. Lateral variations 

in thickness of the Fjerritslev Fm in wells surrounding the Havnsø structure are shown in 

Table 7.2.1. The F-Ia member is the thickest of the members and is even thicker in Stenlille 

than further to the northwest in the Danish Basin. In contrast, the F-Ib to F-IV members are 

thin at Stenlille compared with central to northern Jutland (Table 7.2.1; Figs. 7.2.3, 7.2.4). 

 

Fjerritslev Fm 
Age 

  Location/wells  
N. Jut-
land 

Rø-1 
Lavø-

1 
ST-19 Sl-1 Ul-1 Ho-1 

Depth (m) to 

Top Fjerritslev Fm  ~1920  2138 2072.3 1254.5 972.9 

None 

1294.4 Toarcian 

Base Fjerritslev Fm ~2400 2613 2133.9 1560 1150 1533.8 
L. Rhaet.– E. 
Sinemurian 

  
  
  

Thickness (m) ~500  475 61.6 305.5 177.1 239.4 

  
  

Sequence strati-
graphy 

Thickness (m) 
Lower 

boundary 
Upper 

boundary 

L
it

h
o

s
tr

a
ti

g
ra

p
h

y
 

F-IV mb SB 16* SB 19 30 – 50 38 None 

61.5 None 

None 

None 

Toarcian  

F-III mb TS 14  SB 16* 
150 – 
200 

145 31.1 Early Toarcian 

  F-II mb SB 13 TS 14 30 – 80 73 30.5 39 None 21.9 Pliensbachian 

F-Ib mb TS 11 SB 13 150 141 

None 

83 60.5 136,4 
Sinemurian– 
E. Pliensba-

chian 

F-Ia mb 
TS 7 / TS 

9 
TS 11 75 – 80 64 122 116.5 83 

Rhaetian –
Hettangian 

 

Table 7.2.1. Thicknesses of the members of the Fjerritslev Fm in wells from Danish Basin south 

of the Sorgenfrei-Tornquist Zone. Note that some of the wells have no core material in the unit of 

interest. This is discussed in the text.  * The lower boundary of the F-IV member is positioned 

between MFS 15 and SB 16. The column N. Jutland is a compilation of characteristic thicknesses 

in Hyllebjerg-1, Kvols-1, Skive-1, and Hobro-1 wells south of the Sorgenfrei–Tornquist Zone (Mi-

chelsen 1989b). Rø-1, Rønde-1; ST-19, Stenlille-19; Sl-1, Slagelse-1; Ul-1, Ullerslev-1 and Ho-

1, Horsens-1. The biostratigraphy in ST-19 are from Gregersen et al., 2023; the other biostrati-

graphic data is conducted in this study. Sequence stratigraphy after Nielsen (2003: fig. 31) and 

modified in this study also with the calculated thicknesses. 

 

The F-Ia member 

The data from Stenlille are the main source of information in understanding the Fjerritslev 

Fm in the Havnsø area and are therefore presented here in detail. The main difference be-

tween the two depositional areas is that the sediments in Havnsø are interpreted to be de-

posited in a more central part of the Danish Basin compared to Stenlille and consequently 

the sediments are presumably finer grained. Thus, the lithology in Havnsø is probably mud-

dier, more homogenous and contain less pronounced sandstone and siltstone beds. Seismic 

interpretation (Chapter 6) supports this hypothesis and indicates rather uniform seismic fa-

cies of the Fjerritslev succession towards Havnsø from Stenlille, indicating a rather uniform 

lithology (mudstone), with few local amplitude changes e.g., near TS 11 (Top F-Ia), which 

may indicate sandstone (see section 6.1).  

In Stenlille, the F-Ia member is bounded by the sequence stratigraphic surfaces TS 7 and TS 

11. The member is around 120 m thick, and the lithology and biostratigraphy in the lower part 
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of the member is well documented in cores from several wells (Fig. 7.2.3). The member 

comprises several sedimentary facies ranging from laminated claystones to heterolithic mud-

stones interpreted as deposited in lower offshore to lower shoreface environments (Pedersen 

1985). It differs in lithology from the overlying members by containing a number (c. 7–10) of 

sandstone and siltstone units, 1–20 m thick, which can be traced laterally with varying thick-

ness (Fig. 7.2.3; ST-1, ST-4, ST-5 and ST-6). Interpretation of the well-logs show that some 

sandstone beds are well-sorted with high porosities and permeabilities whereas other units, 

with intermediate values, probably are heterolithic (Vosgerau et al. 2016). The sandstones 

are interpreted as shoreface sandstones (Nielsen 2003). The lower part of the F-Ia member 

includes a series of grey siltstone beds between SB 8 and TS 8 (Lindström et al. 2015). The 

siltstones constitute a distinct chronostratigraphic marker bed with wave-ripple cross-lamina-

tion, water-escape structures and numerous soft-sediment deformation structures indicating 

deposition in a shoreface environment around fair-weather wave base. The siltstones mark 

a sudden shallowing compared to the black claystones below, which includes MFS 7, and to 

the mudstones above. 
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Figure 7.2.3. Lateral changes in facies through the Fjerritslev Fm. Sequence stratigraphic sur-

faces define the boundaries between the members in the Fjerritslev Fm. Cored intervals are 

shown in black. Note that here are slight variations in the thickness of each member laterally. For 

location of the wells see Figure 4.1.2. 
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Figure 7.2.4. Correlation of petrophysical logs and interpreted lithologies in the Fjerritslev Fm 

(members F-Ia to F-IV) in wells from the Stenlille area. The logs demonstrate lateral continuity, 

and minor variations in lithologies and thicknesses. Cores are available mainly from the basal part 

of the F-Ia member. The upper core in Stenlille-1 (core 2) contains the boundary between the 

Fjerritslev and Lower Cretaceous Vedsted Formations in its uppermost part.  

 

The siltstones contain the Polypodisporites-Riccisporites-Deltoidospora Zone, which formed 

during the global end-Triassic mass-extinction (ETE) that is linked to volcanic activity in the 

Central Atlantic Magmatic Province (CAMP), atmospheric changes, increased wildfire activity 

and deforestation causing increased erosion in the hinterland and larger influx of silt and 

sand (Fig. 7.2.5) (Petersen & Lindström 2012; Lindström et al. 2015, 2017, 2023).  

 

The F-Ib member 

In the Stenlille area the F-Ib member is characterized by a thin sandstone bed in the basal 

part overlayed by uniform fine-grained mudstones with a relatively high content of organic 

matter (Figure 7.2.3). Samples from the Gassum-1 well (Fig. 3.1, eastern Jutland) show that 

the marine fauna of benthic bivalves perished in the lower part of the F-Ib member probably 

caused by a change from normal marine to restricted (oxygen-poor) sea-floor environments 

(Pedersen 1986). The ostracod fauna also shows a major change in species (Michelsen 

1975). The faunal changes in the F-Ib mb are interpreted to reflect a marine sea-level rise 
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during the Sinemurian to Pliensbachian that also led to a lithological change in Northern 

Jutland where deposition of coastal sand (Gassum Fm) was replaced by marine mudstones 

(Fjerritslev Fm; Nielsen 2003: figs. 25, 31). The transgression is also recorded in southern 

Sweden and at Bornholm (Frandsen & Surlyk 2003; Donovan & Surlyk 2003). The thin sand-

stone bed in the basal part of the F-Ib member followed by uniform mudstones is interpreted 

as formed during the sea-level rise and transgression. Similar lithological successions are 

interpreted to be deposited in the Havnsø constituting the F-Ib member.  

 

The F-II member 

In northern Jutland, the F-II member is characterized by influx of sand and silt, which resulted 

in deposition of heterolithic sand. This was not the case in the Stenlille area, where the mem-

ber is fine-grained and difficult to distinguish from the F-Ib member below and the F-III mem-

ber above. The Havnsø area was probably also experiencing deposition of fine-grained ma-

terial. The F-II member is bounded by SB 13 and TS 14 surfaces (Figs. 7.2.3, 7.2.4). It may 

be speculated, that sand, supplied from the NE, E and SE was trapped in the Øresund Basin 

and that the eastern part of the Danish Basin was a starved basin during deposition of the F-

II member.  

 

The F-III and F-IV members  

The gamma-log values recorded in the Fjerritslev Fm at Stenlille show very little contrast 

between the F-II, F-III and F-IV members (Fig. 7.2.3). The F-III mb is around 20 m thick, and 

clearly condensed in comparison with northern Jutland, where it is 150–200 m thick (Table 

7.2.1). Petersen et al. (2008) examined the amount and composition of the organic matter 

contained in the Toarcian marine mudstones of the F-III and F-IV members in the central part 

of the Danish Basin. These members locally include intervals with hydrogen index (HI) values 

of 300–400 mg HC /g TOC (HC: hydrocarbons; TOC: total organic carbon) see also Michel-

sen (1989b). The high values indicate that the mudstones were deposited in deep-water with 

anoxic or oxygen-poor marine environments. This agrees well with the lack of benthic fauna 

in the F-III member in the Gassum-1 well (Pedersen 1986). The mudstones are probably very 

fine-grained with a low permeability. 

The F-IV member is up to 45 m thick in the Stenlille wells (Figs. 7.2.3, 7.2.4). Palynomorphs 

from the F-IV member in the Stenlille-2 well indicate that deposition of marine mudstones 

continued into the Toarcian (Dybkjær 1991). The thickness is comparable to that of the mem-

ber in northern Jutland (Table 7.2.1, Fig. 7.2.1). The major hiatus between the Lower Jurassic 

Fjerritslev Fm (Toarcian F-IV mb) and the Lower Cretaceous Vedsted Fm in Stenlille, and 

the faults in the Fjerritslev Fm, may have been caused partly by uplift and erosion due to 

growth of the Stenlille salt pillow, and partly by regional Mid Jurassic uplift. A similar tectonic 

evolution is probably the case for the Havnsø structure (Section 6.2; Gregersen et al. 2023). 

