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Abstract

The Hans-1, Saby-1, and Terne-1 wells are located
within the Danish part of the Fennoscandian Border
Zone and provide significant new data pertaining to the
evolution of this important tectonic belt. All three wells
encountered Palacozoic rocks; the Terne-1 well ex-
tended into the lower Palacozoic. Two of the wells are
located in the Danish waters of the Kattegat, and thus
yield the first deep well data from this part of the
border zone.

The wells encountered Cambrian to Silurian, Car-
boniferous to Zechstein and Triassic to Upper Cretace-
ous successions. The Cambrian to Lower Silurian sec-
tion is interpreted to represent shelf and shallow ma-
rine deposits comparable to those known from Scania
and Bornholm. The inferred Upper Silurian section is
calculated to be up to 2600 m thick and may represent
the fill of a foreland basin in front of the Caledonian

deformation front. A hiatus comprising the Devonian
to Lower Carboniferous is inferred. A 550 m thick
Rotliegende sequence was drilled in the eastern part of
the Sorgenfrei-Tornquist Zone; changes in structural
dip indicate a syn-depositional faulting. Palaeozoic tec-
tonism is also indicated by Late Carboniferous intru-
sive and extrusive volcanic rocks. Reworked volcanic
rocks characterize the Rotliegende clastic sequence. A
thin siliciclastic Zechstein sequence is recognized.
The lithology and stratigraphy of the Mesozoic sec-
tions are in accordance with well data from the Danish
Subbasin. The presence of a Middle Jurassic depocen-
ter within the Sorgenfrei-Tornquist Zone may indicate
a tectonically controlled subsidence of the zone. The
occurrence of a Late Cretaceous to Early Tertiary in-
version tectonism is supported by these new data.



Introduction

The Kattegat region has previously only been known
from geophysical data, and published models of basin
development through geological time have mainly been
based on seismic data and data from the adjacent on-
shore areas. Thus, the primary goals of this paper are
1) to interpret the data available from 3 newly released
wells located within the Danish part of the Fennoscan-
dian Border Zone and 2) to describe the dynamic stra-
tigraphic development of the zone during the Phanero-
zoic. Palacogeographic aspects will also be discussed,
using supporting data from adjacent onshore areas.

Basinal development of the Kattegat region have
been dealt with in a large number of publications. A
comprehensive review is, therefore, outside the scope
of this paper; a brief description of the structural set-
ting and regional evolution is given below.

Geological setting

The Kattegat region is transected by a strongly faulted
zone that separates the Fennoscandian Shield to the
northeast from the Norwegian-Danish Basin to the
west and southwest. This zone was named the Fen-
noscandian Border Zone by Sorgenfrei & Buch (1964),
who described it briefly as a strongly block-faulted
northwest-southeast trending zone. The Kattegat re-
gion was mapped seismically for the first time by Baart-
man & Christensen (1975).

The zone has subsequently been regarded as a north-
westerly extension of the Tornquist Zone, which forms
a continuous fault zone from the Black Sea to the
central North Sea (Pegrum 1984, Bergstrom 1984). Pe-
grum argued that the zone was a Precambrian zone of
weakness, that subsequentially experienced strike-slip
movements during the Variscian phase. Triassic and
Jurassic extensional tectonics and compression during
the Cretaceous and Tertiary are also considered. Berg-
strom (1984) proposed that the thick Upper Silurian
deposits of the Colonus Shale Trough, which forms part
of the Fennoscandian Border Zone in Scania, probably
did not extend farther northeastwards, indicating that
the present trough-like structure was a syn-depositional
feature.

The most recent discussion was presented by Libori-
ussen et al. (1987) and the EUGENO-S Working
Group (1988). Liboriussen et al. (1987) considered the
Fennoscandian Border Zone a continuation of the

Tornquist Zone and proposed it has been tectonically
active from early Palaeozoic to recent times. Important
tectonic phases proposed by the workers were tensional
early Palaeozoic tectonics, late Palaeozoic dextral
wrench movements, Triassic to Early Cretaceous trans-
tensional and Late Cretaceous to Early Cenozoic trans-
pressional structures.

The EUGENO-S Working Group (1988) considered
the structural line through the Kattegat region as being
a discrete structural element rather than an integrated
part of the Tornquist Zone. It was termed the Sorgen-
frei-Tornquist Zone, whereas the Polish-Ukrainian ele-
ment was referred to as the Teisseyre-Tornquist Zone
(fig. 1). The Sorgenfrei-Tornquist Zone cuts through
the Precambrian crustal province, whereas the Teis-
seyre-Tornquist Zone follows the southwestern bound-
ary of the province. The two zones converge at the
Rgnne Graben, offshore Bornholm. The Sorgenfrei-
Tornquist Zone is defined as a strongly faulted zone
primarily characterized by Late Cretaceous to Tertiary
inversion tectonics. The area between this zone and the
Fennoscandian Shield was named the Skagerrak-Katte-
gat Platform (fig. 1), which is characterized by east-
wards thinning and relatively undisturbed Mesozoic
and Cenozoic sequences.

In this paper, we follow the definitions of the struc-
tural units as described by the EUGENO-S Working
Group (1988). The term Fennoscandian Border Zone
will, however, be used for the structural region com-
prising the Sorgenfrei-Tornquist Zone and the Skager-
rak-Kattegat Platform (fig. 1).

Two of the studied wells, Hans-1 and Terne-1, are
located offshore in the Kattegat within the Sorgenfrei-
Tornquist Zone. The third well, Seby-1, is located in
North Jylland, but still within the Skagerrak-Kattegat
Platform (fig. 1).

Material and methods

Well data from the Hans-1, Szby-1, and Terne-1 wells,
together with relevant seismic lines, form the basis of
this study. The well data comprise petrophysical meas-
urements (logs), cuttings samples, sidewall cores, well
cores, and reports presented by the oil companies or
commercial service companies.
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Figure 1: Map of general structural elements at top pre-Zechstein level. Modified from EUGENO-S Working Group (1988) and
Vejbzk (1990, based on work by Claus Andersen, DGU). Locations of wells and seismic profiles are shown.

The gamma ray and sonic logs, together with neu-
tron-density logs and resistivity logs, have been used
for the identification of lithostratiphic units and for the
description of the lithology in connection with the cut-
tings samples, sidewall cores, and cores. The lithostra-
tigraphic correlation is based on gamma ray and sonic
logs; the gamma ray log has also been used to provide a
tentative chronostratigraphic correlation of the lower
Palaeozoic sequences.

The company reports used here are primarily con-
cerned with biostratigraphy, but descriptions of the
lithology have also been included, especially those
based on sidewall cores. Biostratigraphic studies have
not been carried out by the authors. We have concen-
trated on interpretation of lithology, stratigraphy, and
structural features.



Well descriptions

In this section the pre-Quaternary sequence encoun-
tered in the three wells, Hans-1, Saby-1, and Terne-1,
is described (see figs 1 and 2). The lithology and the
lithostratigraphy is based on interpretation of the pe-
trophysical logs and the lithological sample descrip-
tions. Cores and cutting samples were studied at certain
intervals to clarify discrepancies between log-analysis
and lithological descriptions. The chronostratigraphic
subdivision is partly based on biostratigraphic analyses,
and partly on correlations to older wells located in the
basin. All depth figures given below are related to
either kelly bushing (KB), drilling floor (DF), or rotary
table (RT) on the drilling rig or the mean sea level
(MSL).

HANS-1 (5612/21-1)

Locality: 56°21'55"N, 12°00'51"E.
Elevation: Ground (sea floor) 30.3 m b.MSL, KB 23,5
m a.MSL.

Lithology and lithostratigraphy

Well-bedded sandstone, siltstone, and claystone, 303.5
(TD)-2777 m b.KB, 3008-2753.5 m b.MSL.:

The interval is characterized by relatively high, highly
variable gamma ray values and high, fairly constant
sonic velocities. The log-patterns reflect a succession of
sandstone, siltstone, and claystone, interbedded on a
scale of a few metres; according to the cuttings sam-
ples, typical colours are red, reddish brown, greenish,
and white. A core 5.5 m long from the lower part
comprises medium to fine-grained, well sorted, greyish
red and green sandstone (fig. 3). The micro-resistivity
logs also reflect the well-bedded nature of the se-
quence, and the dipmeter log shows very well-defined
dips with an average value of 24° towards the east-
northeast. The upper boundary is clearly marked by a
pronounced decrease in gamma ray values, a negative
separation of the neutron-density readings, and poorly
defined dip data, indicating the boundary between this
clastic sequence and the overlying volcanic series.

Volcanic rocks and claystones, 2777-2454 m b.KB,
2753.5-2430.5 m b.MSL:

This interval is readily subdivided into 2 distinct por-
tions, a lower unit of volcanic rocks and an upper unit
of claystones. There is a clear log-break at 2535 m,
indicating the boundary between these two units. The
upper boundary of the interval is located at the base of
the overlying coarse-grained sequence, indicated by a
decrease in gamma ray values. The volcanic series con-
sists of basalt layers and thin siltstone beds. The log-
pattern indicates a dominance of massive basalt layers
in the upper part of the volcanic series. The sonic
velocity and the resistivity logs show clearly upward
decreasing trends, indicating that the upper part of
several basalt layers are weathered, which suggests that
the volcanic rocks were extrusives. The overlying de-
posits consist of red claystone interbedded with thin
sandstone and siltstone beds. In general, the interval
yields poor dip data, but reliable data from the up-
permost part of the volcanic sequence and the lower
part of the claystone sequence indicate a dip of 22-24°
towards the east.

Rotliegende Group, 2454-1903 m b.KB, 2430.5—
1879.5 m b.MSL:

This interval is characterized by uniform low gamma
ray values, positive separation of the neutron-density
curves, and uniform high sonic velocities. The upper
boundary is located at the top of this uniform interval.
The gamma ray values show general increase above the
boundary, indicating an increased clay content.

The cuttings samples suggest the occurrence of con-
glomerates and poorly sorted sandstones with angular
pebbles and grains predominantly consisting of vol-
canic rock fragments and redbrown to grey siltstone
fragments. The log-pattern indicates the presence of a
densely cemented sequence of volcaniclastic rocks in
the upper 350 m and in the lowermost 25 m, separated
by a sequence that includes clay- and siltstone inter-
beds. The dipmeter shows fairly good data indicating a
gradual decrease in dip from an average value of 20-24°
in the lowermost part of the interval to a value of
approximately 4-6° towards the east-northeast in the
uppermost part.
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Figure 3:

Well: Hans-1
Core 1: 3005.00-3009.85 m b.KB

Description: Sandstone, medium to fine-grained, well
sorted, mainly reddish grey, occasionally olive green,
micaceous, non to slightly calcareous, hard, low vis-
ible porosity. Abundant platy and rounded, red-
brown and green claystone clasts, with sizes up to 6
cm. Most common at lower set-boundaries. The
sandstone is cross-bedded with some parallel lamina-
ted and cross-laminated intervals. The stratification is
intensely disturbed in large parts of the core. Appar-
ent dip is approximately 24°.

