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Introduction

Exploration for hydrocarbons in the Danish area of the North Sea started in 1963. Since
then, large amounts of seismic data have been acquired and more than 125 exploration
wells have been drilled. The seismic data were originally interpreted on paper sections but
since digital formats became available in the 1980s, interpretation has been carried out on
workstations. This Atlas of Cenozoic Maps is a compilation of interpretations of the
Cenozoic succession of the Danish sector of the North Sea carried out at GEUS. In order
to improve understanding of the petroleum systems in the area the study has
concentrated on the succession deposited in the Neogene, which was the time of major
hydrocarbon generation and trapping. The subdivision of the Palaeogene succession is
based on Schigler et al. (2005) and the dating of the Neogene succession is based on
very detailed biostratigraphy (dinoflagellates) that has been developed at GEUS since
2000. The subdivision of the Neogene succession into sequences is developed from
onshore studies of Neogene deposits (Dybkjeer 2004; Piasecki 1980; Rasmussen 2004)
and new datings of key wells in the North Sea area by Dybkjeer (2003) and Piasecki &
Rasmussen (2004).

The Atlas contains a brief review of the geological setting followed by a stratigraphy
section where a number of well-log panels illustrate the subdivision of the Cenozoic
succession into units (Paleocene) and sequences (Neogene). The main part of the Atlas
contains a series of maps of the units and sequences in two-way time, depth and as
isochore maps. Each map is accompained by a seismic section showing the
unit/sequence in question and a palaeogeographic map.



Geological setting

The North Sea Basin was formed during thermal subsidence after the formation of the
Central Graben in the Jurassic (Ziegler 1982; Vejbaek 1992). The basin was open towards
the north via a narrow strait between the Shetland Islands and Norway that occasionally
acted as a barrier so that the North Sea became brackish at times. The basin extended
from Norway, along Scania to the Baltic region and north Germany. The southern margin
passed through northern France and Belgium and, towards the west, the basin margin
followed eastern England and Scotland to the Shetland Islands.

Maximum flooding by the sea in this basin was in the Late Cretaceous with deposition of
chalk. Alpine folding and impact of the Iceland plume in the Late Cretaceous—Paleocene
affected the basin by inversion tectonics and probably uplift of the Fennoscandian Shield
(Danielsen et al. 1995). The coastline prograded significantly from Scandinavia in the
north in the Eocene but density flow deposits of Paleocene age at the Ringkgbing-Fyn
High (Danielsen et al. 1995) may indicate that progradation had already started at that
time.

Palaeo-water depths were about 500—700 metres in the central part of the basin but
significantly lower towards the east in present-day Denmark, especially during the
Paleocene (Heilmann-Clausen et al. 1985; Clausen & Huuse 2002).

Outbuilding of the slope—shelf system continued during the Oligocene (Michelsen et al.
1998) possibly as a result of late Eocene tectonic events that resulted in uplift of the
Fennoscandian Shield. The Oligocene deposits in the Danish area were laid down partly
as pro-delta sediments and partly as contourites (Hansen et al. 2004). Turbidite
deposition took place locally at the toe of the slope and on the basin floor. A distinct
tectonic event occurred in the mid-Oligocene (Rasmussen 2004) that resulted in
reactivation of older faults and movement of salt structures. In the Miocene, coastal plain
deposits reached the Danish area of the North Sea and three major delta progradations of
Aquitanian—Burdigalian age have been recorded (Rasmussen 2004). The deltas were
predominantly wave-dominated (Rasmussen et al. 2004). During deposition of the third
delta, renewed tectonic movements took place (Rasmussen 2004) associated with
accelerated subsidence in the North Sea area (Koch 1989; Clausen et al. 1999;
Rasmussen 2004).