Similar hiati are recorded in Horsens-1, Slagelse-1 and Lavø-1 and are interpreted to reflect 

Mid Jurassic uplift and erosion (Nielsen and Japsen 1991; Nielsen 2003) (Appendix C).  

 

Bulk mineralogy 

The bulk mineralogy of the Fjerritslev Fm was examined in 12 samples from Stenlille-5 (Ma-

thiassen et al. 1989). The data show a positive correlation between quartz and feldspars 

which suggest that both minerals dominate the coarse silt to sand fractions. This interpreta-

tion is supported by a negative correlation between quartz (and feldspars) and clay minerals. 
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The bulk mineralogy of mudstones from the Gassum and Fjerritslev Formations are shown 

in Vosgerau et al. (2016). Quartz is the dominant mineral in all samples followed by kaolinite 

and illite or mica. Feldspars are present in some samples. Calcite, siderite, or pyrite are pre-

sent in some samples, mainly in the mudstones. 

 

Clay minerals 

Mathiassen et al. (1989) also examined the clay mineral assemblage in the mudstone facies, 

which are characterized by clay- to fine-grained silt sized particles. Total organic carbon 

(TOC) and pyrite (FeS2) correlate with the clay content. The analyses of samples from the 

lower part of the Fjerritslev Fm in ST-5 and ST-6 show that the mudstones generally contain 

≤ 60% clay minerals, quartz (≥20 %), feldspars (≤5%), pyrite (≤5%) and varying contents of 

calcite or siderite (Mathiassen et al. 1989). Clay mineral analyses from the Fjerritslev Fm are 

few, but some results were included in Vosgerau et al. (2016). They show that kaolinite is 

the dominant clay mineral followed by mixed-layer clays, and illite. Vermiculite is present in 

small amounts and smectite was not recognized. Ten samples from the Fjerritslev Fm in 

Kvols-1 (northern Jutland) shows little variation through the formation. All samples are dom-

inated by kaolinite, followed by mixed-layer minerals, vermiculite, and mica. A similar mineral 

assemblage is reported from the Lower Sinemurian section at Örby (Scania, southern Swe-

den). Here the clay mineralogy is characterized by kaolinite and mica throughout the section 

and increasing amounts of chlorite and mixed-layer minerals occur in the marine deposits 

(Erlström et al. 1999).  

 

Diagenesis, burial and exhumation  

Vitrinite reflectance values are a proxy for maximum temperatures during burial. Petersen et 

al. (2008) measured 560 vitrinite reflectance (VR) values in samples from 26 wells in the 

Norwegian–Danish Basin and concluded that the Fjerritslev Fm experienced a significant 

post Early Cretaceous uplift in most of the basin. The data closest to the Stenlille and Havnsø 

areas are from the Rønde-1 well and it was estimated that the Fjerritslev Fm in this well was 

uplifted c. 400 m. Based on study of the sonic velocities measured in Stenlille wells Japsen 

& Bidstrup (1999) estimated that the Fjerritslev Fm was uplifted c. 600 m during Neogene 

time in this area. This extra burial depth may be considered when the capacity and quality of 

the Fjerritslev seal is evaluated. 
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Figure 7.2.5. Sedimentological logs of the transition from the Gassum Fm to the lowermost part 

of the Fjerritslev Fm (F-Ia mb) with examples of core photos from the Stenlille-1 well. From Peder-

sen et al. (2022). 
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Figure 7.2.6. Sedimentological logs of the Vedsted Formation 

and the transition to the Rødby Formation in the Stenlille-1 

well. Core photos show the transition from grey mudstone 

(lower photo, core 2) to reddish mudstone (upper photo, core 

1). Modified from Pedersen et al. (2022). Core 1 represents 

the Cretaceous Rødby and Vedsted Formations. Core 2 in 

Stenlille-1 (1220.1-1227.5m MD) is shown with a revised Top 

Fjerritslev at the dashed black line (Gregersen et al. 2023). It 

is difficult to recognize a lithological boundary between the 

Fjerritslev and Vedsted Formations in two apparently similar 

fine-grained sediments. 
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Seal capacity of the Fjerritslev Fm     

The seal capacity of the Fjerritslev Fm was examined by Springer et al. (2020). They state, 

in their summary, that the sealing capacity of the Fjerritslev Fm has mostly been studied in 

the Stenlille area. Here, the seal succession is the c. 250–300 m thick Fjerritslev Fm, with 

interbedded porous sandy-silty layers (within the F-Ia member) that divide the seal into a 

lower and upper seal unit (Gregersen et al. 2023). Average porosity is 11%, and air-perme-

ability is 160 µD. A single liquid permeability measured at in situ conditions in a massive 

mudstone layer from Stenlille reached a value of 3 nD, which is like the best petroleum 

caprocks known. A few other overburden measurements gave liquid permeabilities around 

200 nD (Springer et al. 2020). Thus, the Fjerritslev Fm, and in particular its upper part above 

the F-Ia member, is an excellent seal in the Stenlille area, where natural gas has been stored 

in the Gassum Fm below the seal for more than 30 years. The good quality of the seal is 

probably a function of mineralogic composition, high content of organic material and the pre-

Neogene maximum burial depth in combination with the great overburden thickness. The 

Fjerritslev Fm in the Havnsø area has probably gone through a similar geological history and 

the seal capacity in that area is most likely comparable to the Stenlille area. However only 

core data of the Fjerritslev Fm from the Havnsø area can confirm this. 
 

Capillary entry pressure 

The critical rock property for fluid entering the seal is the capillary entry pressure of the rock. 

Experiences from the petroleum industry confirms that shales in general are excellent 

caprocks. Capillary drainage displacement experiments by Mercury injection (MICP, Mercury 

Injection Capillary Pressure) is a fast technique to obtain entry pressures for caprocks. The 

governing parameters for the capillary entry pressure are the pore-throat size distribution and 

the wetting properties of the rock-fluid system.  

One disadvantage for using MICP to evaluate seal capacity is the fluid system used: Mercury 

as the displacing fluid and air vacuum as the initially saturating fluid of the rock sample. 

Results from the mercury/air system must be converted into the CO2 brine system, which 

depends on the ratio of the product of the contact angle and interfacial tension for the two 

fluid systems, which gives some uncertainties.  

Using standard values for conversion of the capillary entry pressure to a brine/air system 

gave results in the range of 5–10 MPa (Springer et al. 2020). New MICP measurements on 

samples from the Fjerritslev Fm were conducted on both cores and cutting samples from the 

Stenlille-1 and Stenlille-2 wells. MICP measurements were also conducted on cutting sam-

ples from Stenlille-6. The new samples gave a somewhat lower range of 1–5 MPa. 

The governing process for the seal capacity for CO2 storage is the buoyancy force exerting 

on the caprock from the density difference between the formation water and the injected CO2. 

The height of the CO2 column in the reservoir below the caprock determines how high a 

pressure can be obtained (cf. Fig. 7.2.7).  

Using the values from both Springer et al. (2020) and the newly obtained capillary entry data, 

a range of column heights can be calculated from approximate 290 m to more than 1000 

meters.  

With the relief on the Havnsø structure measured from the top of the structure (at the Top 

Gassum surface) and down flank near the lowest contour, a relief of approximate 200 meters 

can be determined.  More data is needed from the Fjerritslev Fm, but it can be accessed that 

the formation is an excellent primary seal for the Gassum Fm with good sealing capacity. 
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Figure 7.2.7. Difference in the pressure gradients between the formation brine and the injected 

CO2 determines the pressure or column height that the caprock can withstand (Pentry,seal). Seal 

(caprock) and sandstone have substantially different capillary entry pressures.   
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Secondary seals of the Gassum Fm: The Vedsted Fm, Rødby Fm and Chalk 

Group 
 

The seismic mapping indicates that in Havnsø the primary seal, the Fjerritslev Fm, is overlain 

by the Lower Cretaceous Vedsted and Rødby Formations and the Upper Cretaceous Chalk 

Group, which is around 1000 m thick. The Chalk Group is overlain by 230–300 m of Cenozoic 

to Quaternary strata including Danian limestones, Selandian greensand and marl, and Qua-

ternary deposits. In Stenlille, the secondary seals of the Gassum Fm above the Fjerritslev 

Fm comprise the Lower Cretaceous Vedsted and Rødby Formations and the lower part of 

the Upper Cretaceous Chalk Group (Fig. 6.1.1). These formations have never been the main 

target for coring in the Stenlille area or in other areas in close vicinity to the Havnsø structure 

(Table 4.4.2). However, one core from the Stenlille-1 well potentially spans part of the Ved-

sted and Rødby Formations and a core from the Stenlille-5 well spans the lower part of the 

Chalk Group. Core 2 from Stenlille-1 has previously been dated as Lower Cretaceous but 

new palynological dating suggests a Lower Jurassic age (Toarcian) (Gregersen et al. 2023). 

Sparse biostratigraphic information from the Lower Cretaceous may be found from offset 

wells such as Ullerslev-1, where samples from 826-829 m are dated as Late Hauterivian 

(BC9-10) and samples from 2022-2027 m in Lavø-1 that is dated as Late Hauterivian (nan-

nofossil Zones BC9-10 of Bown et. al 1998). From the Upper Cretaceous one sample from 

the1060-1065 m interval in the Horsens-1 well was dated as Early Campanian to Santonian, 

nannofossil subzones UC11c-UC14c (Burnett 1998), and a sample from the 1070-1071 m 

interval is dated as Santonian (UC11-13). In Lavø-1, a sample from the 1946.5-1951.8 m 

interval is dated as Late Turonian (UC8a-9a) (Fig. 7.2.8). 