Interpretation: The cross-bedding indicates megarip-
ple migration driven by fairly high energy, unidirec-
tional currents possibly within channels. The abun-
dant platy claystone clasts indicate important local
reworking of clay beds. The alternation of intervals
showing of cross-bedding, parallel-lamination and

the occurrence of clay beds indicate fluctuating flow
strength. The dominant reddish colour indicates oxic
conditions, whereas the less common green colour
indicates occasionally reducing conditions. The ab-
sence of fossils, bioturbation, glauconite or other
marine indicators suggests a non-marine environ-
ment.

The petrophysical logs show that the succession
consists of alternating units dominated by sandstone,
siltstone or claystone. The core represents one such
sandstone interval.

The succession is interpreted as a semiarid fluvial
deposit. The convolute bedding was probably caused
by liquefaction and water escape due to flood events
or seismic shocks heralding the overlying syn-rift suc-
cession.




Zechstein clastics, 1903-1782 m b.KB, 1879.5-1758.5
mb.MSL:

This interval is characterized by rapid changes in
gamma ray, sonic velocity and resistivity values. To-
gether with the neutron and density readings, the logs
indicate a sequence of interbedded sandstone, siltstone
and claystone. Cuttings samples indicate a dominance
of reddish and redbrown colours, and the presence of
minor amounts of white limestone. The upper bound-
ary is located at a pronounced and sharp increase in
sonic velocity and resistivity, and a change in neutron
and density readings from almost no separation to posi-
tive separation.

Skagerrak Formation, 1782-663 m b.KB, 1758.5-
639.5 m b.MSL:

This interval is characterized by rapid changes in
gamma ray and sonic velocity values, which together
with the neutron and density readings indicate an in-
terbedded series of sand-, silt-, and claystones. The
upper 90 m are characterized by high gamma ray values
with a few lows, which together with the sonic and
neutron-density values indicate a claystone and silt-
stone sequence interbedded with a few sandstone beds
and a few carbonate-cemented beds. The sediments are
characterized by red and redbrown colours. Anhydrite
and minor amounts of limestone occur occasionally.
The upper boundary is located at a decrease in gamma
ray values and corresponding increase in sonic veloc-
ities, and by the transition from red colours below to
grey colours above.

Gassum Formation, 663-297 m b.KB, 639.5-273.5 m
b.MSL:

This section is characterized by an alteration of well-
defined intervals with low and high gamma ray values,
indicating interbedded clay- and sandstone beds. The
upper boundary is located at a distinct increase in the
gamma ray values and corresponding decrease in sonic
velocities. The log-readings indicate that the lower part
of the section exhibits rapid changes in lithology, the
middle part is dominated by claystone, and the upper
part characterized by thick sandstone beds. The three
intervals can be described as follows:

663-511 m: The log-readings record a thinly interbed-
ded succession of claystone, sandy claystone, sandstone
beds, and coal beds. A few carbonate-cemented beds
or dolomite beds are recognized. Several upwards fi-
ning sequences are seen. Based on the cuttings sam-
ples, grey colours dominate. Coal and light brown do-
lomite are found.

10

511-370 m: The log-analysis indicates a claystone se-
quence interbedded with siltstone and a number of
distinct coal beds. The claystone in the cuttings samples
is dark grey to light grey in colour. Light brown dolo-
mite is also found.

370-297 m: This interval is characterized by blocky
gamma ray log-motifs, indicating massive sandstone
beds interbedded with claystone. The presence of mi-
nor coal beds is suggested by the cuttings samples.

Fjerritslev Formation, 297-126 m b.KB, 273.5-102.5
m b.MSL:

This interval is characterized by consistently high
gamma ray values, indicating a uniform sequence of
claystone and silty claystone. A marked decrease in the
gamma ray values is used to locate the upper boundary
which is suggested here to form the boundary between
the Quaternary and the Lower Jurassic deposits, thus
representing a pronounced hiatus. However, the ostra-
cod fauna found at a depth of 110 m is indicative of a
Pliensbachian age, thus bringing the location of the
upper boundary of the formation into doubt. The
marked gamma ray decrease mentioned above is sit-
uated just below a casing shoe, thus raising the possibil-
ity that it may represent an artefact, e.g. the lower limit
of the cement connected to the casing. The location of
top of the Fjerritslev Formation in this well thus re-
mains a matter of debate; we propose that it is located
at 126 m.

The formation in this well cannot be subdivided un-
ambiguously on the basis of log-features. However,
log-correlation to the two other well sections suggests
the following subdivision (fig. 2):

F-Ia member, 297-219 m,
F-Ib member, 219-164 m,
F-1I member, 164-?138 m,
F-IIT member, ?138-126 m.

Quaternary, 126-53.8 m b.KB, 702.5-30.3 m b.MSL
(sea floor).

Chronostratigraphy

Upper Carboniferous, 3031.5-2454 m b.KB, 3008—
2430.5 m b.MSL:

The basal informal lithostratigraphic units in this well,
the well-bedded sandstone, siltstone and claystone, and
the volcanic rocks and claystone, cannot readily be
correlated to known units in other wells or outcrops in
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Scania or Bornholm. Superficially, similar rock se-
quences are found in the Rgnde-1 and Ngvling-1 wells,
the Rgnde and Ngvling Formations, which are prob-
ably of Silurian age (Christensen 1971, 1973), though
Sdrensen & Martinsen (1987) discussed the age of the
latter formation and referred it to the Rotliegende (fig.
4y.

The biostratigraphic data are very sparse. A few
palynomorphs found in a sidewall core near the base of
the interval have a known range from Late Carbon-
iferous to Permian. Until further material is available,
it is here suggested to refer this interval to the Upper
Carboniferous as it is overlain by an inferred Rotlie-
gende interval succeeded by Upper Permian clastics. If
the revision of Sgrensen & Martinsen (1987) is correct,
the interval may be a correlative of the Ngvling Forma-
tion, but further data are needed to confirm this.

The (basic to intermediate) volcanic rocks have been
dated by the K-Ar method, giving ages of 227 (+3) Ma
and 216.5 (£2) Ma, i.e. Triassic ages. These results are
regarded as anomalous, since the lithostratigraphic evi-
dences and the available palaeontological and seismic
data indicate a Palaeozoic age. The K-Ar ages may be
influenced by weathering.

Rotliegende, 2454-1903 m b.KB, 2430.5-1879.5 m
b.MSL:

This interval is here referred to the Lower Permian,
Rotliegende, mainly on lithostratigraphic grounds.

Zechstein, 1903-1782 m b.KB, 1879.5-1758.5 m
b.MSL:

Palynomorphs indicating a Late Permian age were re-
corded from cuttings samples from 1990-1890 m; no
taxa indicating an age older than Late Permian were
found in the interval. Neither the log-analyses nor the
lithologies observed in the cuttings samples indicate the
presence of sedimentary facies known from the Zech-
stein deposits in the Danish region. The palynomorphs
may be regarded as reworked into the Lower Triassic
deposits. However, the seismic data from the area
show a very distinct, thin seismic interval, bounded by
unconformities. The lower unconformity is interpreted
to be the very pronounced mid-Permian unconformity,
and the upper one is overlain by Triassic rocks (fig. 5).
The abrupt changes in log pattern at the boundaries of
the interval 1903-1782, as described earlier, may in-
dicate the presence of unconformities (Rider 1986).
The tie from the logs to the seismic section, using the
well velocity survey, is of sufficient accuracy to justify
this correlation between the unconformities seen on the
seismic section and those indicated in the well. Based
on this correlation and the occurrence of Upper Per-
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mian palynomorphs in the lower part of the interval it is
concluded that the Zechstein is represented by a sili-
ciclastic facies in this area.

The occurrence of Upper Permian palynomorphs in
the upper part of the inferred Rotliegende section may
be the result of caving.

Triassic, 1782-595 m b.KB, 1758.5-571.5 m b.MSL.:

The lowermost part of the Gassum Formation and the
Skagerrak Formation is here referred to the Triassic.
The biostratigraphic data are sparse, but palynomorph
assemblages indicate the presence of Upper Rhaetian
deposits. Ostracods found in the upper clay-dominated
part of the Skagerrak Formation indicate an early
Rhaetian age and brackish-marine conditions, which
elsewhere are unknown for the Skagerrak Formation.
Further subdivision of the Triassic sequence in this well
cannot be established with reasonable certainty. How-
ever, scattered rare palynomorphs indicating Rhaetian
and Norian ages, were recorded from the upper part of
the Skagerrak Formation, whereas the lower part of the
formation is probably of Middle and Early Triassic age.

Lower Jurassic, 595-126 m b.KB, 571.5-102.5 m
b.MSL:

The Gassum Formation, with the exception of the low-
ermost part, and the Fjerritslev Formation are here
referred to the Lower Jurassic. Determination of the
upper boundary is discussed in the lithostratigraphic
section. The Lower Jurassic sequence can be subdi-
vided on the basis of biostratigraphic data. Palyno-
morph assemblages indicate that the top of the Lower
Sinemurian occurs approximately 100 m above the base
of Fjerritslev Formation, and the upper part of the
Gassum Formation is referred to the Hettangian (fig.
6). However, poor ostracod assemblages suggest that
the Lower-Upper Sinemurian boundary occurs within
the section referred to the F-Ib member, and the Sine-
murian-Pliensbachian boundary occurs near the base of
the F-II member.

Middle Jurassic to Tertiary sediments are absent.

Quaternary, 126-53.8 m b.KB, 102.5-30.3 m b.MSL
(sea floor).
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SABY-1 (5710/22-1)

Locality: 57°21'41"N, 10°23'45"E.
Elevation: Ground 59.9 m a.MSL, DF 64.3 m a.MSL..

Lithology and lithostratigraphy

Rotliegende Group, 1852.8 (TD)-1646.8 m b.DF,
1788.5-1584.5 m b.MSL.:

This lithostratigraphic unit is recognized primarily by
log analysis. The section is rather uniformly developed,
showing relatively low gamma ray values, high density
values, and sonic velocities, a large positive separation
of the density-neutron curves, and a very constant cali-
per value. The upper boundary of the group is defined
by these characteristics compared to the overlying Ska-
gerrak Formation. The log-motifs indicate that the in-
terval is dominated by volcanic material. The presence
of detrital quartz, clay, and iron hydroxides in cuttings
samples and sidewall cores suggest that the interval
consists of volcaniclastic deposits and not in situ vol-
canic rocks.

Skagerrak Formation 1646.8-1111 m b.DF, 1584.5—
1046.7 m b.MSL.:

The top of the formation is identified by a very abrupt
decrease in gamma ray values and resistivity readings,
and a change from positive separation of the neutron-
density curves to almost no separation. The boundary
between the Skagerrak and Gassum Formations has
been determined in the neighbouring wells, Flyvbjerg-1
and Frederikshavn-1 (Bertelsen 1980), and it is possible
to correlate the boundary in Szby-1 to these two wells,
especially to the latter (fig. 6).