Marine transgression in the Langhian, middle Miocene, and faulting recorded from the
Odderup Formation (Koch 1989) marked a significant phase of basin development when
the source of sediments changed from north-east to east. At this middle Miocene time, the
global climate was warm and eustatic sea level was high, so most of the Danish region
was probably flooded. The sea-level fall that followed during the late Miocene was a
response to global cooling, but this was compensated by increased regional subsidence
of the Danish region. Regression resumed during the latest Miocene resulting in
progradation of the coastal plain and, at the end of the Miocene, the shoreline reached
the Central Graben area (Rasmussen 2005). Up to 400 metres of upper Miocene
sediments were deposited in mid-Jylland during this progradation (Japsen et al. 2002).
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In the early Pliocene, marine sediments were deposited in most of the Danish area of the
North Sea and tectonic movements occurred, indicated by halokinesis (Rasmussen et al.
2005). After the early Pliocene tectonics, renewed progradation took place in the late
Pliocene and deltas were located in the extreme western part of the Danish area of the
North Sea at the end of the Pliocene. Strong late Neogene up-lift and Holocene glacial
erosion have removed the younger sediments but they are preserved in parts in the
present off-shore region such as where the well Tove-1 was drilled.



Stratigraphy of the Danish area of the North Sea

The stratigraphy used in the Atlas (Fig. 1) is based on a number of older publications
(Rasmussen 1961; Heilmann-Clausen et al. 1985) and recent studies carried out at
GEUS (Schigler et al. 2005; Dybkjeer & Rasmussen 2003; Dybkjeer 2003; Piasecki &
Rasmussen 2004). Dating using dinoflagellates has proved particularly efficient in making
correlations between outcrop and borehole data.
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Methodology

Biostratigraphy

Dinoflagellate stratigraphy

Neogene dinoflagellate stratigraphy has improved significantly in recent decades due to
extensive studies especially in the North Atlantic region. Studies on DSDP/ODP wells
rangefrom Baffin Bay and the Labrador Sea in the north to the Norwegian shelf (Manum
1976; de Vernal & Mudie 1989a, b; Head et al. 1989a, b, c; Manum et al. 1989; Poulsen
et al. 1996; Smelror 1999; Williams & Manum 1999; Williams et al. 2004). Further studies
along the western margin of Europe provide data from the mid-latitudes of the northern
North Atlantic (Harland 1979; Edwards 1984). De Verteuil and Norris's (1996) studies
onshore eastern USA were a break-through and studies of type sections in Italy have
also been important for Neogene dinoflagellate stratigraphy (Powell 1986; Zevenboom et
al. 1994; Zevenboom 1995).

Several of the excellent studies mentioned above do not, however, include the uppermost
Neogene. Consequently, most relevant for the present study are studies of the uppermost
Miocene and Pliocene successions in the United Kingdom and Belgium areas of the North
Sea by de Schepper et al. (2004), Head (1996, 1997, 1998); Head & Norris (1999);
Louwye (1999); Louwye & Laga (1998) and Louwye et al. (1999, 2004). The stratigraphic
records and the description of many new species restricted to the uppermost Neogene
have certainly provided the basis of an improved Messinian—Pliocene stratigraphy and of
our understanding of the influence of palaeoclimate on stratigraphy.

Mapping procedure (Log stratigraphy and seismic stratigraphy)

Mapping of the Cenozoic succession is based on different criteria as specified below.
Log-panels (gamma-logs from selected wells), structural maps, isochore maps, seismic
sections and palaeogeographical reconstructions are used to illustrate the development of
the succession.

The units of the Palaeogene succession that are mapped are formations that were all
defined in offshore wells in the Norwegian and U.K. sectors of the North Sea. The
formations are all easily recognisable in wells in the Danish sector and they can be
correlated to the Danish onshore (Fig. 1).The lowermost horizon mapped is the top of the
Chalk Group. The second unit mapped is equivalent to the Rogaland Group of the
Norwegian North Sea and consists of the Vaale, Lista, Sele and Balder Formations. The
horizon at the top of this unit is the top of the Balder Formation, which is easily identified



on the seismic data and in wells. The third unit mapped is the Horda Formation. In the
Central Graben area, the top of the Horda Formation is also the top of the Eocene.
However, in the eastern parts of the the Danish North Sea the top Horda horizon is
older because of non-deposition and the top Eocene has been traced along one of the
lowermost toes of the Lark Formation.