Results from studies of Stenlille-1, and -5 will be presented here with comments on a few 

other Stenlille wells because they are hitherto the most detailed studies of the Lower Creta-

ceous and basal Upper Cretaceous in close vicinity to the Havnsø area. The nannofossil 

zonation of Burnett (1998) and chronostratigraphy in Gale et al. (2020) is applied in the re-

vised biostratigraphy of the Lower and Upper Cretaceous. 

The Vedsted Fm of the Danish Basin spans the Valanginian to Albian. The lower boundary 

of the Vedsted Fm coincides with the transition from marine silty claystones to less silty clay-

stones (Larsen 1966). The Rødby Fm, which overlies or in some places was deposited at 

the same time as the upper part of the Vedsted Fm, 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 (Sorgenfrei & Buch 1964) and its upper boundary to the Late Cretaceous Chalk Group 

is late Albian to early Cenomanian in age (Lauridsen et al. 2022; Jensen et al. 1986). Mud-

stones and carbonate beds forming the upper part of the Vedsted Fm and the overlying 

Rødby Fm were deposited in a mixed siliciclastic-calcareous depositional system indicating 

lowstands when marly chalk and marl dominated deposition, and highstands when pure chalk 

was being deposited (Ineson 1993; Ineson et al. 1997). Onset of pelagic carbonate produc-

tion started in the late Early Cretaceous (late Albian) and dominated the depositional envi-

ronment in the Danish Basin from the Early Cenomanian. In the Lavø-1 well the siliciclastic 

sedimentation lasted into Early Cenomanian. The lower part of the Upper Cretaceous is char-

acterised by white, hard chalk intercalated with marly beds. 
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Figure 7.2.8. Correlation panel of the Upper Cretaceous ‘Chalk Group’ and Lower Cretaceous 

succession with interpreted facies associations, flattened on Top Danian (top Chalk Group). Se-

lected core chips were dated using nannofossil biostratigraphy (this study). More work is needed 

to compare data from the cored parts of wells representing the lower part of the Chalk Group to 

identify the exact position of the Basal and Lower Chalk. 

 

The Lower Cretaceous Vedsted Fm varies in thickness from a maximum of 700 meters in the 

Fjerritslev Trough in the northern Danish Basin to around 50 meters 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). An example 

of the vertical variation within the Vedsted Fm can be seen in a new core study of the Vinding-

1 well located further to the west at the southern margin of the Danish Basin (Lauridsen et 

al. 2022). New biostratigraphy of the Vinding-1 cores indicates the presence of several hiati 

in the sedimentary record during the Lower Cretaceous suggesting a combination of discon-

tinuous sedimentation and several erosional events. Erosion was most pronounced along 

the basin margins (e.g., only around 15 m of Lower Cretaceous strata is preserved in the 

Ullerslev-1 well). The Ringkøbing–Fyn High remained an uplifted landmass from Middle Ju-

rassic to Early Cretaceous time and formed the southern border of the Danish Basin (Michel-

sen et al. 2003). Compared with the Lower Cretaceous successions in the central part of the 

Danish Basin in northern Jutland, the successions in the Stenlille wells, Slagelse-1, Horsens-

1 and Vinding-1 are thinner, reflecting a location with less accommodation space along the 
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basin margin. The Rønde-1 well may represent a more central position in the basin, whereas 

the Lavø-1 well location may have experienced fault-controlled subsidence and accommo-

dation due to the proximity to the Sorgenfrei-Tornquist fault zone. Seismic mapping indicates 

that the composite thickness of the Vedsted and Rødby Formations (Top Fjerritslev to Base 

Chalk) in the Havnsø area is mostly c. 30–60 m (thinnest at the top of the structure), and 

thus comparable to the thickness in the Stenlille structure. The formations are approximately 

up to 50 meters thick in the Stenlille and the Horsens-1 wells.  

The upper boundary of the Vedsted/Rødby Formations towards the Upper Cretaceous Chalk 

Group is supposedly transitional, and the lower part of the Upper Cretaceous section is char-

acterised by the presence of numerous marl layers in the lower 200–300 meters. 

 

The Vedsted Fm in the Stenlille area 

The Vedsted Fm in the Stenlille area has been studied in more details than in the cores from 

the surrounding wells and the Stenlille results are therefore presented here as the most likely 

analogue for the formation in the Havnsø area. In Stenlille, the Vedsted Fm is interpreted to 

have a thickness between 11.5 to 49 m based on petrophysical log interpretations (Fig. 

7.2.9). The lower part of the Vedsted Fm comprises siltstones, mudstones, and sandy and 

silty mudstones, slightly changing in colour from grey to more reddish mudstones. The car-

bonate content increases upwards towards the Rødby Fm. According to the completion re-

ports, the boundary between the Fjerritslev and the Vedsted Formations was picked at a 

distinct log marker recognisable in all Stenlille wells. This log marker apparently coincides 

with a minor change in lithology. Only one core (Stenlille-1, core 2) exists from this boundary 

interval to confirm this. However, our recent studies of the Stenlille wells, reveal that it is 

difficult to recognize a lithological boundary in two apparently similar fine-grained sediments 

(Fig. 7.2.6) (Gregersen et al. 2023). Detailed studies of palynomorphs and calcareous nan-

nofossils in this boundary interval reveal a rich association of Lower Jurassic palynomorphs 

indicating the Spheripollenites-Leptolepidites Zone of Toarcian age with a few Early Creta-

ceous dinoflagellates in the lower parts of the well. A little further up in the well the samples 

contain a rather diverse Early Cretaceous palynomorph and dinoflagellate association of pos-

sible Hauterivian age. The nannofossils indicate an early Late Hauterivian age (nannofossil 

zones BC9-10 of Bown et. al 1998). The mixing of Early Jurassic and Early Cretaceous fossil 

associations is typical of a transgressive lag and is interpreted as the results of the Early 

Cretaceous transgression which eroded and redeposited Lower Jurassic sediments. The 

boundary of the Fjerritslev and the Vedsted Formations is therefore tentatively placed at 

1220.5 m in Stenlille-1, supported by the marked decrease on the gamma ray log indicating 

a possible sequence boundary.  

More work is needed to evaluate the age and consequently the sequence stratigraphic frame-

work of all Stenlille cores, but the study of Gregersen et al. (2023) confirms a major hiatus 

spanning the latest Early Jurassic, Middle to Late Jurassic and the earliest part of Early Cre-

taceous (Late Hauterivian) in the Stenlille area and most likely also in the area around 

Havnsø. See also the logs (links in Appendix C). 

 

The Rødby Fm in the Stenlille area 

The Rødby Fm in the Stenlille area has been interpreted based on log patterns to measure 

between 4 and 8.2 m in thickness (Fig. 7.2.9). The Rødby Fm is only partly covered by a core 

in the Stenlille-1 well, by sidewall cores in Stenlille-8 and by ditch cutting samples of Stenlille-
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5. The base of the Rødby Fm in the Danish Basin is suggested to be late Aptian to Early 

Albian in age and ranges possibly up into the Early Cenomanian in some areas. The Rødby 

Fm is represented by marlstones and marly chalks. 

 

Figure 7.2.9. A) Thickness of the Vedsted and Rødby Formations in the Stenlille area. Note that 

the Vedsted Fm of Stenlille-1, -5, and -8 has been revised based on biostratigraphy, and Stenlille-

6 and -19 have been revised based on gamma ray log patterns. In all wells the revision has led 

to a significant reduction in the thickness of the Vedsted Fm. The variations and implications for 

this difference are discussed in the text. Note that the thicknesses of the formations are particu-

larly thick in Stenlille-15 and -5 (also after revisions), probably reflecting these wells position on 

the flank of the structure. B) Position of the different wells in the Stenlille area and a red line 

showing the order they appear on the diagram in A). Map from DONG. 
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The Chalk Group in Stenlille 

The Chalk Group in the Stenlille area has been divided into a “Basal Chalk” representing the 

oldest parts of the Chalk Group followed by a “Lower Chalk”, “Campanian Chalk”, “Maas-

trichtian Chalk” and Danian Limestone. In this report only the “Basal and Lower Chalk” will 

be discussed in some detail, but a basic subdivision of the upper parts of the Chalk Group is 

shown on Figure 7.2.8 where chronostratigraphic subdivision is based on biostratigraphic or 

final well reports. However, more work is needed to compare data from the cored parts of 

wells representing the lower part of the Chalk Group to identify the exact position of the Basal 

and Lower Chalk. 

The “Basal Chalk” includes pink, off white and green limestone with chert. The unit is locally 

hard to microcrystalline. This significant hard, lithified chalk likely causes locally increased 

seismic velocities in the lowermost part of the Chalk Group towards the Base Chalk seismic 

marker. On the sonic logs from Rønde-1 and St-1, St-5, and St-19, a slightly increase of 

sonic velocity towards the Base Chalk can be identified confirming this hard and lithified 

chalk. On Figure 7.2.10, only data from Rønde-1 and Stenlille-5 are presented. No cores 

appear to be present from the “Basal Chalk” neither from the Stenlille wells or any of the 

other wells discussed in this report. However, core 6 from the Lavø-1 well, east Zealand, 

could represent the “Basal Chalk” being dated as Late Turonian, but more work is needed to 

confirm this. In Stenlille-5 the possible “Basal Chalk” is dated as Cenomanian to possibly 

Turonian based on ditch cutting samples. 
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Figure 7.2.10. Sonic logs of Rønde-1 and Stenlille-5. A detail of the log appears on the right side 

of the log and the zoomed part is marked with a red box. Note that the increase is most evident 

towards the base of the Chalk Group in Rønde-1. The location of the samples for porosity and 

permeability from Stenlille-5 plotted at Figure 7.2.12 is marked with a green box. 