A very distinct change in log pattern occurs in all logs
at 1325 m defining a lower and an upper interval (fig.
2). The lower interval, 1646.8-1325 m, is characterized
by relatively high and rapidly changing gamma ray
values, intermediate and fairly constant sonic velo-
cities, and no or a small positive separation of the neu-
tron-density curves. The top of the interval is marked
by a pronounced gamma ray peak and an increase in
the sonic velocity, resistivity, and density.

A 16.5 m core from lower part of the interval (fig. 7)
comprises greyish and brownish conglomerates and
pebbly sandstones with clasts of quartz, feldspar and
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claystone. Log analysis together with data from the
core and cuttings samples indicate that the lower part
of this formation is composed of interbedded sand-
stones, conglomerates, and claystones.

The upper interval (1325-1111 m) is characterized by
low gamma ray values in the lower part, increasing
gradually upwards, and high sonic velocities, resistivi-
ties, and densities, decreasing upwards. This upper in-
terval of the formation is dominated by sandstone in
the lower part being more argillaceous upwards and
interbedded by claystones. The uppermost 10 m con-
sists of greyish claystones.

The two intervals described above define two major
depositional trends with smaller changes superim-
posed. Two similar trends in the Skagerrak Formation
in the Frederikshavn-1 well are indicated by the SP log
and the resistivity log, and a correlation seems possible.

Gassum Formation, 1111-1077 m b.DF, 1046.7-
1012.7 m b.MSL:

The upper boundary of the formation is placed at the
uppermost pronounced gamma ray low, overlain by an
interval with high values tentatively referred to the F-la
member of the Fjerritslev Formation (see below).

The lower 11 m and uppermost 3 m of the Gassum
Formation are characterized by low gamma ray values
indicating a dominance of sandstone. The middle part
shows intermediate and high gamma ray values in-
dicating interbedding of claystone and argillaceous
sandstone which is confirmed by the cuttings samples.
The Gassum Formation in this well is comparable to
the upper part of the formation in the Bgrglum-1 well,
whereas the Gassum Formation in the Flyvbjerg-1 and
Frederikshavn-1 wells is dominated by sandstone (fig.
6).

Fjerritslev Formation?, 1077-1023 m b.DF, 1012.7-
958.7 m b.MSL:

?F-Ia member, 1077-1023 m: The upper boundary of
this section is placed at 1023 m where the gamma log
changes character from highly variable below to more
uniform above. The sonic velocities in this section are
generally lower than in the underlying and overlying
sections, whereas the neutron-density curves indicate
continuity in deposition from the underlying Gassum
Formation. The section is interpreted as claystone in-
terbedded with silty and sandy claystones and thin
sandstone beds; to some extent, therefore, this interval
resembles the F-Ia member. The lithostratigraphic sta-
tus of this section is questionable, however, as the
log-motifs are not typical of the Gassum Formation, yet
nor are they closely comparable to those of the F-la
member of the Fjerritslev Formation. Furthermore, the
presence of the F-Ia member has not yet been proved
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in neighbouring wells located in North Jylland. The
section is here tentatively referred to the F-la member
due to the log-features and lithology described above,
although clearly more sand-rich than elsewhere. The
section may correlate lithostratigraphically with the
lowermost part of the Fjerritslev Formation interbed-
ded with the Gassum Formation in the Vedsted-1 well
(see Michelsen 1978, fig. 12).

Fjerritslev Formation, 1023-821 m b.DF, 958.7-756.7
mb. MSL:

F-Ib member, 1023-975.5 m: This section is character-
ized by uniform log-motifs, high gamma ray values and
positive separation of the neutron-density curves. It is,
therefore, interpreted as a uniform claystone sequence.
The upper boundary is placed at a decrease in the
gamma ray values and a pronounced increase in sonic
velocities.

F-II member, 975.5-912 m: The upper boundary is
located at an abrupt increase in the gamma ray values
and decrease in sonic velocities; this boundary is read-
ily recognized in wells in the basin as well as in the
borderzone. The gamma ray values decrease upwards
through the member whereas sonic readings are con-
stant. The neutron-density logs show an upward de-
crease in positive separation. The gamma ray log and
the neutron-density logs indicate a claystone sequence
becoming silty and sandy upwards, and the uppermost
twenty metres are dominated by siltstone. Log analyses
indicate that the uppermost couple of metres of this
siltstone is carbonate cemented. The member is readily
correlated with the F-II member in the Frederikshavn-2
well (fig. 6).

F-III member, 912-859 m: The section is characterized
by uniform and high gamma ray values and low sonic
velocities. A combined log analysis suggests a uniform
claystone sequence. The upper boundary is located at
an increase in sonic velocities, which can be correlated
throughout the basin. The gamma ray values increase
above the boundary in this well, a feature which is only
seen in the Frederikshavn-1 well.

The log-motifs of the F-11I member in this well corre-
late closely with those of the Frederikshavn-2 well (fig.
6). The decrease in gamma ray values in a thin basal
interval is a characteristic feature, which is also rec-
orded by a deflection of the SP-log in neighbouring
wells, although higher in the member. It is a log-feature
recognizable in most wells in the Danish Subbasin, and
has been shown to coincide with the top of the Upper
Pliensbachian (Michelsen 1989); see below.

F-IV member, 859-821 m: This interval is character-
ized by upwards-decreasing gamma ray values and con-



Figure 7.

Well: Seby-1
Core 2: 1612.2-1630.00 m b.DF

Description: Sandstone, very pebbly, grading to clast-
supported conglomerate, loose to firm, grey, brown-
ish grey, greenish grey, greyish red. Very poorly
sorted with grain size ranging from very coarse to
fine. Pebbles constitue from 10% to 70% of rock
volume. The pebbles are up to 5 cm across, angular
to subangular, rarely rounded. They consist of
quartz, feldspar, weathered crystalline basement
rock, and few scattered claystone clasts.

Bedding is poorly defined; faint parallel stratifica-
tion occurs locally. The conglomerate seems disorga-
nized. The sandstone is locally moderately sorted,
and pockets or layers of clast-supported conglomer-
ate with an open framework are also present locally.

Interpretation: The poorly defined stratification, the
very poor sorting, the angularity of the pebbles, and
the immature mineralogy indicate a short distance of
transport without significant sorting. The absence of
fossils, bioturbation, glauconite, or other marine in-
dicators suggest a non-marine environment.

The succession is interpreted as wadi sediments or
stream-flood dominated alluvial fan deposits.

The interpretation of the seismic line (fig. 10) in-
dicates the presence of basement rock on the neigh-
bouring footwall and Triassic onlap onto the base-
ment. It is likely that the rock fragments were derived
from this block before rising base-level resulted in
northeastward onlap.

stant intermediate sonic velocities. The upper bound-
ary is located at a shift to low gamma ray values in-
dicating a sandstone sequence, referred here to the
Haldager Sand Formation. The neutron-density read-
ings indicate a claystone succession, becoming more
sandy upwards and interbedded with thin sandstone
beds. This coarsening upwards trend is not a common
feature of the member, which is normally clay-dom-
inated in the upper part. In this well, only the up-
permost 2-3 m constitute claystone. The lowermost 17
metres of the member show very high gamma ray val-
ues compared to the underlying F-IIT member.

Haldager Sand Formation, 821-801 m b.DF, 756.7-
736.7 m b.MSL:

Fig. 6 occurs as a fold-out after p. 37

The section is characterized by relatively low but var-
iable gamma ray values and variable sonic velocities
indicating interbedded sandstone and claystone. The
upper boundary is located at the top of a massive
sandstone bed overlain by a more clay-dominated se-
quence as reflected by the gamma ray log (fig. 6). The
sonic velocities are relatively high and constant across
this boundary. The log-motifs of the formation in this
well correlate with those of the neighbouring Frede-
rikshavn-1, Flyvbjerg-1, and Bgrglum-1 wells (see Mi-
chelsen 1978, fig. 15).
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Flyvbjerg Formation, 801-737 m b.DF, 736.7-672.7 m
b.MSL:

The upper boundary of the formation is placed at the
top of a sand-dominated interval, which is overlain by
claystones referred to the Bgrglum Formation. This is
based on correlation to the Haldager-1, Flyvbjerg-1,
and Bgrglum-1 wells (cf. Michelsen 1978, fig. 15). The
formation can be subdivided into two units in this well,
as in the three wells mentioned above.

The lower unit, 801-773 m, is dominated by clay-
stone interbedded with sand- and siltstones, as indi-
cated by the serrate pattern of the gamma ray, neutron,
and density logs.

The upper unit, 773-737 m, is characterized by low
gamma ray values with minor peaks, suggesting a mas-
sive sandstone unit with thin argillaceous intercala-
tions. Log analysis indicates that the lower and upper
two metres of the unit are carbonate-cemented, as
known from other wells in the Fennoscandian Border
Zone.

The pronounced difference between the two units of
the Flyvbjerg Formation in this well may form the basis
for establishing two new members of the formation.
The lithostratigraphical validity of these units is sup-
ported by the occurrence corresponding features in the
Bgrglum-1, Flyvbjerg-1, and Haldager-1 wells, but may
be restricted to the Fennoscandian Border Zone.

Borglum Formation, 737-711 m b.DF, 672.7-646.7 m
b.MSL:

The section is characterized by uniform high gamma
ray values and low but variable densities, indicating a
uniform claystone sequence. The log-motifs correlate
closely with those of other Danish wells, and the thick-
ness of the formation corresponds to that known from
the wells in the border zone. The upper boundary is
located at a marked decrease in the gamma ray values.
This log break occurs a few metres above an increase in
the sonic velocities, but the gamma ray readings are
here used to define the boundary.

Frederikshavn Formation, 711-606 m b.DF, 646.7—
541.7 m b.MSL:

The section is characterized by a general decrease in
gamma ray values upwards and by constant sonic velo-
cities (fig. 8). The upper boundary is located at a
marked increase in gamma ray values, indicating the
change from sandstones of this formation to clay-dom-
inated sediments of the overlying Vedsted Formation.
The formation can be subdivided into the three units,
A, B, and C, described in Michelsen (1978).
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Unit A, 711-?7683 m, consists of sandy claystones con-
taining an increasing sand content upwards. The upper
boundary is located at a sonic log break, but correlation
by means of the gamma ray log to the nearby Frede-
rikshavn-1 well may move this boundary approximately
ten metres upwards.

Unit B, ?683-641 m, is an upwards-coarsening se-
quence dominated by silt- and sandstones, interbedded
with thin argillaceous beds. The upper boundary is
located at the top of a massive sandstone bed overlain
by a clay-dominated sequence. The pattern of the
gamma ray readings is readily correlated to most well
sections in the basin.