The lower part of the Neogene succession is sub-divided into sequences defined
onshore (Rasmussen 2004). The correlation to the North Sea is based on dating of
the S-1, R-1 and Frida-1 wells (Laursen 1995; Dybkjeer & Rasmussen 2003). The
sequences defined were afterwards tied to seismic data and seismic interpretation of
regional reflectors was used to map them over the whole of the Danish area of the
North Sea. Where a condensed succession occurs, the seismic picks have been
consistently held within individual peaks and troughs to avoid horizon-crossings.
Consequently there may be some discrepancy between the seismic pick and the
sequence boundaries recognised in the wells due to lack of resolution (Fig. 2). The
upper part of the Neogene succession (Pliocene) is subdivided into seismic
sequences based on regional seismic unconformities (Vail et al. 1976) and their
dating is from a recent study of the Tove-1 well (Piasecki & Rasmussen 2004).

The seismic interpretation of the Neogene succession forms the basis for the
correlation shown in the log panels (Figs 3 —7). Thus division into sequences and
units is not based solely on interpretation of log patterns but are mainly ties from
seismic data to the well logs.

Seismic Mapping

The twelve horizons interpreted were imported into ZMAP-PLUS® software and
converted into a grid by utilizing the contour gridding algorithm (Figs 8 —19). The
contour increment used is 500m, except in Sequence | where the increment used is
1000m due to the poor data coverage of that sequence.

The resulting grids were tied to nine wells (Mona-1, E-1X, Tove-1, Alma-1, Inez-1, C-
1X, R-1X, S-1X, Frida-1 and L-1X) and regridded. The deviations between grid and
well information were calculated and the contours were carefully adjusted to the
correct level. The maps are diplayed on a UTM (Zone 32) projection on a Hayford
1909 spheroid with asemi-major axis of 6 378 388.0 metres and semi-minor axis of 6
356 911.946 metres.

Depth conversion

Depth conversion of Post Chalk group surfaces was done by application of a
multilayer velocity model consisting of 11 layers each with an individual interval
velocity function as described by Japsen (1993, 1994). Each layer is assigned a
surface velocity Vo and a depth gradient K according to the equation:
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V(2)= Vot+Kz

where V(z) is the instantaneous velocity for the layer at depth z. To fit the equations to the wells,
lateral deviations from the average interval velocity functions were applied by calculating a
parameter dV that is added to the V, parameter. The equation thus becomes:

V(2)=(Vo+dV)+Kz

where dV varies laterally. Units for all parameters are given in Table 1. Detailed description of
this relationship may be obtained from Japsen (1993, 1994) and only the main points are given
here.

The Vy's and K's necessary for the depth conversion can be approximated by applying a simple
linear regression (e.g. in a spread sheet) to cross-plots of interval velocity versus mean depth
for the various sediment packages in the wells that are defined by the interpreted seismic
reflectors. This method of fitting is only approximate as scatter in the cross plot is not related to
the dV parameter in a simple way. In this project, the velocity parameters were derived from
detailed studies of regional velocity variations (e.g. Japsen 1998, 1999, 2000).

Generation of maps of the deviations of velocity (using the average velocity functions and the
dV parameter) requires lists of these deviations together with the coordinates for each well,

which then can be interpolated nto maps.
The dV values are given from:

AZ -K
dV :m-—vo—zt K

Depth conversion using the linearly increasing instantaneous velocity assumption

Vi=V(+Kz

is done layer by layer downwards.

The thickness of a layer is found from:
AZ = %(\/0 +dV + (K -Z,))(exp -1

where AT is one-way time.



Table 1. The symbols in depth conversion and their units.

Symbol Meaning

AZ Thickness

Vo Surface velocity

av Velocity deviation

K Velocity gradient

Z Depth to top of layer

Zy Depth to base of layer

T; Two-way time to top of layer

Ty Two-way time to base of layer

AT Thickness in one-way reflection time

Post-chalk interval

The Cenozoic velocity model consists of two layers separated at a mid-Miocene
reflector (base sequence E) approximately corresponding to the top of the
overpressured section (upper and lower post-Chalk Group in Table 2). We have used
parameters for these layers determined by Britze et al. (1995) and Japsen (1999). The
parameters are applicable to most of the North Sea as they are based on a large well

Unit
metres
m/sec
m/sec
sec?
metre
metre
sec
sec

sec

data-base from the entire North Sea (see e.g. Japsen 2000).