 

The “Lower Chalk” consists mainly of limestone with a little chert and occasional marl hori-

zons. Core 1 from Stenlille-5 is from this part of the Chalk Group has tentatively been divided 

into 5 different facies based mainly on the differences in sedimentary structures and car-

bonate and clay content and is dated as Coniacian to Early Santonian (nannofossil Zones 

UC10-11 of Burnett 1998) (Fig. 7.2.11) (see the Stenlille report, Gregersen et al. 2023, for 

more details on each individual facies). In general, the ‘’Lower Chalk’’ facies appear to be 

rich in biogenic grains, probably reflecting a relatively shallow marine depositional environ-

ment. Bioturbation related to the marl beds is not recorded. The marls beds are most likely 

very compacted. The presence of stylolites reflects chemical dissolution. The Stenlille-5 core 

is lithologically like the Stevns-1 core (Surlyk et al. 2013).  
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Fig-

ure 

7.2.11. Sedimentological logs of the ‘’Lower Chalk’’ of the Chalk Group with core photos from the 

Stenlille-5 core. Only the lowermost and uppermost part of the core is dated. More work is needed 

to fully revise the core.  

 

The greatest Chalk Group thickness is identified in central parts of the Danish Basin, in the 

Lavø-1 well, where it measures 2000 m, of which 1200 m is dated as Campanian and Maas-

trichtian (Stenestad 1972). The Cenomanian chalk is at maximum 100 m thick, the maximum 

Turonian thickness is 50 m, and the maximum Coniacian thickness is 150 m (Stenestad 

1972). The Stenlille and Havnsø areas are situated closer to the boundaries of the Danish 

Basin and the Ringkøbing–Fyn High in late Cretaceous time than the Lavø-1 locality. Con-

sequently, the Chalk Group units are thinner in the Stenlille and Havnsø areas due to less 

accommodation space available for deposition than at the Lavø-1 locality. The early part of 

Late Cretaceous was most likely prone to many erosional events close to the rim of the Dan-

ish Basin in response to large regressions in the Late Cenomanian to Early Turonian. 
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Porosity and permeability data of the lower part of the Chalk Group in Stenlille-5 

Data from the porosity and permeability tests of Stenlille-5 compiled in the mid 1980’s are 

listed below (Fig. 7.2.12; their stratigraphic position appear on Figure 7.2.10 marked with a 

green box). The porosity and permeability values are generally very low in the chalk-rich 

facies 3 and 5 with an average porosity of 9.8% (facies 5) and 10.9% (facies 3) and an 

average permeability of 0.067 mD (facies 3) and 0.128 mD (facies 5). The stratigraphic po-

sitions of the different facies appear on Figure 7.2.11. The clay-rich facies have an even 

lower porosity of 6.6% (facies 4) to 7.4% (facies 1) and a permeability of 0.559mD (facies 4).  

The porosity and permeability data are plotted against similar data from the Upper Creta-

ceous in the onshore Stevns-1 well and data from Upper Cretaceous in offshore wells. It is 

evident that the chalks in the Stenlille-5 well have the lowest porosity and permeability values. 

The relatively high porosity and permeability values from Stevns-1 (Upper Campanian to 

Maastrichtian) can be explained by the relatively shallow burial history of this site (between 

450 to 600 m; Nielsen et al. 2011). The offshore chalks from the Danish Central Graben have 

been much deeper buried often exceeding 3000 m, but these chalk reservoirs have pre-

served 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 

shows a normal burial compaction with no overpressure.  

The non-reservoir chalks (low porosity and permeability) of the Central Graben have been 

investigated to understand their capability as a pressure seal (Mallon & Swarbrick 2002, 

2008). Non-reservoir chalks have permeabilities which are like siliciclastic mudstones. The 

studies show that both in clean and argillaceous chalk, diagenetic alterations result in low 

permeability rocks. Further, the diversity of rock types that exhibit low permeability suggests 

that seals are pervasive throughout the Chalk Group. Non-reservoir chalks can therefore act 

as significant barriers to fluid flow and as significant pressure seals trapping high pressures 

beneath the Chalk Group. 
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Figure 7.2.12. Porosity and permeability plot of Upper Cretaceous chalks form onshore wells 

(part of the Stenlille-5 core and the Stevns-1 well) and from offshore in the Danish Central Graben 

(GEUS inhouse data). The data is discussed in the text. 

 

Concluding remarks on the secondary seal 

The secondary seals of the Gassum Fm above the Fjerritslev Fm in the Stenlille area com-

prise the Lower Cretaceous Vedsted and Rødby Formations and the lower part of the Upper 

Cretaceous Chalk Group. Since these formations never have been the main target for coring 

in the Stenlille area or in other areas in close vicinity to the Havnsø structure this report 

summarize the present knowledge of these units based on data from the Stenlille area sup-

plemented by available relevant data.  

The Vedsted and Rødby Formations rest unconformably on top of the Lower Jurassic Fjer-

ritslev Fm and a major hiatus spanning the latest Early Jurassic, Middle to Late Jurassic and 

the earliest part of Early Cretaceous (Late Hauterivian) in the Stenlille area is believed also 

to be present in Havnsø. The well-based stratigraphic boundary in the Stenlille area between 

the Lower Jurassic Fjerritslev Fm and the Lower Cretaceous Vedsted Fm is also mapped on 

seismic sections in the present study in the Havnsø structure as the Near Top Fjerritslev (see 

section 6.1). New studies need to be carried out to better define the more exact Fjerritslev 

Fm – Vedsted Fm (the Top Fjerritslev) boundary with more cored wells, well-ties and map-

ping. The thickness from the Top Gassum Fm to the near Top Fjerritslev Fm, estimated from 

seismic data, is a good approximation for the minimum thickness of the primary seal. Both 
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the Fjerritslev and the Vedsted Formations are expected to be excellent seals in the Stenlille 

and Havnsø structures as discussed in the text.  

In the Stenlille area the Late Hauterivian to late Aptian Vedsted Fm consist of relatively ho-

mogenous mudstones with slight variations in silt content and with upwards increasing car-

bonate content. The formation possibly contains several hiati because of erosional events 

due to the proximity of the area to the basin margin. The Rødby Fm is represented by red 

marls with trace fossils and belemnites. It is dated as Early to middle Albian and possibly 

lowermost Cenomanian in the Stenlille area.  

The Chalk Group in the Stenlille area has been divided into a “Basal Chalk” representing the 

oldest parts (Cenomanian to possibly Turonian) of the Chalk Group followed by a “Lower 

Chalk” (Coniacian to Lower Santonian), “Campanian Chalk”, “Maastrichtian Chalk” and Da-

nian Limestone. The “Basal Chalk” is locally hard to very hard and appear with increased 

seismic velocities. The “Lower Chalk” consists mainly of limestone with a little chert and oc-

casional marl horizons. 

The porosity and permeability data for the lower part of the Chalk Group is listed in this report. 

Porosity and permeability values are generally very low and when compared with other on-

shore data from the Danish Basin (Stevns-1). The Stenlille Chalk Group data reveal an ordi-

nary burial compaction with no overpressure. The properties of the lower part of the Chalk 

Group, in its potential capacity as a secondary seal, are compared with studies from the 

Danish Central Graben. It is very likely that the lower part of the Chalk Group will act as a 

significant barrier to fluid flow and high pressure from the underlying formations. It is probable 

that the potential sealing capacity of the lower part of the Chalk Group in the Stenlille and 

Havnsø areas will be similar due to their geographical proximity and similar geological his-

tory. 

However, this can only be confirmed when core material from the Havnsø area becomes 

available and has been analysed. Core material from the closest deep wells (Lavø-1, 

Ullerslev-1, and possibly Horsens-1) could also be very useful and interesting to study in 

more detail for their sealing capacity.    
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8. Discussion of storage and potential risks 

8.1 Volumetrics and Storage Capacity 

Primary input for the estimation of potential CO2 storage capacity has been the seismic in-

terpretation of the Gassum Fm based on the newly acquired 2D seismic data (GEUS2022-

HAVNSOE and GEUS2022-HAVNSOE-RE2023 survey) in combination with a reinterpreta-

tion of the formation on the old 2D-Survey lines. The detailed well analysis and a crucial 

element of revising the depth conversion impacts the understanding of the reservoirs (the 

Gassum and Bunter Sandstone fms) and their geometry in this gentle moderate-relief struc-

ture (see Figure 8.1.1).  

The storage capacity estimations are average values for the whole structure. The well de-

rived data in Table 7.1.5 is the primary input for the volume calculation. Therefore, the petro-

physical and geological understanding of thicknesses and N/G in the wells is transformed 

into structure-specific average values for the storage capacity calculation that contains a 

spatial distribution/variation within GRV. 

The Gross Rock Volume (GRV) is calculated first as a total volume between the top and the 

spill point contour line (see Figure 8.1.1.) The so-called Waste Rock Volume (WRV) (James 

et. al. 2013) is then subtracted from the total volume to give the resulting GRV. Average 

reservoir sandstone thickness (i.e., net sand thickness) is not just equal to the isochore thick-

ness (or the relief) between top and base surfaces. Therefore, the Gross thickness is cor-

rected with the N/G ratio to calculate the reservoir sandstone thickness for the GRV. Further-

more, the thickness correction could also incorporate potential thin sandstone wedges be-

tween top point and the spill point on the flanks of the structure, - if seismic data supports 

this. 

For the storage capacity estimation at Havnsø, three scenarios have been evaluated where 

the structural closure (4-way closure only) is calculated so they can be compared to capaci-

ties of other structures across Denmark described in Gregersen et. al. (GEUS report 

2022/26) and Hjelm et al. (GEUS report 2020/46).  

The three scenarios related to three reservoir models are described Section 7.1., and an 

interpreted seismic section is illustrated in Figure 7.1.13. The scenarios should be assessed 

in more detail by 3D reservoirs simulation modelling to ensure optimal development, well 

configuration and filling of the reservoir units of the structure, and to ensure less uncertainty 

on storage capacity.  
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Figure 8.1.1. The Top Gassum Fm depth structure map in meters (m) (generated in Petrel®) 

tied to Stenlille wells towards the SE and gridded by 250x250 meter – see Section 6.3; Fig. 