Unit C, 641-606 m, generally coarsens upwards. The
lower part is characterized by relatively high but var-
iable gamma ray values, and the upper part by low
gamma ray values. The sonic velocities are rather high
and constant. In combination with the neutron-density
logs, these log-features reflect an upper sequence of
pure sandstone twenty metres thick, which is not recog-
nized more centrally in the basin. The underlying part
of the unit consists of interbedded claystone and silt-
stone.

Vedsted Formation, 606440 m b.DF, 541.7-375.7 m
b.MSL:

The entire section is here referred to the Vedsted For-
mation although the upper part, characterized by glau-
conite, may belong to a new lithostratigraphic unit.
Thus, the upper boundary is located at the base of the
overlying Chalk Group. The formation in this well is
subdivided in four units, which may be correlated to
other wells, e.g. to Bgrglum-1 and Hyllebjerg-1 (fig.
9).

Unit-1, 606-588 m, is a clay-dominated sequence with
increasing gamma ray values upwards. In the Hylle-
bjerg-1 well, centrally in the basin, this unit forms the
transition between the sandy Frederikshavn Formation
and the clay-rich Vedsted Formation, indicating con-
tinuous sedimentation in this area. In the Saby-1 well
as elsewhere in the border zone, the change in sedi-
mentation was more abrupt. The upper boundary of
unit-1 is located at a decrease in gamma ray values.

Unit-2, 588-550 m, is characterized by increasing
gamma ray values upwards, indicating silty claystone in
the basal part and claystone in the upper part. There is
an abrupt change in gamma ray values between these
two intervals. The upper boundary of unit-2 is located
at the base of a gamma ray low.

Unit-3, 550485 m, is characterized by high gamma ray
values, which fluctuate significantly in the lower part,
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indicating interbedded claystone and siltstone suc-
ceeded by more uniform claystones. The upper bound-
ary is located at sudden drop in gamma ray values.

Unit-4, 485-440 m. The upper boundary is located at
the base of the Chalk Group. The section is character-
ized by lower gamma ray values and higher sonic velo-
cities than unit-3, indicating a siltstone sequence in-
terbedded by a few metres thick claystone beds. Analy-
sis of the cuttings samples indicate a significant amount
of glauconite in the upper 10 m of the interval. A
corresponding glauconite rich interval is reported from
this lithostratigraphic level in the Frederikshavn-1 well

(Larsen 1966). Preliminary log-correlation with the

Hyllebjerg-1 well shows this glauconite rich interval in
a lithostratigraphic position corresponding to the
Rgdby Formation.

Chalk Group, 440-221 m b.DF, 375.7-156.7 m
b.MSL:

The gamma ray log is the only log available through
this interval; it was measured through the casing, re-
sulting in reduced values. The values are very low and
on a constant level, indicating a uniform limestone
sequence. The upper boundary is clearly marked by an
increase in gamma ray values.

Quaternary, 221-4.4 m b.DF, 156.7 m b.MSL — 59.9
m a.MSL (ground).

Chronostratigraphy
Rotliegende, 1852.8 (TD) —1646.8 m b.DF, 1788.5-
1584.5 m b.MSL:

This volcaniclastic sequence is referred to the Rotlie-
gende on the basis of regional lithostratigraphic consid-
erations.

Triassic, 1646.8-1111 m b.DF, 1584.5-1046.7 m
b.MSL:

The Skagerrak Formation is referred to the Triassic on
lithostratigraphic grounds in accordance with previous
studies (Bertelsen 1980).

Lower Jurassic, 1111-821 m b.DF, 1046.7-756.7 m
b.MSL:

The top of the Hettangian is indicated by miospores
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recorded from the F-Ia member at a depth of 1065 m,
and the top of the Lower Sinemurian occurs three
metres above the F-Ia/F-Ib member boundary. This
latter stratigraphic determination is in accordance with
that known from the basin (Michelsen 1989).

The presence of the Upper Sinemurian is not in-
dicated by biostratigraphic data.

The top of the Pliensbachian is determined on the
basis of the ostracod fauna at a depth of 910 m, which is
two metres above the boundary between the F-II and
F-III members. These bio- and lithostratigraphic data
correlate closely to those known from the Frederiks-
havn-1 and -2 wells (see also fig. 6). In the Frede-
rikshavn-2 well, biostratigraphic dating of a contin-
uously cored sequence across the member boundary
indicates a hiatus corresponding to the lower part of the
Upper Pliensbachian (Michelsen 1975 and 1989) which
may explain the small thickness of the Pliensbachian
part of the F-III member in these wells.

The overlying part of the Fjerritslev Formation, 910—
821 m, is here referred to the Toarcian. Palynomorphs
indicating a Toarcian age are recorded up to a depth of
824 m.

Middle Jurassic, 821-801 m b.DF, 756.7-736.7 m
b.MSL:

The Haldager Sand Formation is here referred to the
Middle Jurassic on lithostratigraphic grounds in accord-
ance with previous studies (Michelsen 1978 and 1989).
Miospores indicating a Middle Jurassic age were found
at a depth of 779 m, in the basal part of the Flyvbjerg
Formation. Data from the basin indicate a regional
hiatus between the two formations (Michelsen 1989).
The presence of these miospores may, therefore, be the
result of reworking, or they suggest that the two forma-
tions are not separated by a hiatus in this area.

Upper Jurassic, 801-641 m b.DF, 736.7-576.7 m
b.MSL.:

The Flyvbjerg Formation, Bgrglum Formation, and
units A and B of the Frederikshavn Formation are
referred to the Upper Jurassic on the basis of marine
and terrestrial palynomorphs.

The top of the Kimmeridgian occurs in the basal part
of the Bgrglum Formation, at a depth of 734 m. Precise
determination of the Oxfordian has not yet been pos-
sible, but the Upper Oxfordian is assumed to be pre-
sent within the Flyvbjerg Formation.

The top of the Volgian occurs uppermost in unit B of
the Frederikshavn Formation, at 645 m. This correlates
with the study of the Haldager-1 well (Davey 1982).
The Jurassic-Cretaceous boundary is, therefore, lo-
cated at the mentioned lithostratigraphic boundary.
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Lower Cretaceous, 641-440 m b.DF, 576.7-375.7 m
b.MSL:

Unit C of the Frederikshavn Formation and the
Vedsted Formation are here referred to the Lower
Cretaceous, although the upper boundary is defined on
lithostratigraphic data only.

Terrestrial palynomorphs indicate a Late Ryazanian
to Early Valanginian age for unit C of the Frederiks-
havn Formation.

The top of the Hauterivian is located within unit-2 of
the Vedsted Formation, at 570 m. Rich palynomorph
assemblages have been recorded.

The succeeding upper unit-4 of the Vedsted Forma-
tion, are referred to the Aptian and the Albian. Paly-
nomorph assemblages indicate the top of the Aptian at
465 m, whereas definitive Albian indicators were not
observed above this level. Nannofossils and foraminif-
era found below this depth, however, indicate the pres-
ence of sediments of Albian age.
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In the neighbouring wells, Bgrglum-1, Frederiks-
havn-1, and Haldager-1, previous biostratigraphic stud-
ies (Sorgenfrei & Buch 1964) suggest that the sequence
that correlates lithostratigraphically with the upper
unit-4 is of to Cenomanian to Turonian age. Thus,
there are clearly difficulties in establishing a valid stra-
tigraphic correlation of the Cretaceous sequences in
this part of the border zone. Further bio- and lithostra-
tigraphic studies are needed to evaluate the chronostra-
tigraphy.

Upper Cretaceous, 440-221 m b.DF, 375.7-156.7 m
b.MSL.:

The Chalk Group is referred to the Upper Cretaceous.
On the basis of the foraminifera and nannofossil as-
semblages, the entire sequence in the Saby-1 well is
referred to the Santonian and Campanian. This prelim-
inary biostratigraphic analysis thus indicates the pres-
ence of a hiatus corresponding to the Cenomanian,
Turonian, and Coniacian between the Chalk Group
and the underlying Vedsted Formation. The correlation
mentioned previously with older wells within the bor-
der zone suggests that the Cenomanian and Turonian
are represented by clastic facies, and probably com-
prise upper unit-4 of the Vedsted Formation as defined
in the Szby-1 well. Further stratigraphic investigations
are necessary to confirm this suggestion.

Tertiary was not recorded in the well.

Quaternary, 221-4.4 m b.DF, 156.7 — 59.9 m.a. MSL.

TERNE-1 (5611/23-1)

Locality: 56°20'39"N, 11°30'20"E.
Elevation: Ground (sea floor) 19.1 m b.MSL, RT 37.3
m a.MSL.

Lithology and lithostratigraphy

Quartzite, 3363 (TD)-3352 m b.RT, 3325.7-3314.7 m
b.MSL:

This lowermost part of the drilled section is character-

ized by lower gamma ray values than in the overlying -

sequence, and by a negative separation of the neutron-
density curves. The neutron log indicates very low po-
rosities and the density log reflects high densities.
These log-characters indicate the presence of a well-
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cemented coarse clastic sedimentary rock. The cuttings
samples show the occurrence of quartzite. A core from
the interval 3358-3356 m consists of greyish, occasion-
ally reddish, indurated quartzite (fig. 11).

High gamma ray unit, 3352-3173.5 m b.RT, 3314.7-
3136.2 m b.MSL:

This section, which is informally named the “high
gamma ray unit”, is characterized by very high gamma
ray values, including intervals of extremely high values
exceeding 600 API units. The neutron-density curves
show a pronounced positive separation. The upper
boundary is placed where the gamma ray values de-
crease to more normal, but still high, clay values. In-
tegrated analysis of the gamma ray, sonic, neutron, and
density logs indicate the presence of a claystone se-
quence, probably rich in organic material. A large
number of sidewall cores comprise dark grey to black,
occasionally very carbonaceous, and non-calcareous
claystones. The lowermost part of the section, 3352-
3340 m, shows reduced positive separation of the neu-
tron-density curves, and one sidewall core comprises
grey siltstone. In the interval 3340-3285 m, which is
characterized by a relative lowering of the gamma ray
values, light to dark grey colours occur. Peaks found
above this level on the sonic and neutron-density
curves coincide with lows on the gamma ray curve
record the presence of limestone beds, 1-2 m thick.

Dark grey — black claystone, 3173.5-2938 m b.RT,
3136.2-2900.7 m b.MSL:

This section is characterized by high gamma ray values
and a relatively uniform positive separation of the neu-
tron-density curves. The sonic curve shows high and
fairly constant values. The upper boundary is located at
a decrease in gamma ray readings to normal clay values
and a slight increase in sonic velocities. Sidewall cores
and cuttings samples show the presence of a dark grey
to black and non-calcareous claystone with minor in-
terbeds of light grey siltstone. Two intervals, 2-7
metres thick, in the middle of the section show very
high gamma ray values and may indicate intervals en-
riched in organic material. It should be noted, that the
caliper log records significant intervals of caved hole,
making log interpretation somewhat risky.