Table 2. Parameters used in the depth conversion.

Velocity Unit Vo K
(ft/s) (1/s)
upper post Chalk Group 1725 0.4

lowe post Chalk Group 1517.2 0.6

GEUS
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Fig. 1: Lithostratigraphy of the Danish North Sea and onshore area.

~ )
[ . o
» o g 5 Danish S
2 & €< North Sea oL
o] 3 Qc oS
Ma |9 ) Ao w» D
0
2
g
-1 2
o
5 F— 1.7 —
o
1 5| Gelasian |
—— 2.6 —]
N % Piacenzian H
8 — 3.6 —
o
=
q;’ Zanclean G
5 _| 2
53 —
Messinian
_ F
— 7.3 —
[}
c
18
L
=
o
- [}
[=%
5 | Tortonian
10— Gram
11.6 —
| E
Serravallian
1 ¢
g
QS |—13.7— Hodde
1 =
= Odderup
2
15— > | Langhian -
16.0 — D
Arnum
7 Ba-
strup)
N Burdigalian
C
[}
c
8
20— %’
5 — 20.4 —]
3
- o
)
| Aquitanian B
23.3 —]
25—
[}
c
0
g | Chattian =
- & o)
[¢] S| ¥
5 il
o
15 HE:
5|3
i 2=
o
I
130 o
. f=
8
& | Rupelian
71 o
b}
2
] 35
-




A

Tove-1

Below KB
m
0_

100-

200~

300-

400-

500-

600~

700~

800-

900-

1000 -

1100 -

1200~

1300~

1400 -

1500~

1600 -

1700~

1800~

Fig. 2: Seismic to well ties from four selected wells. A and B shows the tie of the Neogene succession. C and D shows the tie of the Palaeogene succession.
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Fig. 8: Rogaland Seismic Sequence

The base surface forms a west-south-westward-dipping monocline whose minimum depth is 285 m and maximum depth is 3585 m. Steepest dip of the surface is found west and south-west of well L-1 and on the
western flank of a spur that trends north-north-westwards from well Tove-1.

The thickness of the sequence varies from 5-395 m. The main depocentre was located in the westernmost part of the Danish Central Graben south of the Gert-1 well. Subordinate depocentres are present in a south
east—north-west-trending area north-east of Alma-1 and north-east of the Siri-1 well. The depositional environment was characterised by open marine conditions in most of the area. Shallow marine and coastal
conditions may have existed in the north-eastern and south-easternmost parts of the map area. The water depth probably did not exceed a few hundred metres. Sands that were laid down as gravity deposits are
encountered in a more than-10-km-wide submarine canyon system (the Siri Canyon), oriented north-east—south-west. It originates from a shelf margin in the Norwegian sector, passes through the area around the
Siri-1 well and the canyon mouth is located south-west of Cleo-1 and north of Gulnare-1 at the north-eastern boundary of the Central Graben.
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Fig. 9: horda Seismic Sequence

The Base surface forms a west-south-westward-dipping monocline whose minimum depth is 280 m and maximum depth is 3473 m. Steepest dip of the surface is found along a north—south trend immediately west of
Siri-1 and on the western flank of a spur that trends north—north-west from well Tove-1.

The sequence varies from 0—904 m thick. The main depocentre was located in the westernmost part of the Danish Central Graben area along a trend to the south and south-east of well Kim-1. The depositional
environment was characterised by open marine conditions throughout the area and. The water depths may have exceeded 900 m in the western part of the area. Submarine fan deposits known from the Norwegian
“sector north of the wells Siri-1 and Cleo-1 may extend into the study area.
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Fig. 10: lower lark Seismic Sequence

The base surface forms a west-south-westward-dipping monocline whose minimum depth is 274 m and maximum depth is 2917 m. Steepest dip of the surface is found along a north—south trend immediately west of
Siri-1 and on the western flank of a spur that trends north-north-west from well Tove-1. Increased dips are also found along a north—south trend east of the Siri-1 well. The thickness of the sequence varies from 5 to
1124 m. The main depocentre was located north-east of the Siri-1 well.