6.3.3C) provides the primary input to the capacity assessment. The Havnsø structure has a 

structural spill point at c. 1710 m TVDSS located toward the SE (deepest closing contour, 

marked in red). The Top Gassum map shows, that the area within the spill point is c. 70 km2, 

and with a top point at c. 1550 m; the structure height above spill point is c. 160 m. Note that 

faults are mainly small and mostly located around the Havnsø structure, and mainly trends 

SW–NE and a few NW–SE. See also Section 6.2 for fault analyses and map location.  A 

conceptual profile (A–A’) across the setting is shown in Figure 8.1.2 and 8.1.3.  
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Figure 8.1.2. Conceptual profile (A-A') across a potential structure. The uncertainty in map-
ping the structure results in the hypothetically min. and max. scenarios looking very differ-
ent 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 resulting GRV. 
 
 

Figure 8.1.3. Area and Thickness vs. Depth plot of the Havnsø structure. GRV is calculated 

from a top point (1550 m; blue) to the spill point at 1710 m (red line) and average thickness 

assumption with 2 meters depth increments for both the min., max. and the most likely (mode) 

cases. The green line represents the base of the reservoir, and the relief on the Havnsø 

structure shows that the 4-way closure only holds a part of the full reservoir potential within 

the structure. Only the most likely (mode) is shown. 
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8.2 Volumemetric input parameters 

Evaluation and maturation of a CO2 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 CO2 (see also Section 5.1). 

The current maturation phase does not provide dynamic capacity estimates of the potential 

CO2 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 etc. 

In order to do detailed CO2 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 nor internal flow barriers. This will require 

dynamic reservoir simulation, that may result in different storage capacity than static calcu-

lations and will normally be the next step for potential license holders.  

8.2.1 Gross rock volume 

The Gross Rock Volumes of the Havnsø structure have been calculated using the Area and 

Thickness vs. Depth methodology described by e.g., James et al. (2013). The calculated 

Gross Reservoir Volume (GRV) is estimated from area vs depth tables extracted from seis-

mic mapped and depth converted top and base reservoir surfaces (Figure 8.1.1.). The re-

sulting volume of the structure together with the reservoir sand thicknesses estimated from 

petrophysical analysis is based on the nearest wells and is described in Section 7.1. Calcu-

lating GRV provides greater accuracy and flexibility that using various correction factors for 

geometries and overestimated wedge volumes. This is because it allows for uncertainty 

ranges on closure area and reservoir sand thickness to be modeled independently. Further-

more, the method allows for a rapid GRV calculation, that can be used in a Monte Carlo 

simulation, in order to establish an unbiased estimated range of GRV (James et. al. 2013). 

To capture the uncertainty on the GRV across the Havnsø structure, a minimum and maxi-

mum case was also calculated as illustrated in Figure 8.1.2. GRV from area and thickness 

vs depth calculations were constructed defined by min., mode, and max. where mode is the 

data value that occurs most often in the data. This variation in GRV was set up for the areal 

extent to cover uncertainty in interpretations, seismic well ties, mapping, and depth conver-

sion. To reflect this uncertainty, a distribution for the average GRV was constructed by de-

fining the min. and max. of the distribution as ±20%.  It is assumed that the GRV distribution 

follows a Pert distribution defined by the min., mode, and max. values. The Pert distribution 

is believed to give suitable representation for naturally occurring events following the subjec-

tive input estimates (Clark 1962).  
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For the Gassum reservoir the other input parameters is also given as min., mode, and max. 

values for porosity, N/G, CO2 reservoir density and the Storage Efficiency factor, which are 

also assumed to follow a Pert distribution (see Table 8.2.1). 

 

Table 8.2.1. Gross Rock Volume assumption input and resultant GRVs for the three Scenar-

ios 1-3 in the Havnsø structure. The Reservoir thickness (i.e. the Gross sand thickness) is 

taken from Table 7.1.5. 

 

8.2.2 Net to Gross ratio 

The N/G-ratios estimated from the petrophysical analysis of the nearest wells are evaluated 

and reasonable average N/G-values 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 dep-

osition environment, facies distribution and diagenesis. To reflect these geological variations 

uncertainty, a distribution for the average N/G was constructed by defining the min. and max. 

of the distribution as c. ±20% (minor adjustments may occur). A Pert distribution has been 

applied. 

8.2.3 Porosity 

The porosity (ϕ) was estimated from petrophysical analysis of the Stenlille 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. To reflect this, an average porosity distribution has 

been constructed defining the min. and max. of the distribution as ±20% (minor adjustments 

may occur). A Pert distribution for this element has been applied. 

8.2.4 CO2 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 

http://www.peacesoftware.de/einigewerte/co2_e.html
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calculated on the assumption that the reservoir is under hydrostatic pressure and a single 

pressure point midway between apex and max spill point was selected representing the en-

tire reservoir. Temperature for this midway point was calculated assuming a surface temper-

ature of 8°C and a geothermal gradient derived from Fuchs et al. (2020) to be c. 27–28 

C°/km. Assumptions and calculated densities for the individual reservoir units are tabulated 

in Table 8.2.2. For a quick estimation of the uncertainty on CO2 density, various P-T scenar-

ios were tested and in general terms a -5% (min.) and +10% (max.) variation from the calcu-

lated mode was applied for building a Pert distribution. All calculations showed that CO2 

would be in supercritical state. 

 

Table 8.2.2.  CO2 fluid parameter assumption and estimated values 

 

8.2.5 Storage efficiency  

Storage efficiency is heavily influenced by local geological factors such as confinement, res-

ervoir performance, compartmentalisation etc. together with injection design and operation 

(i.e., financially controlled factors) (e.g., Wang et al. 2013). A sufficient analogue storage 

efficiency database is not available to this study and accurate storage efficiency factor-

ranges lacks at this early stage of maturation. This emphasises the need for further investi-

gations of the local 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 mode of 10% 

assumes that sandstone reservoir in the Havnsø structure have good reservoir characteris-

tics, however, it is emphasised that no wells penetrate the seal and reservoir in the structure 

itself. A Pert distribution for this element has also been applied.  

 

Input summary 

In tables 8.2.3. through 8.2.5, input parameter distributions are listed (all selected to follow 

Pert distributions defined by min, mode, and max). An example of input parameter distribu-

tions for the Scenario S1 is displayed in  
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Figure 8.2.4. 

 
Table 8.2.3. Input parameters for the Havnsø structure - Scenario 1 
 

 

 
 
Table 8.2.4.  Input parameters for the Havnsø structure - Scenario 2 
 

 

 

 

Table 8.2.5.  Input parameters for the Havnsø structure - Scenario 3 
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Figure 8.2.4. Example of some of the distribution shapes (Pert distributions) for the 4 of the 

5 input parameters for Scenario 1. Note that the first three distribution plots correspond to 

the GRV and that the two last input distribution plots are empty and not used. 
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8.3 Storage capacity results 

The modelled volumetrics was made on the assumption of the presence of an efficient res-

ervoir/seal pair capable of retaining CO2 in the reservoir, which needs to be tested by new 

3D seismic data and further geological investigations. In tables 8.3.1 through 8.3.3, 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 CO2 storage (applying the Storage Efficiency factor to pore volume) and mass of CO2 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.  

A mean storage capacity of c. 65 MT CO2 is calculated for the Scenario 1; c. 58 MT CO2 for 

the Scenario 2, while lower mean storage capacity of c. 35 MT CO2 is modelled for the Sce-

nario 3. For the Scenario 1 the unrisked storage potential of c. 65 MT CO2 is calculated for 

Gassum reservoir with a range between c. 41 MT CO2 (P90) and c. 90 MT CO2 (P10) and a 

P50 of c. 63 MT CO2 (Figure 8.3.1). Due to the variability-ranges of the behind-lying factors, 

the modelled storage capacity has a significant range and is associated with uncertainty. As 

illustrated in Figure 8.3.2, the storage capacity uncertainty is linked with especially the un-

certainty in gross rock volume (GRV) and storage efficiency. In comparison, CO2 density at 

reservoir conditions, is believed to be of minor significance. 

 

Table 8.3.1.  The Havnsø structure – Gassum Fm, Scenario 1 storage capacity potential 
 

 
 
 
 
 
 
 
 
 

 
 
Table 8.3.2.  The Havnsø structure – Gassum Fm, Scenario 2 storage capacity potential 
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Table 8.3.3.  The Havnsø structure – Gassum Fm, Scenario 3 storage capacity potential 
 
 
 

 
 
 
 
 

Figure 8.3.1. Modelled statistical distribution of the combined storage capacity potential for 
the Gassum Fm, Scenario 1 in the Havnsø structure. 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.3.2. Sensitivity or Tornado plot to how the various input parameters affect the esti-

mate mean of storage capacity (c. 65 MT CO2) 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 pa-

rameter input range). The colours show the symmetric representation of the parameters on 

both sides of the mean storage capacity. 
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Concluding Capacity Comments  
 
To effectively store CO2 in saline aquifer, the aquifer should contain the following main char-

acteristics according to a new review by Yang et al. (2023): 

(1) The saline aquifer should be situated at a depth more than 800 m for effective stor-

age CO2. 

(2) It should have a porosity of minimum 10%. 

(3) The reservoir thickness should be at least 20 m. 

(4) The salinity property should be more than 10000 ppm. 

(5) The caprock should have low permeability to avoid gas migration/leakage. 

(6) There should be no fractures or faults. 

Several studies have argued that injecting CO2 into saline aquifers is a viable option for re-

ducing climate changes by storing significant amounts of CO2. Deep saline aquifers are pre-

sent in sedimentary rocks all around the world, because of rocks with high permeability and 

porosity in many sedimentary basins (Yang et al. 2023). 