Interbedded claystone and siltstone, 2938-2744.5 m
b.RT, 2900.7-2707.2 m b.MSL.:

The section is characterized by rather high gamma ray
readings and positive separation of the neutron-density
curves, indicating a clay-dominated sequence. The



Figure 11:

Well: Terne-1
Core 1: 3356-3358 m b.RT

Description: Quartzite, fine to medium grained, well
to moderately sorted, light to dark grey, slightly red-
dish in places, well cemented, extensive quartz over-
growths, very hard, no visible porosity. Thin sections
show that quartz grains and quartz cement constitute
80-90%, feldspar less than 5%, and pore filling clay
5-10% of the total rock volume. (P.R. Andersen
pers. com). Grains are well rounded when unaffected
by pressure solution.

Depositional structures are masked by bioturba-
tion together with intensive compaction and diag-
nesis. Two fining-upward sequences are present be-
ginning with large scale cross-bedding overlain by
finely laminated sandstone. In the lower sequence,
the cross-stratification is very faint probably due to
bioturbation. In the upper sequence the upper part of
the cross-bedded layer is bioturbated and the upper
set boundary obliterated. The lamination that suc-
ceeds the two cross-sets consists of white to light grey
laminae and lenses up to 2 cm thick alternating with
dark grey laminae approximately 1 mm or less thick.
The lamination is disturbed by abundant vertical bur-
rows up to 25 cm long with a diameter of approxi-
mately 0.5 cm. The burrows are filled with white or

transparent quartz grains and appear quartz-ce-
mented. Some have a clay lining. The most common
burrow is of Skolithos-type. Some burrows seem to
be paired on bedding surfaces and may be of Aren-
icolites-type. Possibly U-shaped burrows with protu-
sive spreite (Diplocraterion?), and horizontal bur-
rows with a diameter of 0.2-1 cm, (Planolites?), are
also present. Some intervals appear to be almost
completely bioturbated.

Interpretation: The trace fossil assemblage suggests a
shallow marine environment, and the grain size, sort-
ing, grain shape and the maturity of the rock suggest
moderate energy level and repeated reworking. The
cross-beds indicate bedform migration by strong cur-
rents followed by periods of calmer conditions when
the succeeding laminated sandstone was deposited.
The lamination records regular changes in current
regime; it is very similar to structures described from
outcrops of the Hardeberga Sandstone in Scania in-
terpreted as tidal lamination (Hamberg 1991). The
limited core data do not allow a precise interpretation
of the position within the shallow marine environ-
ment. However, based on the very close similarity to
the outcrops, the cores may be compared to the
A-unit of Hamberg, interpreted to represent aban-
doned backbarrier tidal channel fill.
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sonic velocities decrease slightly upwards through the
Jower half of the interval, and are fairly constant in the
upper part. The sonic curve has a characteristic nervous
character compared to the intervals above and below.
The upper boundary is located at a pronounced drop in
gamma ray values and a corresponding increase in
sonic velocities; these log-breaks are interpreted to re-
cord the base of a series of volcanic rock. With the
exception of the lowermost 40 metres, the caliper log
records a significantly enlarged hole, making lithologic
log interpretation difficult. Cuttings samples and a few
sidewall cores taken within the interval comprise grey
and dark grey claystones with a variable carbonate
content. The neutron-density curves display intervals
of negative separations alternating with intervals of
positive or no separation, and the gamma ray values
and the sonic velocities show large variations. These
log features and the cuttings sample lithology suggest
that the lowermost interval is a siltstone interbedded
with claystone. The cuttings samples from the upper-
most part of the interval beneath the volcanic rock
series show signs of thermal alteration.

Dark grey, brownish claystone, 2744.5-2301 m b.RT,
2707.2-2263.7 m b.MSL:

This section is characterized by uniform gamma ray
values, typical of claystones. The neutron-density
curves show a positive separation and the sonic curve a
high, constant level with peaks of low values. At the
base and in the lower part of the section and in the
upper part, intervals with low gamma ray readings and
very high sonic velocities occur. The upper boundary is
located at a decrease in gamma ray and resistivity read-
ings.

Analysis of the gamma ray, neutron, and density logs
suggests a very uniform sequence of claystones, which
from the sidewall cores and cuttings samples can be
described as grey or dark grey, brownish, and calcare-
ous. Calcite veins and minor amounts of siltstone are
described from the cuttings samples. Grey to green
claystones were recognized near the base of the in-
terval. The log features of the uppermost interval,
2315-2301 m, indicate claystone to be dominant; cut-
tings samples show grey, reddish brown, and greyish
green colours.

Cuttings samples, sidewall cores, and the log-read-
ings indicate that the discrete intervals mentioned
above with low gamma ray values comprise volcanic
rocks. The basal interval is 30 m thick, and the upper
interval is 82 m thick. Volcanic layers, 14 m thick,
occur in the lower part of the section. The indurated
and metamorphosed character of the sediments over-
lying the volcanic rocks, and the lack of log evidence
for weathered upper contacts indicate that the volcanic
rocks are intrusive in nature.

This claystone dominated sequence is distinguished

22

from that below by having a lighter grey colour and by
its petrophysical features. The claystone sequence is
situated between two levels with volcanic rocks. Due to
lithological character (e.g. the colours) it cannot be
referred to the Rgnde Formation, which is the only
claystone formation with associated volcanics known in
the basin. This informal lithostratigraphic unit may in-
stead be tentatively recorded as equivalent to the Co-
lonus Shale.

Zechstein clastics, 2301-2263.5 m b.RT, 2263.7-
2226.2 m b.MSL:

This interval is characterized by an upward decrease in
gamma-ray, sonic, and resistivity readings and an up-
ward decreasing positive separation of the neutron and
density curves. The upper boundary is defined by an
increase in gamma ray and caliper, and subtle de-
creases in sonic velocity and resistivity in the interval
above. The log patterns suggest claystones and clayey
sandstones in the lower part, with a general decrease in
clay upwards. In the upper part the claystone content
increases again. Cuttings samples indicate that the
claystones are dark red, sandy and dolomitic, and the
sandstones are white, dolomitic and contain glauconite.
Four sidewall cores represent grey and brown sand-
stones.

Skagerrak Formation, 2263.5-1292 m b.RT,
2226.2-1254.7 m b.MSL.:

The Skagerrak Formation in this well is characterized
by rapid changes in gamma ray and sonic velocity val-
ues, which together with the neutron and density read-
ings indicate an interbedded series of sandstone, silt-
stone, and claystones. The upper boundary is located at
a decrease in gamma ray values, indicating the base of a
sandstone sequence, which is also represented on the
caliper log. The boundary is further indicated by a
change from redbrown colours below to grey and dark
grey colours above. The lithology is characterized by
red and redbrown sand-, silt, and claystones. Anhy-
drite occurs occasionally.

Through large intervals of this section, the caliper
indicates caved hole, making the lithologic log-inter-
pretation difficult. However, the high gamma ray val-
ues coincide with intervals showing an enlarged hole,
suggesting that clay-dominated intervals have caved
preferentially. Further lithologic interpretation and
subdivision is, therefore, suggested here on the basis of
the log-motifs and cuttings samples.

2263.5-2108 m: The gamma ray readings reflect a se-
quence that coarsens upwards from sandy claystone to
sandstone, but without a pronounced interbedding.



2108-1913 and 1913-1711 m: Two upwards-coarsening
sequences with significant interbedding of clay- and
sand-dominated beds are indicated by the gamma ray
and sonic logs. Low caliper values allow interpretation
of the negative separation of the neutron-density
curves as indicating an increasing number of sandstone
beds in the upper part of both intervals.

1711-1652 m is an upwards-coarsening and strongly
interbedded interval with minor upwards-fining se-
quences. The lower part is dominated by claystone and
the upper part by sandstone. The sandstone is probably
carbonate-cemented as indicated by high sonic velo-
cities and density values and low porosities.

1652-1600 m is characterized by upwards decreasing
gamma ray values, which vary significantly. Analysis of
the logs and the cuttings samples suggests a claystone
sequence in which the content of silt, fine-grained sand
and carbonate increase upwards. Traces of anhydrite
have been reported.

1600-1292 m is a gradual overall upwards-coarsening
and strongly interbedded series which in the upper part
consists of minor upwards-fining sequences. The
gamma ray readings of the uppermost approximately
50 m are slightly higher than in the lower part and the
curve tends to have a blocky appearance. The neutron
and density curves, together with the cuttings samples,
show claystone and sandstone as the dominating litho-
logies. The number of negative separations of the neu-
tron-density curves increases upwards.

Gassum Formation, 1292-966 m b.RT, 1254.7-928.7
mb.MSL:

The formation is here characterized by changes be-
tween low and high gamma ray values, indicating in-
terbedding of well-defined clay- and sandstone beds.
The cuttings samples show grey and dark grey colours.
The upper boundary is located at an increase in gamma
ray values and a decrease in sonic velocities (fig. 6).
The section can be subdivided into the following three
intervals, which seem to correlate with the intervals
663-511 m, 511-370 m, and 370-297 m in the Hans-1
well.

In the lower part of the formation, 1292-1158 m, the
gamma ray curve shows a blocky appearance, indicat-
ing interbedded claystones and sandstones. Lignite is
observed in the cuttings samples. A few sonic lows may
represent coaly beds or carbonaceous claystones. Gen-
erally, the sandstone intervals show log patterns in-
dicating upwards-coarsening trends.

1158-1075 m: This interval is generally characterized

by higher gamma ray values than the underlying part of
the formation. The high gamma ray values with a few
lows indicate a claystone sequence with a few sand-
stone and siltstone beds.

The upper interval, 1075-966 m, is characterized by a
blocky gamma ray motif, indicating five to fifteen
metres thick sandstone beds which show upwards-fin-
ing trends in the middle part and are interbedded with
claystone. This interval is overlain by an upwards-
coarsening sequence. Coal is common in the cuttings
samples, and may be represented by minor lows on the
sonic log.

Fjerritslev Formation, 966630 m b.RT, 928.7-592.7
mb.MSL:

The formation is here characterized by rather con-
stantly high gamma ray values, but subordinate lows
are present in the upper part. The upper boundary is
located at a pronounced decrease in gamma ray values,
indicating the base of a sand-dominated series (fig. 6).
The section can be subdivided into 5 members (see
below). The interval correlates generally with the Fjer-
ritslev Formation in more distal basin setting, but the
two lower members show log features similar to those
known from the Slagelse-1 and Stenlille-1 wells.

F-Ia member, 966-942 m:

The member is characterized by constantly high gamma
ray values and upwards decreasing sonic velocities. The
upwards decrease in gamma ray values, most com-
monly seen in the central part of the basin, is not
present in this well. The log values and the cuttings
samples suggest medium grey to dark grey claystone,
and probably with subordinate siltstone interbeds. The
upper boundary is located at a pronounced increase in
sonic velocities.