The depositional environment was characterised by marginal marine to coastal plain in the north-eastern part of the area and by open marine conditions in the south-western part of the area. The water depth may
have exceeded 800 m in the western part of the area. Submarine fans entered the deep-marine basins from entry points on an east—west-trending shelf break. One entry point was near the F-1 well and thick submarine
fanswere deposited in the Inez-1 area. Turbidite sand deposits encountered in the area around the Frida-1 well are likely to have had an entry point north of the Siri-1 well in the Norwegian sector. Thinner fan sands
may be encountered in the feeder channel systems that emerged from the entry points.
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Fig. 11: Sequence B

The Base surface forms a west-south-westward-dipping monocline whose minimum depth is 226 m and maximum depth is 2136 m. Steepest dip of the surface is found south-west of the Inez-1 and west of the
Frida-1 wells. Distinct variations in depth are found around diapiric structures in the extreme south-western part of the area. The thickness of the sequence varies from 0—449 m. The main depocentre was located
around the Frida-1 and L-1 wells and south-west of the C-1 well. The reduced thickness in the northern part is a result of truncation of the sequence towards the north-east. The depositional environment was
characterised by coastal plain and deltaic deposits in the north-eastern and eastern part of the area and by open marine conditions in the south-western part of the area. The water depth was up to 500 m in the
western most part of the area.
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Fig. 12: Sequence C

The base surface forms a west-south-westward-dipping monocline whose minimum depth is 215 m and maximum depth is 2039 m. Steepest dip of the surface is found west of the Frida-1 well. Distinct variations in
depth are found around diapiric structures in the extreme south-western part of the area.

The thickness of the sequence varies from 5-353 m. The main depocentre was elongated E-W- in the central part of the area between Alma-1 and R-1. The reduced thickness to the north is a result of truncation of
the sequence towards the north-east. The depositional environment was characterised by coastal plain and deltas in the north-eastern part of the area and by open marine conditions in the south-western part of the
area. Water depths were up to 500 m.
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Fig. 13: Sequence D

The base surface forms a west-south-westward-dipping monocline whose minimum depth is 150 m and maximum depth is 1876 m. Steepest dip of the surface is found west of the Frida-1 well. Distinct variations in
depth are found around diapiric structures in the extreme south-western part of the area.

The thickness of the sequence varies from 5-397 m. The main depocentre was located in the southern part of the study area. The reduced thickness to the north is a result of truncation of the sequence towards the
north-east. The depositional environment was characterised by coastal plain and deltas in the north-eastern part of the area and by open marine conditions in the south-western part. Water depth were up to 500 m
in the extreme south-western part of the area.
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Fig. 14: Sequence E
The base surface forms a west-south-westward-dipping monocline whose minimum depth is 68 m and maximum depth is 1673 m. Steepest dip of the surface is found west of the Frida-1 well. Distinct variations in

depth are found around diapiric structures in the extreme south-western part of the area.
The thickness of the sequence varies from 34-600 m. The main depocentre was located west of the Frida-1 well and south of the S-1 well. The reduced thickness to the north is a result of truncation of the sequence

“towards the north-east. The depositional environment was characterised by open marine conditions in the whole area. The water depth was up to 500 m in the extreme western part of the area.




50 km |

GEUS
ceaLoctca, sunvr o GmanK w0 EEMLID L

THT BASE SEO E

70. 1642, .,
Rt
Yswa Somse Ssman Guasa. saud. oms. sean. mmst s somsh. . RAiCE

Sequence E

500 ms

50 km |

GEUS
ceoLoctca, sunver o GEimanK o EEMLID L

150 DEPTH BASE SEG F-BASE SEO £

34. 609.