Deep saline aquifers have been recognized for years in the Danish subsurface in sedimen-

tary formations with high porosities and permeability (e.g., Michelsen et al. 1981; Weibel et 

al. 2020). In a basin wide screening study of the storage potential for CO2 in the Danish 

subsurface it was suggested that the potential in the Havnsø structure was in the order of c. 

306 MT CO2 (Hjelm et al. 2022). The present study finds that the areal extent of the structure 

is smaller (70 km2 compared to 119 km2) than indicated on previous regional maps that was 

based on limited seismic data and that the structural relief is reduced from 200 m to 160 m 

due to a better constrained depth conversion applying data from the new seismic survey. 

This reduction in the rock volume of the structure together with an assumed storage efficiency 

factor of 10% compared to the previously assumed 40 % have reduced the estimated storage 

capacity.  

The updated mean storage capacity estimate for a Gassum reservoir development on 

Havnsø, is estimated to be in the order of c. 65–34 MT CO2. However, the capacity in con-

nection to other possible scenario combinations should be investigated further by e.g., res-

ervoirs simulation modelling to ensure optimal development, well configuration, and filling of 

the Havnsø structure, and to reduce the geological uncertainties.  

Additional storage capacity may be available in the Havnsø structure, such as deeper reser-

voirs within the Oddesund and Bunter Sandstone Formations. However, this study has not 

evaluated the potential capacities of these deeper located reservoir sandstones and the as-

sociated upside storage capacity. 
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8.4. 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 CO2. Thus, the report provides a geolog-

ical characterization and maturation of these identified elements and points out geological 

related potential risk issues, that are recommended to be included for further evaluation and 

maturation, e.g., in risk assessment studies. Risks treated here are primary geological pa-

rameters incompletely understood, that may negatively affect the CO2 storage potential. Not 

all risks can be identified at this early stage, while other risks identified at this stage will be 

mitigated by collection of new geophysical and geological data and further investigations, 

which together can shed new light on the critical parameters and risks. The few 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. 

Faulting of the Gassum–Fjerritslev Fm reservoir-seal pair is considered the primary risk at 

the current level of understanding. Despite very thickly developed seals with minor detected 

faults, faults through the Fjerritslev Fm seal and some of them up to shallower successions 

may introduce 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 such as reservoir compartmentalization, such as known from the Stenlille 

structure. The mapped faults are typically minor both in lateral extension (up to few km) and 

with small vertical throws (typical up to 10–15 ms) and they are also typical located kilometres 

apart. Faults may reduce reservoir communication and storage efficiency, and thus lower the 

storage efficiency and increase the number of injection wells required to fill the structure. The 

mapped faults are most densely mapped in 3D data in the nearby Stenlille area, but despite 

faults, there are not registered natural escape of gas at Stenlille. Havnsø may be a similar 

trap, but have to be investigated closely for any risks. Faults occur mostly up to near top of 

Fjerritslev Fm, and may in some cases connect further up into the Chalk Group, where faults 

of other directions are also detected. Thus, should it later be decided, CO2 injection and the 

potential migration pathway should be safely away from faults. 

Denmark is a low risk area for earthquakes though small earthquakes do occur (Fig. 8.4.1). 

Earthquake hazard for Denmark can be found in Voss al. (2015), where also lists of felt and 

damaging earthquakes can be found. In Figure 8.4.2 all known earthquakes on Zealand are 

shown. The largest is ML 4.0 (ML is the local magnitude or the local Richterscale) in 1930 

ESE of Stevns (Lehmann 1931). Also, the smaller, but widely felt, earthquake in 2001 close 

to Holbæk is described (Larsen et al. 2008). Most earthquakes within Zealand are registered 

in the western part of Isefjord and the southern end of Roskilde fjord (Fig. 8.4.1). The depths 

of the earthquakes are very uncertain, but they are located within Earth’s crust. A monitoring 

study was carried out around Gas Storage Denmark (GSD) gas storage facility close to Sten-

lille (Fig. 8.4.2). Six seismic stations were in operation for almost three years, and no local 

events were detected. The detection limit within the storage area was calculated to be at 

least ML 0.0 (Dahl-Jensen et al. 2021). Only few minor earthquakes have been registered at 

the Havnsø structure area NW of Stenlille (Fig. 8.4.2). 
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Figure 8.4.1. The coloured contours are redrawn onshore from Voss et al. (2015) and show the 
estimated hazards given by the peak ground accelerations [cm/s2] 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 
Magnitude 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. 

 

 

 

 

 

 

 

 

 

 

Figure 8.4.2. All known earth-
quakes until the end of 2022, lo-
cated since 1930 within 54.5–
56.25N/10.5–12.75E. The mag-
nitude (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. 1930 Øresund ML 4.9 
earthquake: green circle bound-
ary; 2001 Holbæk ML 2.8 earth-
quake: blue circle boundary. The 
Havnsø study area of this report 
is marked with a black rectangle. 
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9. Conclusions 

This study shows that the Havnsø structure forms a well-defined structural anticlinal dome, 

cored by a Zechstein salt pillow that is overlain by a thick Triassic−Lower Jurassic succes-

sion, and younger strata. The structure is covered by vintage seismic data, and c. 130 km 

new seismic lines were acquired during August to October 2022 to increase the coverage of 

the structure. The primary reservoir is sandstones of the Late Triassic Gassum Formation 

whereas a thick mudstone succession of the latest Triassic−Lower Jurassic Fjerritslev Fm 

forms the primary seal. Both formations are well-known from several wells in the nearby 

Stenlille structure which resembles the Havnsø structure in its formation and composition. 

The Lower Triassic Bunter Sandstone Formation is considered to form a secondary reservoir 

in both structures with the overlying Lower Triassic Ørslev Formation forming the seal.  

The Gassum and Fjerritslev Formations, the focus of this study, are mapped out on the new 

seismic data with a largely continuous thickness between the Havnsø and Stenlille struc-

tures. Since no wells penetrate the Havnsø structure, estimates of reservoir and seal prop-

erties largely relies on surrounding wells, in particular the nearest located Stenlille wells. In-

terpretation of the seismic data together with well data indicates that the Gassum and Fjer-

ritslev formations are c. 140−160 m and c. 260−350 m thick in the Havnsø structure, respec-

tively. The broad thickness interval of the seal (Fjerritslev Formation) reflects thinning to-

wards the top of the structure related to regional uplift and erosion in the Middle Jurassic, 

probably enhanced by vertical movement of the deep-lying Zechstein salt. Based on 

knowledge obtained from the Stenlille structure (Gregersen et al. 2023), lateral variations in 

reservoir thicknesses, composition and properties of the Gassum Formation are likely to oc-

cur also within the Havnsø structure. 

The reservoir properties of the sandstones in the Gassum Formation are prognosticated in 

three different scenarios: (1) As in the Stenlille structure; (2) As a regional average from 

selected Stenlille wells (ST-1, ST-19) and other wells surrounding the Havnsø structure in 

the Danish Basin; (3) From a sequence stratigraphic interpretation of the new seismic data 

as well as log data from Stenlille wells, showing that mainly lowstand sandstones of se-

quences 4, 5 and 6 are present in the Havnsø structure. In scenario 1, it is expected that the 

reservoir sandstones have a combined thickness of 111 m, an average porosity of 21.9% 

and permeability of c. 800 mD. For scenario 2,  the estimated mean thickness of reservoir 

sandstone is 69 m, with an average porosity of 23.3% and a permeability of c. 1100 mD. In 

the more geological driven depositional model of Scenario 3, the combined thickness of the 

lowstand reservoir sandstones is 47.6 m, with an average porosity of 27.3% and a permea-

bility of c. 1500 mD. In all three scenarios, the reservoir parameter values used to character-

ize the Havnsø structure are very good.  

The mudstone dominated Fjerritslev Fm, is considered to form an excellent seal above the 

Gassum reservoir. Thus, it acts as an effectively seal for the seasonal storage of natural gas 

in the Gassum Fm in the nearby Stenlille structure. Above the Fjerritslev Fm, the Lower Cre-

taceous Vedsted  and Rødby Formations form secondary seals, which furthermore are over-

lain by the km-thick Chalk Group and younger successions.  

Faults are interpreted and described from the 2D seismic data with focus on their occurrence 

in the Gassum and Fjerritslev Formations. The faults are mainly trending NW–SE and SW–

NE and have minor throws. As faults can result in compartmentalization of the reservoir and 
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a mechanical weakening of the seal, it is recommended to investigate this further by addi-

tional data acquisition and analyses. 

The areal extent of the structure is estimated to be smaller (70 km2) than indicated in the 

previous regional study (119 km2 in Hjelm et al. 2022), which was based on a smaller amount 

of seismic data and velocity data. Also, the structural relief is reduced from 200 m to 160 m 

due to a better constrained depth conversion applying data from the new seismic survey. 

This reduction in the rock volume of the structure, together with an assumed storage effi-

ciency factor of 10% compared to the previously assumed 40 %, have reduced the previous 

estimated storage capacity of 306 MT CO2 in Hjelm et al. (2022) to c. 35–65 MT CO2, de-

pending on which of the above reservoir scenarios are used: (1) 65 MT CO2; (2) 58 MT CO2; 

(3) 35 MT CO2. The calculations are for static reservoir models, but the capacity may be 

investigated further by more site-specific assessments and reservoir simulation modelling. 

 



 

 

G E U S 161 

10. Recommendations for further work 

New 2D seismic data has been acquired over the Havnsø structure and has improved the 

database considerably and have been used for the present updated mapping and analyses 

of the size, spill-point, volume, details of reservoir- and seal successions, and faults of the 

structure, for this initial maturation. However, it is recommended, that a further maturation of 

the structure should include new seismic acquisition, reservoir modelling and a risk assess-

ment with seal integrity study, including leakage risk at faults and wells.  