F-Ib member, 942-900 m:

The high, gamma ray values slightly upwards decreas-
ing and variable sonic velocities indicate a rather homo-
genous claystone sequence, probably with subordinate
siltstone interbeds; according to the cuttings samples
the sediments are medium grey to dark grey. The upper
boundary is located at a rapid increase in sonic velo-
cities.

F-II member, 900-858 m:

Upwards decreasing gamma ray values and constantly
high sonic velocities characterize this interval, and the
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upper boundary is located at a rapid decrease in sonic
velocities. Analysis of the log features and the cuttings
samples suggests a sequence of silty claystone and sand-
stone with grey and greyish brown colours.

F-III member, 858-702 m:

The member is characterized by high, but slightly var-
iable gamma ray values and low sonic velocities. The
upper boundary is located at a decrease of the former
and an increase in the latter. Analyses of the log-
features and the cuttings samples suggest a rather ho-
mogeneous sequence of grey claystone, locally greenish
or brownish grey.

F-IV member, 702-630 m:

The member is characterized by lower gamma ray val-
ues and higher sonic velocities, compared with the un-
derlying interval. The gamma ray readings vary
strongly throughout this interval. The upper boundary
is located at a pronounced fall in the gamma ray values.
The log features and the cuttings samples suggest a
sequence of interbedded claystone, sandstone, and silt-
stone. Greyish colours dominate.

Haldager Sand Formation, 630-457 m b.RT, 592.7-
419.7 m b.MSL:

This interval is characterized by gamma readings that
vary from very low to high values. The log shows
blocky motifs with low values, upwards decreasing val-
ues, and thin intervals with high values. The sonic
velocities are high and relatively constant compared to
the overlying interval. Together with the content of the
cuttings samples, these log-features indicate uniform
sandstone beds interbedded with upwards-coarsening
sequences and thin beds of claystone. Grey colours
dominate in the coarse-grained sediments, and dark
brown to black in the claystone. Lignite and coal is
often present in the cuttings samples.

Flyvbjerg Formation, 457-420 m b.RT, 419.7-382.7
m b.MSL:

The interval is characterized by relatively high gamma
ray values at the base, decreasing to low values in the
upper part, and by variable but high sonic velocities.
The upper boundary is located at an increase in gamma
ray values. The log features together with the cuttings
samples, reflect a claystone sequence that becomes
progressively interbedded with sandstones upwards.
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Bgrglum Formation, 420412 m b.RT, 382.7-374.7 m
b.MSL:

This interval is characterized by high gamma ray read-
ings, indicating a claystone sequence. The upper
boundary is located at a decrease in gamma ray values
and corresponding increase in sonic velocities. This
thin interval is distinct from the log-motifs of the under-
and overlying formations and is tentatively referred to
the Bgrglum Formation.

Frederikshavn Formation, 412-154 m b.RT, 374.7-
116.7 m b.MSL:

The lower half of the interval is characterized by var-
iable, upwards decreasing gamma ray values, and the
upper half by upwards increasing values. The upper
boundary is located at a clear increase in gamma ray
values. The gamma ray readings and the cuttings sam-
ples suggest a dark grey claystone sequence with an
increasing amount of sandstone downwards.

The log-motifs suggest subdivision of the formation
as follows: 412-332 m unit A, 332-274 m unit B, and
274-154 m unit C (fig. 8).

The interpretation of the gamma ray log is slightly
questionable, since it was measured through casing
down to 321 m.

Vedsted Formation, 154-109 m b.RT, 116.7-71.7 m
b.MSL:

The interval is characterized by a constant gamma ray
curve, with typical claystone values. The upper bound-
ary is located at a pronounced drop in the gamma ray
values. The cuttings samples indicate grey claystone.

Quaternary, 109-56.4 m b.RT, 71.7-19.1 m b.MSL
(sea floor).

Chronostratigraphy

Cambrian 3363(TD)-3196 m b.RT, 3325.7-3158.7 m
b.MSL:

The informal units, the quartzite and much of the “high
gamma ray unit” are here referred to the Cambrian on
the basis of log correlation supported by poor bio-
stratigraphic data.

The quartzite is a similar facies as described by Ham-
berg (1991) from outcrops of the Lower Cambrian Har-
deberga Sandstone in Scania and it is correlated with
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this formation, which is regarded as a time equivalent
of the Nexg and Balka Sandstones on Bornholm (Berg-
strom et al. 1982, Gravesen & Bjerreskov 1984).

The “high gamma ray unit” can be correlated with
the Green Shales, Rispebjerg Sandstone, Exsulans
Limestone, Lower Alum Shale, Adrarum Limestone,
Upper Alum Shale, and Dictyonema Shale of Born-
holm and the equivalent units in Scania. Comparison of
the gamma ray log with the logs published by Pedersen
& Klitten (1990) indicates similar lithofacies develop-
ment. The lithologic data available from the “high
gamma ray unit” do not justify subdivision into the
Cambrian lithostratigraphic units described from Born-
holm or Scania. However, the Upper Alum shale is
probably present in the upper part of this unit (fig. 12;
see discussion below). Furthermore, if the correlation
shown in fig. 12 is accepted, the Cambrian-Ordovician
boundary may be located at approximately 3196 m.
Poor biostratigraphic data suggest that the sediments at
approximately 3240 m are not older than Late Cam-
brian.

Ordovician and Silurian, 3196-2301 m b.RT, 3158.7-
2263.7 m b.MSL:

The informal lithostratigraphic units, Dark grey to
black claystone, Claystone and interbedded siltstone,
and Dark grey, brownish claystone, are referred to the
Ordovician and Silurian on the basis of scarce bio-
stratigraphic data and lithostratigraphic correlation
with the stratigraphic sequences known from the Scania
and Bornholm.

Microplankton from a sidewall core lowermost in the
dark grey to black claystone (3158 m), indicate an age
not older than the Tremadocian, and Tremadocian
forms are found higher up in the unit, at 3060 m. The
very dark colours of the claystone and the very high
gamma ray values in the interval 3173.5-2938 m, sug-
gest a general correlation with the Ordovician-Silurian
graptolite shales known from Bornholm.

The overlying claystone and interbedded siltstone
unit, 2938-2744.5 m, has only yielded a few, poor bio-
stratigraphic indicators. Analysis of the sidewall core at
2843 m indicated an age not younger than the Llan-
virnian, whilst acritarchs found in the sidewall core at
2761 m suggest an Early Ludlovian age. The dark grey
colour of the claystones support an overall correlation
with the Ordovician and lower Silurian in Scania and
on Bornholm.

Correlation with the gamma ray logs from shallow
wells on Bornholm (Petersen & Klitten (1990) show a
high degree of conformity, both in log-motifs and
trends (fig. 12). It is possible to correlate with the log
units from Bornholm in great detail, which may lead to
the conclusion that the sedimentation was controlled by
the same factors in both areas. If this correlation is
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accepted, the Ordovician-Silurian boundary can be ten-
tatively placed at approximately 2982 m. This boundary
will be used below, although it is not in agreement with
the preliminary biostratigraphic date from 2843 m,
mentioned above.

The uppermost unit, 2744.5-2301 m, is correlated on
lithostratigraphic grounds with the Colonus shale in
Scania. A cuttings sample at 2429 m yielded acritarchs
that indicate an age not younger than Late Ludlovian; a
sample from 2302 m suggests an age not younger than
the Devonian. This would suggest a thickness of ap-
proximately 240 m of the Lower and Middle Silurian,
which is comparable to that known from Scania (Berg-
strom et al. 1990).

K-Ar analysis of cuttings of relatively fresh volcanic
rock material selected from a cuttings sample (2459
2450 m) taken in the claystone sequence yielded ages of
295 and 306 Ma, suggesting a Late Carboniferous age
for the intrusive volcanic rocks.

Devonian, Carboniferous, and Rotliegendes have not
been recognized as sedimentary rocks in this well.
However, volcanic, intrusive rocks of Late Carbon-
iferous age are believed present in the Upper Silurian
sequence.

Zechstein 2301-2263.5 m b.RT, 2263.7-2226.2 m
b.MSL:

Recognition of Zechstein in this well follows similar
arguments to those given previously for the Hans-1
well. Palynomorphs indicating a Late Permian age
were found in the interval 2297-2273 m b.RT. Log
analysis and the cuttings samples indicate the presence
of clastic sedimentary rocks. The juxtaposition of Silur-
ian and late Permian palynomorphs indicates a major
hiatus. On the seismic section (fig. 13), a thin, distinct
sequence bounded by unconformities is present. The
lower unconformity is very pronounced and it ties well
with the major hiatus in the well. The upper uncon-
formity is more subtle and seems to tie with the well
somewhat above the interval identified as Upper Per-
mian. As mentioned earlier, determination of the up-
per boundary of the Zechstein interval in the well is
tentatively, because of subtle log changes. However,
the accurate tie the between section in the well that
contains late Permian palynomorphs and the seismic
interval, which on regional seismic lines can be fol-
lowed into the Zechstein of the Norwegian--Danish
Basin, justify the interpretation of a clastic Zechstein
deposit.



DANISH BASIN

Sw
sec

SORGENFREI - TORNQUIST ZONE

TERNE-1
NE

Upper Cretaceous

Lower Cretaceous

Jurassic

Triassic

Lower Palaeozoic
——

4 -4 Basement

Cretaceous

sec.

Jurassic

Triassic
@//—‘\
D ey
Ordovician-

Silurian

Cambrian

Basement

Scale

b — L4

0 5 Km

Figure 13: Interpretation of the seismic line ADK 84-117/117 A through the Terne-1 well. Location of line is shown on fig. 1.

Triassic, 2263.5-1150 m b.RT, 2226.2-1112.7 m
b.MSL:

The lower Gassum Formation and the Skagerrak For-
mation are referred to the Triassic, which may be com-
plete.

Based on palynomorphs the Gassum Formation in-
terval below 1150 m is assigned to the Rhaetian and
probably part of the Norian. The upper approximately
40 m are characterized by a very rich assemblage of
miospores and dinocysts indicating a Late Rhaetian
age. The more poorly developed assemblage in the
lower part may suggest a Rhaetian-Norian age.

The Skagerrak Formation contains palynomorph as-
semblages of varying densities, but indicating the pres-
ence of the remaining Triassic stages.

Lower Jurassic, 1150630 m b.RT, 1112.7-592.7 m
b.MSL:

The upper part of the Gassum Formation, the F-la

member, and the lowermost part of the F-Ib member is
referred to the Lower Sinemurian-Hettangian on the
basis of palynology. The top of the L.ower Sinemurian
is, therefore, placed approximately ten metres above
the boundary of the F-1a and F-1b members; this is in
accordance with previous work in the basin (Michelsen
1989b).