SURFACE
RANGE

S0 10a. 150, 200 250. 300. 350. 00 450 Sa0. SS0. 620 COLOF
5. 125. 175. 225. 275. 325. 975. 425. 475. §25. §75.  RAGE

Inez:1
()

55°30'

55°00'




Sequence F

GE 50 km
GEOLOGICAL SURVEY OF DENMARK AND GREENLAND I

BASE SEQ F DEPTH

Inez-1 Q
FLEX TO WELLS. BL (o)
UTN 32, SPHEROID t HAYFORD 1909

L = WABA & ERS = 9-DEC-2084
wme= DEPTH NAP SHL BL

335. 1440. T--a

SURFACE S -~
RANGE ~~

350. 508. 650. 800. 950. 11@@. 1250. 1400. COLOR
400150. 556600. 7007.50. 85@A00. 10AASO. 115200. 13ABS0. RANGE

Fig. 15: Sequence F

The base surface forms a west-south-westward dipping monocline whose minimum depth is 335 m and maximum depth is 1440 m. The thickness of the sequence varies from 5-330 m. The main depocentre was
located west of the Mona-1 well and east of the Alma-1 well. The reduced thickness to the north is a result of truncation of the sequence towards the north-east. The depositional environment was characterised
by coastal plain and deltas in most of the area. Open marine conditions exsisted in the extreme south-western part of the area. The water depth was over 300 m in the western part.
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Fig. 16: Sequence G

The base surface forms a west-south-westward dipping monocline whose minimum depth is 133 m and maximum depth is 1315 m. The thickness of the sequence varies from 62—448 m. The main depocentre was
located around the Tove-1 well in the southern part of the area. The reduced thickness to the north is a result of truncation of the sequence towards the north-east. The depositional environment was probably
“characterised by coastal plain in the north-eastern part of the area and by open marine conditions in the south-western part of the area. The water depth was up to 500 m.




Sequence G

L 50 km |

Inez:1
(o)

THT BRSE SEG G

ogx

@
%

500 ms

49. 1316.

~
~.
Seen
SURFACE S=~a
-——
RANGE -~
-
S~eee

So. 200 3so_  So0_ G0 g 950,  llga.  i2sa  COLOR
lemss. Z5men. 49@S0. SSEAA. 7amSe. BSEAD. IDWESA.11SE90. 1300, RANGE

50 km

150 DEPTH BASE SEG H-BRSE SEO G

o

T
56°30'

56°00'

T
55°30'

~.ee
surFaCE ~~aa
RRNGE -~
~——
-~
-

T
55°00'

220 200 260, 280. 300. 320. 3a0. 360. 30 0B, COLOC
230 250. 278, 2%, 310. 33, 359. 370, 330 41, Cnic




Sequence H

”
GEOLOGICAL SURVEY OF DENMARK AND GREENLAND I 50 kl I I i
BASE SEQ H DEPTH Inez-1
FLEX TO WELLS. BL (@)
UTN 32, SPHEROID t HAYFORD 1909 O
- - WA & EXS " 9-0ec-2004
== OEPTH WAP SWL BL
%
C-1X N
-
-
- -~
-
-
e R-1X
g (0]
\
\
\
\
\
\
~
-~ ~
-~ ~
~
~
-~ ~
~
S-1X
(@)
-~ ~
-~ ~
~
~
-~ ~
- ~
~
~
~
~
-~ ~
~
~
-~ ~
~
~
- ~
-~ ~
~
221 1851 T
. . =~ -~

SURFACE S -~
RANGE ~~

240. 360. 480. 600. 720. 840. 960. COLOR
28@B20. 400L40. 5260. 640680. 76MB00. 88@B.20. 10AM40. RANGE

Fig. 17: Sequence H

The base surface forms a west-south-westward dipping monocline whose minimum depth is 221 m and maximum depth is 1051 m. The thickness of the sequence varies from 7—226 m. The main depocentre was
located west of the M-10X well. The sequence pinches out towards the north and east. The depositional environment was characterised by coastal plain in the north-eastern part of the area and by open marine
“conditions in the south-western part of the area. The water depth was up to 500 m in the extreme south-western part of the area.
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Fig. 18: Sequence |

The base surface forms a west-south-westward dipping monocline whose minimum depth is 127 m and maximum depth is 1168 m. The thickness of the sequence varies from 19—430 m. The main depocentre was
located west of the Mona-1 well. The reduced thickness to the north is a result of truncation of the sequence towards the north-east. The depositional environment was characterised by coastal plain and deltas in
most of the area and by open marine conditions in the extreme western part of the area. The water depth was more than 400 m.
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Fig. 19: Base Pleistocene
The surface forms a west-south-westward dipping monocline whose minimum depth is 70 m and maximum depth is 866 m.
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