New 3D seismic acquisition over the potential injection- and storage areas is recommended, 

for more detailed interpretation prior to CO2 injection. Acquisition of 3D seismic data over the 

structure can add important new data towards mitigating the fault related risks and develop 

scenarios for well design. It can also provide data for improved modelling of CO2 migration. 

Later, repeated 3D surveys in same area can also contribute to monitor the extent of the CO2 

migration, together with other monitoring (e.g., via wells, seismometers, sampling, satellite, 

etc.). Such data will also enable a more precise definition of trap closures and reservoir out-

line, which again will feed into a refined storage volume calculation. 

The modelled storage capacity is associated with variability-ranges and uncertainty, which 

e.g., are dependent on volume and closure definition. The geometry of the structure on the 

Top Gassum mapped surface and the relief from the deepest closure (spill-point) to the top 

structure is sensitive to mapping and depth conversion constraints despite the much-im-

proved database. Thus, it is recommended to still improve the database and conduct a care-

ful mapping and time-to-depth models. A further key element for the quantification of the 

storage potential of the structure is the understanding of the storage efficiency. The storage 

efficiency factor is mostly dependent on reservoir architecture and performance and thus 

potential heterogeneity, permeability, and compartmentalization, but also by economic as-

pects such as well density, well layout and injection design. Better understanding of the res-

ervoir and simulation of reservoir flow could constrain storage efficiency better and thus nar-

row the estimated final capacity range. 

In this study faults have been identified and described, mainly in the primary reservoir and 

seal. The study showed minor faulting in the Gassum and Fjerritslev Formations. Possible 

CO2 injection in the Gassum Fm should be away from faults and the lowermost contour and 

saddle-point (spill-point) of the structure. Besides the potential storage of CO2 within the 

structure as considered here, potential effects from injection and storage on reservoir and 

seal at the specific site(s) should also be considered, including mineral solubility, mineral 

trapping, pressure and stress effects, risks, etc. 

New necessary data acquisition and sampling, analyses and evaluations should be carried 

out for further maturation, including risk analyses, to cover geological and other technical 

uncertainties and risks. 
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Appendix A – Depth conversion (see Chapter 5) 
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Appendix A – Velocity model and depth-conversion, additional figures 

A1. (A) 3D perspective of the 14 horizons considered in the velocity model, which define the 

structural grid (250x250xc.10ms). The Stenlille structure is located on the righthand side where 

also the wells are indicated that were used to constrain the velocities. (B) The structural grid is 

indicated by the sections (0–3270 ms TWT), and the upscaled 2D and 3D Dix-converted RMS 

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 14 

horizons and associated well tops in Stenlille wells 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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Appendix A – Velocity model and depth-conversion, additional figures 

 

 

A2. Mapped seismic horizons were input to generate a 3D structural grid that was used for mod-

elling the seismic velocities from 2D and 3D data. Top of the model was sea-level (0 ms) and 

base Top Zechstein Fm. A cell size of 250x250m was used, and average thickness of the zones 

between 10 and 20 ms.  
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Appendix A – Velocity model and depth-conversion, additional figures 

 

 

A3. Average velocities from 2D and 3D seismic data were upscaled into the grid using arithmetic 

mean. The data were extrapolated within each zone using a full tension algorithm (spline in ten-

sion). 
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Appendix A – Velocity model and depth-conversion, additional figures 

 

 

A4. An advanced velocity 

model was set up using the 

3D gridded surfaces (tied to 

well tops in TWT), associated 

well tops in depth, and as ve-

locity model the 3D average 

velocity property. A global 

correction to well tops was 

used to improve the average 

velocities and get a good tie 

between depth-converted 

surface and well top in depth. 
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Appendix A – Velocity model and depth-conversion, additional figures 

 

A5. The velocity model used to depth-convert horizons is called: 20231122_Havnsø_AvgVel 2D 

& 3D RTS (corrected). Using this velocity model, the TWT surfaces were depth-converted and 

used to generate depth structure maps, thickness maps, and perform volumetric calculations. 
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Appendix B – Well-log interpretation (Stenlille & surrounding wells) 

 

 

 

 

 

 

 

 

 

 

 

Link to the well-log interpretation of Appendix B: 

• Stenlille-1 

• Stenlille-4 

• Stenlille-5 

• Stenlille-6 

• Stenlille-15 

• Stenlille-19 

• Slagelse-1 

• Margretheholm-1A 

• Lavø-1 

• Terne-1 

• Ullerslev-1 

• Løve-1 

• Jelling-1 

• Horsens-1 

• Rønde-1 

 

 

 

 

  

 

https://data.geus.dk/pure-pdf/Stenlille-1_GEUS_Report2023_38.pdf
https://data.geus.dk/pure-pdf/Stenlille-4_GEUS_Report2023_38.pdf
https://data.geus.dk/pure-pdf/Stenlille-5_GEUS_Report2023_38.pdf
https://data.geus.dk/pure-pdf/Stenlille-6_GEUS_Report2023_38.pdf
https://data.geus.dk/pure-pdf/Stenlille-15_GEUS_Report2023_38.pdf
https://data.geus.dk/pure-pdf/Stenlille-19_GEUS_Report2023_38.pdf
https://data.geus.dk/pure-pdf/Slagelse-1_GEUS_Report2023_38.pdf
https://data.geus.dk/pure-pdf/Margretheholm-1A_GEUS_Report2023_38.pdf
https://data.geus.dk/pure-pdf/Lavø-1_GEUS_Report2023_38.pdf
https://data.geus.dk/pure-pdf/Terne-1_GEUS_Report2023_38.pdf
https://data.geus.dk/pure-pdf/Ullerslev-1_GEUS_Report2023_38.pdf
https://data.geus.dk/pure-pdf/Løve-1_GEUS_Report2023_38.pdf
https://data.geus.dk/pure-pdf/Jelling-1_GEUS_Report2023_38.pdf
https://data.geus.dk/pure-pdf/Horsens-1_GEUS_Report2023_38.pdf
https://data.geus.dk/pure-pdf/Rønde-1_GEUS_Report2023_38.pdf
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Appendix C – Biostratigraphy (See Chapter 7) 

(Of the Gassum and Fjerritslev Formations and the overlying Jurassic for-

mations in selected wells surrounding the Havnsø structure). 
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Introduction 

No wells penetrate the Havnsø structure, and the biostratigraphic framework for the Gassum 

and Fjerritslev Formations is therefore based on data from a series of offset wells surrounding 

the structure including Terne-1, Lavø-1, Rønde-1, Horsens-1, Ullerslev-1, Slagelse-1, and 

Stenlille-1 and -19. 

The biostratigraphic database varies considerably from well to well. From some wells a solid 

biostratigraphic framework exists while hardly any data exists from others. 

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 a digital stratigraphic summary chart as these contain to many 

details to be seen in a printed version (only available via the pdf version of the report). The 

charts combine the chronostratigraphy, lithostratigraphy, biostratigraphy and sequence stra-

tigraphy and further include the bio-events and biozonations. The charts represent the inter-

val from base Gassum Formation to base Lower Cretaceous. 

Direct links to the Biostratigraphic Summary Charts: 

• Horsens-1, Summary chart and palaeoenvironment 

• Lavø-1, Summary chart 

• Rønde-1, Summary chart 

• Slagelse-1, Summary chart 

• Stenlille-1, Summary chart and palaeoenvironment 

• Stenlille-19, Summary chart and palaeoenvironment 

• Terne-1, Summary chart and palaeoenvironment  

• Ullerslev-1, Summary chart 

 

Zonations 

The zonations used include the ostracod zonation of Michelsen (1975), the dinocyst zonation 

of Poulsen & Riding (2003) and a combination of the spore-pollen zonations of Dybkjær 

(1991), Koppelhus & Nielsen (1994) and Lindström et al. (2023). 

 

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. 

 

Terne-1  

As there are no cores and no sidewall cores from the relevant interval, the biostratigraphy is 

based on data from ditch cuttings samples. The data comprise analysis of spores, pollen and 

dinoflagellate cysts and consist of a combination of information from a report produced by 

Paleoservices (1985) and from new analysis made for the present study (Link to stratigraphic 

summary chart: Terne-1, Summary chart and palaeoenvironment). 

The biostratigraphic data generally support the lithostratigraphic subdivision for the Terne-1 

well presented in Nielsen & Japsen (1991), indicating the presence of a thick Gassum For-

mation overlain by a thick and complete Fjerritslev Formation. The Fjerritslev Formation is 

overlain by Middle Jurassic deposits referred to the Haldager Sand Formation and Upper 

https://data.geus.dk/pure-pdf/Horsens-1_Summary_chart_and_palaeoenvironment.pdf
https://data.geus.dk/pure-pdf/Lavø-1_Summary_chart.pdf
https://data.geus.dk/pure-pdf/Rønde-1_Summary_chart.pdf
https://data.geus.dk/pure-pdf/Slagelse-1_Summary_chart.pdf
https://data.geus.dk/pure-pdf/Stenlille-1_Summary_chart_and_palaeoenvironment.pdf
https://data.geus.dk/pure-pdf/Stenlille-19_Summary_chart_and_palaeoenvironment.pdf
https://data.geus.dk/pure-pdf/Terne-1_Summary_chart_and_palaeoenvironment.pdf
https://data.geus.dk/pure-pdf/Ullerslev-1_Summary_chart.pdf
https://data.geus.dk/pure-pdf/Terne-1_Summary_chart_and_palaeoenvironment.pdf
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Jurassic deposits referred to the Flyvbjerg, Børglum and Frederikshavn formations. No major 

unconformities seem to be present.  

The highest occurrence of Dapcodinium priscum in the DCS at 980 m, in the uppermost part 

of the Gassum Formation, strongly indicates that the top of the Gassum Formation is found 

in the mid-Sinemurian in this well.  