Poor ostracod assemblages indicate that the upper
boundary of the Upper Sinemurian occurs 10 m below
the top of the F-Ib member. Ostracod and dinocyst
assemblages indicate the upper boundary of the Lower
Pliensbachian is located a few metres below the top of
the F-II member and that of the Upper Pliensbachian
within the F-III member, at distinctive gamma ray and
sonic log motifs known from other well sections (see
Michelsen 1989b).

Palynomorph assemblages indicate a Toarcian (and
Aalenian?) age for the upper part of the Fjerritslev
Formation. The upper boundary of the Lower Jurassic
is here suggested to coincide with the top of the Fjerrit-
slev Formation on lithostratigraphic grounds.
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Middle Jurassic, 630-457 m b.RT, 592.7—419.7 m
b.MSL:

The Haldager Sand Formation is here referred to the
Middle Jurassic primarily on lithostratigraphic grounds
in accordance with Michelsen (1978 and 1989a). Dino-
cyst and miospore assemblages show the presence of
Aalenian to Lower Bathonian sediments. The upper
boundary of the Lower Bathonian occurs within the
overlying Flyvbjerg Formation. However, Middle Ju-
rassic biostratigraphic indicators are restricted to the
Haldager Sand Formation elsewhere in the basin and
no indication of the Callovian stage has yet been found
(Michelsen 1989a). The presence of Lower Bathonian
palynomorphs in the Flyvbjerg Formation may be due
to reworking but may also represent new important
stratigraphic evidence which should be studied further
(see Sxby-1).

Upper Jurassic, 457-274 m b.RT, 419.7-236.7 m
b.MSL:

Ostracod and palynomorph assemblages refer the
Bgrglum Formation and the lowermost part of unit A
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of the Frederikshavn Formation to the Upper Oxfor-
dian and the Kimmeridgian. The remaining part of unit
A and unit B are referred to the Volgian.

The dinocyst species recorded at the top of unit B
correspond to those found in the same lithostrati-
graphic position by Davey (1982). This may indicate
that the Jurassic-Cretaceous boundary occurs at the top
of unit B.

?Lower Cretaceous, 274-109 m b.RT, 236.7-71.7 m
b.MSL:

The Vedsted Formation and unit C of the Frederiks-
havn Formation are referred to the Lower Cretaceous
on lithostratigraphic grounds. Palynomorphs recovered
from this interval have ranges from Volgian to Ryaza-
nian and are, therefore, not diagnostic.

Upper Cretaceous and Tertiary sediments have not
been penetrated.

Quaternary, 109-56.4 m b.RT, 71.7-19.1 m b.MSL
(sea floor).



Stratigraphy

Lower Palaeozoic
Stratigraphic correlation

Lower Palacozoic strata were encountered in the
Terne-1 well, which penetrated the most complete
lower Palaeozoic section that has been drilled to date in
the Danish sector. Biostratigraphic data from this sec-
tion are sparse, and of variable quality, taking into
account the possibility of cavings in the cuttings sam-
ples and of reworking. Much of the biostratigraphic
indicators mentioned previously are, however, from
sidewall cores.

The recently published gamma ray measurements
from shallow wells in the lower Palaeozoic of Born-
holm (Pedersen 1989, Pedersen & Klitten 1990) may
have a significant stratigraphic potential. These logs
correlate very well with the gamma ray readings from
the Terne-1 well and it is possible to identify log units
with characters corresponding to those from Bornholm
(fig. 12). This high degree of similarity is attributed to
the widespread uniform shallow marine shelf setting
that characterized both the Scania and the Bornholm
region and probably also the area of the Sorgenfrei-
Tornquist Zone and adjacent parts of the Danish region
to the west during much of the early Palacozoic.

Log-readings recorded in fine-grained siliciclastic
sediments reflect minor variations in composition and
texture of the sediments controlled by the overall envi-
ronmental conditions including, amongst other things,
minor sea-level changes. It has been shown that log
motifs are valuable tools in chronostratigraphic correla-
tion (Mitchum et al. 1977, Rider 1986, Michelsen
1989b). Major abrupt changes in the log readings, on
the other hand, probably indicate the presence of hiati
or diastems.

Log correlation may, therefore, represent the best
tool for understanding the stratigraphy of the lower
Palacozoic succession in the Terne-1 well. The coinci-
dence of vertical facies development can be estimated
from the two set of logs (Terne-1 and Bornholm) and it
is, therefore, possible to suggest a chronostratigraphic
correlation (Rider 1986, Michelsen 1989b).

Earlier in this paper, the Cambrian-Ordovician and
Ordovician-Silurian boundaries in the Terne-1 well
were proposed on the basis of such chronostratigraphic
log correlation, whereas the Silurian-Zechstein bound-
ary is based on lithostratigraphic evidence, supported
by biostratigraphic and seismic data. In fig. 12, all the

unit boundaries presented by Pedersen & Klitten
(1990) are correlated with the Terne-1 succession. It is
not the intention, however, to propose precise chro-
nostratigraphic subdivision of Terne-1. The presence of
the numerous, often significant hiati in the Bornholm
section makes such a precise chronostratigraphic sub-
division of the Terne-1 succession questionable. How-
ever, strata below a correlation line in one section are
assumed to be older than the strata above the line in
the other section. Most of the correlation lines are
placed at rather abrupt changes in the gamma ray read-
ings, indicating the presence of minor hiati.

The old Slagelse-1 well, drilled in central Sjzlland, is
the only other Danish well which encounters lower
Palacozoic sediments (Sorgenfrei & Buch 1964). De-
tailed biostratigraphic analyses based on macrofossils
from cored sections were carried out by Poulsen (1969,
1974). Poulsen referred the uppermost 170 m of the
lower Palaeozoic sequence to one graptolite zone
within the upper part of the Rastrites Shale. The under-
lying 85 m were referred to the Rastrites Shale unit on
the basis of lithology. The underlying black shale se-
quence (Sorgenfrei & Buch 1964) showing very high
gamma ray readings was correlated with the Alum
Shale. Poulsen (1969) identified a trilobite zone from a
core beneath the Alum Shale; he referred that se-
quence to the chronostratigraphic interval between the
Alum Shale and the Hardeberga Sandstone on Born-
holm. The lowermost part of the well section comprises
the so-called Slagelse quartzite, which was assumed to
be a time-equivalent of the Hardeberga Sandstone
(Poulsen 1969). Thus, the Slagelse-1 well section com-
prises Cambrian and Lower Silurian sequences,
whereas the Ordovician apparently is absent.

Correlation of the gamma ray log from Slagelse-1
confirms the presence of a sequence equivalent to the
Alum Shale (fig. 12). The Lower Silurian of the Slag-
else-1 well correlates with the upper part of the Ras-
trites Shale equivalent in Terne-1. The 17 m thick se-
quence below the Alum Shale equivalent in Slagelse-1
may correlate with the Exsulans Limestone and the
Rispebjerg Sandstone equivalent in Terne-1 and thus
the Exsulans Limestone and the Rispebjerg Sandstone
on Bornholm. A one meter cored section in the middle
of this interval in Slagelse-1 has been determined to the
Lower Cambrian (Poulsen 1969). The gamma ray mo-
tifs of the Slagelse quartzite correlates with the Ris-
pebjerg Sandstone equivalent in Terne-1. The two
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cored sections of Slagelse quartzite, one meter in thick-
ness, are described as quartzite with “extremely rare”
glauconite and scattered “minute crystals of pyrite” and
interbedded with 5-10 m thick intervals of mudstone
(Poulsen 1969). These data do not yield any basis for
either correlating the Slagelse quartzite to the Rispe-
bjerg Sandstone or the Hardeberga Sandstone on
Bornholm. We prefer the latter correlation, which was
also suggested by Poulsen (1969).

Thickness distribution

The recorded lower Palacozoic succession in the
Terne-1 well indicates a general increase in thickness
relative to Scania and Bornholm (see table 1).

The apparent similarity of thicknesses of the Cam-
brian successions in Terne-1 and on Bornholm results
from the fact that the Green Shale is estimated to be
100 m thick on Bornholm and the corresponding se-
quence in the well is less than 25 m thick. With this
exception, the Cambrian-Ordovician sequence is
thicker in the Terne-1 well than in the Bornholm area.
The greater thicknesses observed in the well may be
due to a more complete stratigraphic record. As an
example, the log correlation demonstrates the presence
of a sedimentary series in Terne-1 that is not repre-
sented on Bornholm occurring between correlations of
the Dictyonema Shale and the Komstad Limestone (fig.
12). Within the Ordovician succession, the thickened
intervals generally occur in correlations of the shale
units on Bornholm, possibly indicating that the hiati
recognized on Bornholm were of less significance in the
Terne-1 area.

Comparison of the Silurian thicknesses is based on
the 160 m of Rastrites and Cyrtograptus Shales on Born-
holm, 150-250 m of the corresponding sequences in
Scania, 280 m in Slagelse-1, and the 250 m thick shale
succession that underlies the volcanic series in the
Terne-1 well. The younger Colonus Shale and Oved-
Ramsésa series of Scania are estimated to be at least
800 m thick. Time equivalent sediments are absent on
Bornholm, whereas a 450 m thick interval of dark grey
shale intercalated with volcanic rocks occur in the
Terne-1 well. In both Slagelse-1 and Terne-1, the lower
Palaeozoic sequence was drilled on the upthrown part
of tilted fault blocks below the Permian unconformity,
and seismic data indicate that a significant portion of
the lower Palaeozoic is missing at both localities (e.g.
fig. 13). Hans-1 was drilled on the downthrown fault
block (fig. 5), and did not encounter the lower Palaeo-
zoic. An estimate of the thickness of the lower Palaco-
zoic in Kattegat is thus difficult to obtain. Combining
well data and seismic data, however, a maximum thick-
ness can be estimated. At Hans-1, the TWT from the
Cambrian quartzite reflector (known from Terne-1) to
the TD of Hans-1 is 1280 msec. Using an average
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interval velocity of 5000 m/sec as suggested by well
velocity data from Terne-1 and stacking velocities at
Hans-1, a thickness of the Cambrian-Silurian of 3200 m
is obtained. In Terne-1, the thickness of the Cambrian-
Ordovician sequence above the quartzite is 370 m.
Assuming a similar thickness in the Hans-1 area gives
an apparent Silurian thickness of approximately 2830
m. The dipmeter data indicate an average dip of 24°
towards the northeast; correcting for dip, the maximum
Silurian thickness is approximately 2600 m.