The dating of the boundary between the Haldager Sand and the Flyvbjerg formations in 

Terne-1 are discussable. The biostratigraphic data suggest that the boundary is located in 

an interval of Bathonian – Callovian age, while the boundary between these two formations 

according to Michelsen et al. (2003, Fig. 2) is located in the early Oxfordian (see also discus-

sion in Michelsen and Nielsen 1991).  

 

  

Lavø-1 

 

The majority of samples analysed for biostratigraphy are ditch cuttings samples. However, a 

few cores exist from the studied interval, and data from these cores turned out to be very 

important for establishing the stratigraphy in this well. The biostratigraphic data comprise 

analysis of spores, pollen and dinoflagellate cysts. Poulsen (1996) studied the dinocysts in 

the interval from 2430-2027 m and suggested a zonation (see stratigraphic summary chart: 

Lavø-1, Summary chart). Lindström, in Vosgerau et al. (2016) studied the spores, pollen and 

dinocysts in the interval 2395-2077 m. Michelsen (1975) studied the ostracods but found a 

very sparse assemblage and could therefore not present a stratigraphic subdivision.  

The interpretations by Poulsen and Lindström differs with respect to the lower parts of suc-

cession referred to the Vinding, Gassum and lower Fjerritslev formations. While Poulsen in-

terpreted the presence of the Dapcodinium priscum and possibly the Liasidium variabile 

zones in the interval from 2428-2243 m and thus referred this interval to the Sinemurian, the 

finding of Lunnomidinium scaniense in the sample at 2310 m by Lindström refers this sample 

to the Rhaetipollis-Limbosporites/Rhaetigonyaulax rhaetica Zones of Rhaetian age. Both 

Poulsen (1986) and Lindström (in Vosgerau 2016) indicate the presence of Toarcian in the 

uppermost part of the Fjerritslev Formation based on the presence of Mancodinium semitat-

ulatum, Manumia delcourtii and frequent Halosphaeropsis liassicus. The possible misinter-

pretations by Poulsen (1996) for the lower part of the succession is probably due to caving. 

Nielsen & Japsen (1991) suggested to locate the top of the Gassum Formation at 2133 m, 

and further indicated that only the F-I member is present in this well. Vosgerau et al. (2016) 

suggested to locate the top Gassum Formation at 2269 m and further that the Fjerritslev 

Formation in this well comprises the F-II member and the lower part of the F-III member as 

also supported by the biostratigraphy.  

Here vi have located the top of the Gassum Formation at 2133 m, following Nielsen & Japsen 

(1991), but we follow Vosgerau et al. (2016) in suggesting that both the F-II member and the 

lower part of F-III member of the Fjerritslev Formation is also present.  Defining the top of the 

Gassum Formation within the Pliensbachian identified by the biostratigraphic data is in con-

trast to previous publications and reports in which this boundary has not been placed above 

Lower Sinemurian strata (see Nielsen 2003 for discussion). However, in a coming revision 

of the Lower Jurassic lithostratigraphy, the top of the Gassum Formation will probably be 

placed at a lower level in the Lavø-1 well, and a new sandstone-dominated lithostratigraphic 

unit will then be defined on top of the Gassum Formation.   

 

https://data.geus.dk/pure-pdf/Lavø-1_Summary_chart.pdf
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Rønde-1  

As there are no cores and no sidewall cores from the relevant interval, the biostratigraphy is 

based on data from ditch cuttings samples. The data consists of ostracod analysis (Michelsen 

1967; 1975) and are presented in the stratigraphic summary chart: Rønde-1, Summary chart. 

The ostracod data covers the interval from the Hettangian to the Pliensbachian and indicate 

that the top of the Gassum Formation in this well is located in the lower part of the Hettangian.  

According to the lithostratigraphy, there is an inconformity between the top of the Fjerritslev 

Formation (F-IV member) and the overlying Børglum Formation as the Flyvbjerg Formation 

seems to be missing (Nielsen and Japsen 1991), but no biostratigraphic data exists from the 

relevant interval to confirm that.  

 

Horsens-1  

Poulsen (1996) analysed a core sample from the lower part of the Fjerritslev Formation and 

referred it to the Dapcodinium priscum dinocyst zone, subzone b. This result refers the sam-

ple 1449 m to the Lower Sinemurian. 

Michelsen (1975) studied the ostracods in the interval from 1572m–1318 m. He subdivided 

the interval into 

 3 ostracod zones and 1 subzone and dated the interval to Hettangian – Upper 

Pliensbachian.  

There is an inconsistency in the location of the top of the Gassum Formation from Nielsen & 

Japsen (1991) and the present study. Nielsen & Japsen suggested that the top of the for-

mation should be located at 1506 m, while the top in the present study is located at 1533.7 

m. The biostratigraphy cannot solve this issue, as both formation tops are located within the 

Hettangian.  

The top of the Fjerritslev Formation is Upper Pliensbachian in age indicating that the young-

est part of the formation has been removed by erosion. It is unconformably overlain by Middle 

and Upper Jurassic deposits referred to the Haldager-, Børglum- and Frederikshavn for-

mations. See further the stratigraphic summary chart: Horsens-1, Summary chart and palae-

oenvironment. 

  

Ullerslev-1 

Biostratigraphic information from this well is restricted to preliminary data included in the 

completion report (DAPCO/DGU 1951). According to the “Drilling summary” all of the Jurassic, 

including the Fjerritslev Formation, is missing and there is a major unconformity at 2668´ 

between the Rhaetian (Upper Triassic) and the Upper Cretaceous. However, the report in-

cludes analysis from several different persons and some of the results indicate the presence 

of Lower Cretaceous as well. 

Nielsen & Japsen (1991) also indicates that the Jurassic (including the Fjerritslev Formation) 

is missing and suggest that the Gassum Formation (from 3088´to 2763´) is unconformably 

overlain by a Lower Cretaceous succession spanning from 2763´ to 2640´ and Upper Creta-

ceous chalk from 2640´. See further the stratigraphic summary chart: Ullerslev-1, Summary 

chart. 

 

https://data.geus.dk/pure-pdf/Rønde-1_Summary_chart.pdf
https://data.geus.dk/pure-pdf/Horsens-1_Summary_chart_and_palaeoenvironment.pdf
https://data.geus.dk/pure-pdf/Horsens-1_Summary_chart_and_palaeoenvironment.pdf
https://data.geus.dk/pure-pdf/Ullerslev-1_Summary_chart.pdf
https://data.geus.dk/pure-pdf/Ullerslev-1_Summary_chart.pdf
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Slagelse-1 

As there are no cores and no sidewall cores from the relevant interval, the biostratigraphy is 

based on data from ditch cuttings samples. The data consist of ostracod analysis made by 

Michelsen (1975) and are presented in the stratigraphic summary chart: xxxxx. According to 

Nielsen & Japsen (1991) the top of the Gassum Formation should be located at 1150 m, 

which is followed here. Michelsen (1975) found the presence of the O. aspinata Zone in the 

interval 1142–1152 m indicating a Hettangian – Early Sinemurian age. The presence of the 

C. betzi-C. crassireticulata Zone and the O. danica Zone in the interval from 1042–987 m 

indicates a Sinemurian age for that interval. Both Nielsen & Japsen (1991) and the present 

study indicate the presence of an unconformity from the Sinemurian to the Lower Creta-

ceous, comprising large parts of the Fjerritslev Formation and the Middle and Upper Jurassic.  

No biostratigraphic data exists to confirm that. See further the stratigraphic summary chart: 

Slagelse-1, Summary chart. 

 

 

Stenlille-1 

Many palynological data, both spore-pollen data and dinocyst data, are available from the 

Rhaetian (uppermost Triassic) to the Hauterivian (Lower Cretaceous) interval, from cores, 

sidewall cores as well as ditch cuttings samples from the Stenlille-1 well (e.g.  Dybkjær 1998; 

Lindström et al. 2012; 2015; 2017; 2019; 2023; Vosgerau et al. 2016; Lindström 2016; 2020; 

2021; Gregersen et al.  2023). The majority of the data comes from the transition zone be-

tween the Gassum and Fjerritslev formations and the lowermost Jurassic interval. The Sten-

lille-1 well was one of the key-wells in establishing the spore-pollen zonation for the Stenlille-

area published by Lindström et al. (2023). These data show that the top of the Gassum For-

mation (1507 m) is located closely below the Triassic–Jurassic boundary (1494 m). 

According to Nielsen & Japsen (1991) an unconformity is present between the Fjerritslev and 

Vedsted formations and this unconformity should be located at 1247 m. According to their 

interpretation the F-III and F-IV members of the Fjerritslev Formation are missing in the Sten-

lille-1 well. However, new palynological and nannofossils analysis were made in connection 

with the study of Gregersen et al. (2023), in the interval from 1241–1203.95 m. These data 

strongly indicate that the location of the unconformity between the Fjerritslev and Vedsted 

formations should be moved upwards to 1220.5 m and further that both the F-III member and 

the lower part of the F-IV member are present.  

The Fjerritslev Formation is unconformably overlain by Lower Cretaceous deposits referred 

to the Vedsted and Rødby formations. See further the stratigraphic summary chart: Stenlille-

1, Summary chart and palaeoenvironment. 

 

Stenlille-19  

Only a few palynological data exists from the Stenlille-19 well and these are from core 3, 

from the middle part of the Gassum Formation (Lindström 2020; Lindström et al. 2023). The 

spore-pollen data and the dinocyst data indicate a mid-Rhaetian age for the core.  See further 

the stratigraphic summary chart: Stenlille-19, Summary chart and palaeoenvironment. 

 

  

https://data.geus.dk/pure-pdf/Slagelse-1_Summary_chart.pdf
https://data.geus.dk/pure-pdf/Stenlille-1_Summary_chart_and_palaeoenvironment.pdf
https://data.geus.dk/pure-pdf/Stenlille-1_Summary_chart_and_palaeoenvironment.pdf
https://data.geus.dk/pure-pdf/Stenlille-19_Summary_chart_and_palaeoenvironment.pdf
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