The chronostratigraphic position of this sequence,
ranging from the Silurian-Ordovician boundary in
Terne-1 to the TD in Hans-1 is not well documented.
Biostratigraphic evidences from the uppermost part of
the sequence in Terne-1 suggest an age not younger
than the Late Ludlovian — Devonian. A few palyno-
morphs from the basal beds in Hans-1 are known from
the Upper Carboniferous and Permian. There is no
pronounced unconformity below TD in Hans-1 on the
seismic sections, that may correspond to top Silurian.
The seismic reflector pattern corresponding to the low-
ermost sequence in Hans-1 extends 1-200 ms below
TD. The thickness of the Silurian can not be further
constrained and can only be stated to be less than 2600
m which is in accordance with previous work (e.g.
Michelsen & Andersen 1981, Bergstrom et al. 1990,
Vejbzk 1990).

Upper Palaeozoic

In Hans-1, a section of well-bedded clastic rocks, 254.5
m thick, was recorded. It is overlain by extrusive basalt
beds interbedded with siltstone beds and a claystone
series uppermost. This total succession is referred to
the Upper Carboniferous by poor biostratigraphic evi-
dence. It is overlain by a coarse clastic sequence in-
cluding reworked volcanic rocks, corresponding to that
penetrated in Seby-1. This 550 m thick volcaniclastic
secquence is referred to the Rotliegende on lithostra-
tigraphic grounds. It is succeeded by Zechstein depos-
its.

With the exception of the 680 m thick section in the
R-1 well situated in the Horn Graben, this represents

Table 1.: Calculated thicknesses of lower Palaeozoic
successions within the Fennoscandian Border Zone

System Terne — Hans Slagelse-1  Scania Born-
section holm
Silurian max 2600 m 280 m 1000 m 160 m
Ordovician 192 m 0 115 m 30 m
Cambrian 178 m 50 m 80 m 130 m

The Hardeberga Sandstone is not included since the base of the
sandstone was not penetrated in the wells. The well data have not
been corrected for structural dip. The thicknesses presented for
Slagelse-1, Scania, and Bornholm are taken from Poulsen (1969 and
1974), Bergstroém et al. (1982), and Gravesen & Bjerreskov (1984).
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Figure 14: Geo-section from the margin of the Oslo-Bamble
Trough (from Vejbzk 1990). Location is shown on fig. 1.
Legend on fig. 15.

the thickest Rotliegende sequence drilled within the
Danish sector. Geosections presented by Sgrensen &
Martinsen (1987) indicate that the Rotliegende is typ-
ically much thinner elsewhere in the sector. However,
thicknesses increase dramatically on the downthrown
side of the main faults that controlled halfgraben devel-
opment on the Skagerrak-Kattegat Platform and in the
Sorgenfrei-Tornquist Zone. At the margin of the Oslo
Graben — Bamle Trough complex a lower Palaeozoic
sequence about 2 km thick is overlain by almost 2 km of
presumed Uppér Carboniferous — Lower Permian vol-
caniclastic rocks (fig. 14). Furthermore, in the tilted
fault block in North Jylland north of the Bgrglum
Fault, a thick sequence almost 1.5 km of volcaniclastic
rocks is present (figs 10 and 15). The Saby-1 well
encountered the uppermost 200 m of this sequence (fig.
10). Dipmeter data in Hans-1 indicate presumed struc-
tural dips that range from 20-24° at the base to 4-6°
towards the top of the sequence which together with
the seismic data clearly indicate syn-rift deposition.
Poor dipmeter data from Saby-1 suggest a similar syn-
tectonic sedimentation pattern.

A thin Zechstein sequence developed in a clastic
facies occurs above an unconformity recognized on the
seismic sections and tied in to Hans-1 and Terne-1 at
important log-breaks. The presence of glauconite and
possibly acritarchs in Terne-1 suggest a marine influ-
ence. Terne-1 is the well located closest to the Norwe-
gian-Danish Basin, where Zechstein carbonates and
evaporites were deposited. Zechstein deposits are ab-
sent in the Saby-1 well which is located farther away
from the basin on the Skagerrak-Kattegat Platform;
here the Lower Triassic onlaps Rotliegende on the han-
gingwell and the crystaline basement on the footwall
(fig. 10).

Mesozoic

Triassic sedimentary rocks were encountered in all
three wells. They comprise the Skagerrak and Gassum
Formations. Palynomorphs from the younger parts of
the sequences evidence the chronostratigraphic sub-
division. The thickness of the Triassic varies from 536 m
in Szby-1to 1113 m in Terne-1 and 1187 in Hans-1. The
first two of these figures are in accordance with the map
published by Bertelsen (1980, fig. 3) whereas the thick-
ness in Hans-1 exceeds the expected figure. It is worth
noticing the contrast in thickness from 1113 and 1187 m
in the Sorgenfrei-Tornquist Zone to 536 m on the Ska-
gerrak-Kattegat Platform. A similar thickness change
across the Bgrglum Fault is demonstrated by the seis-
mic data (fig. 5).

The thickness of the Gassum Formation in Szby-1 is
34 m, which is close to that expected from neighbouring
well data. The 300 m thickness of the formation in the
other two wells, however, greatly exceeds the thickness
previously recorded from the Danish Subbasin, al-
though the formation is 235 m thick in the Lavg-1 well
to the southeast, close to the Fennoscandian Border
Zone.

Good lithostratigraphic and biostratigraphic evi-
dence from the Jurassic succession allows confident
correlation with wells in the Danish Subbasin. The
thickness distribution and the areal extent of the litho-
stratigraphic units are in accordance with previous
data, indicating an overall thinner succession in the
Fennoscandian Border Zone compared to the Danish
Subbasin. However, the 170 m thick Haldager Sand
Formation and the 260 m thick Frederikshavn Forma-
tion in the Terne-1 well reflect the presence of local
depocentres comparable to that drilled in the Hal-
dager-1 well (Michelsen 1978) which is also situated in
the Sorgenfrei-Tornquist Zone. It is worth noticing,
that the preliminary biostratigraphy from the Szby-1
and Terne-1 wells suggests that the hiatus between the
Haldager Sand Formation and the Flyvbjerg Formation
in the Danish Subbasin (Michelsen 1989) is of less
significance or even absent in the Sorgenfrei-Tornquist
Zone.

Lower Cretaceous deposits were encountered in the
Saby-1 and Terne-1 wells, and the Upper Cretaceous in
Saby-1.
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Palaeogeographic aspects

Early Palaeozoic

The shelf and shallow marine sedimentation patterns
that are known from the Baltic region, e.g. Bornholm
seem to have dominated the Kattegat part of the Fen-
noscandian Border Zone during the Cambrian and Or-
dovician. The well data, especially the gamma ray logs,
allow close correlation with Bornholm, indicating a
chronostratigraphic subdivision. The larger thicknesses
in the study area, compared to Scania and Bornholm,
apparantly reflect a more complete stratigraphic suc-
cession. The stratigraphic data do not indicate signi-
ficant syn-sedimentary tectonic activity during the
Cambrian and the Ordovician (see also Bergstrom et
al. 1982 and 1990).

Profile 5

Negvling - 1

This depositional and structural pattern continued
into the early Silurian, whereas a pronounced increase
in subsidence rate (inferred from the increased sedi-
mentation rate) is recognized to have occurred in the
late Silurian in the Kattegat area. Large thicknesses of
the Late Silurian Colonus Shale are known from Scania
(Bergstrom et al. 1982). In Terne-1, the equivalent unit
is 450 m thick and is truncated by the mid Permian
unconformity (fig. 13). The Palaeozoic sequence pre-
served below this unconformity increases in thickness
towards the main graben fault to the east (fig. 13).
Farther east in the Sorgenfrei-Tornquist Zone, at
Hans-1, the Silurian interval is overlain by an Upper
Carbonifereous sequence. By combining well and seis-
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Figure 15: Regional geo-section showing the Danish Subbasin and the Fennoscandian Border Zone (from Vejbzk 1990).
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mic evidence the maximum thickness of the Silurian
interval is estimated to be 2600 m. This interval may
include a thickness of strata equivalent to the Colonus
Shale in Scania. The transition from the inferred Co-
lonus Shale equivalent drilled in Terne-1 to the Rgnde
Formation, known from onshore wells to the west
(Christensen 1971 and 1973), and to the Oved-Ramsasa
Series, known from Scania, should occur within this
seismic sequence, but cannot be distinguished from the
data presented here.

The stratigraphy presented here together with the
seismic data show the development of a rapidly sub-
siding basin. However, the data available are not suffi-
ciently detailed to determine whether 1) this fault zone
was active during the late Silurian, creating a northwest
trending trough (see also Bergstrom et al. 1982 and
1990), or if 2) the zone was part of the region that
included northern Denmark, Scania and Kattegat,
which acted as a rapidly subsiding foreland basin mar-
ginal to the Caledonian deformation front, south of the
Ringkebing-Fyn High (as suggested by EUGENO-S
Working Group 1988). Syn-depositional tectonic activ-
ity is, however, testified by the presence of extrusive
volcanic rocks in the Rgnde and Ngvling Formations in
the basin west of the fault zone (Christensen 1971,
1973).

In view of the clear indications that the Colonus
Trough formed a syn-depositional structural element
(Bergstrom 1984) and the presence of large sedimen-
tary thicknesses in the Kattegat area it could be con-
cluded that the Sorgenfrei-Tornquist Zone was an ac-
tive fault zone during the late Silurian. However, con-
tinuation of the truncated Palaeozoic sequence west of
the Sorgenfrei-Tornquist Zone (see fig. 13) and the
presence of a thick pre-Rotliegende Palacozoic se-
quence in the basin in North Jylland (fig. 15) suggest
that the high Late Silurian subsidence rate also pre-
vailed in the basin west of the fault zone. These data
seem to favour the model proposed by the EUGENO-S
Working Group (1988), as described above.

Late Palaeozoic

Devonian rocks were not identified in these wells and
seem to be absent north of the Ringkgbing-Fyn High.
Since the top of the early Palaeozoic sequence is trun-
cated, as documented by the Terne-1 well section and
seismic data, it is not possible to determine whether
sedimentation continued into the Devonian and the
deposits were subsequently removed by erosion or if
deposition never occurred. More than 500 m of marine
Lower Carboniferous sedimentary rocks were drilled
but not penetrated in the Prslev-1 well, south of the
Ringkgbing-Fyn High (Michelsen 1971, Bertelsen
1972). Carboniferous sedimentary rocks are also pre-
sent in the Borg-1 well and possibly in the Hgnning-1

well (Underwood 1988, Sorgenfrei & Buch 1964). Ma-
rine Carboniferous deposits have been identified in the
Oslo Graben by Olaussen (1981) and discussed by
Bergstrom et al. (1985). The proposed Upper Carbon-
iferous sequence (the “well-bedded sandstone, silt-
stone and claystone” unit) in Hans-1 indicates a Car-
boniferous cover in the fault zone.

The occurrence of Carboniferous palynomorphs in
the Jurassic sediments from Scania and on Bornholm
are evidence of the presence of Carboniferous sedi-
mentary rocks in the Jurassic source area, which prob-
ably was the Scandinavian Shield and parts of the Fen-
noscandian Border Zone (Guy-Ohlson et al. 1987,
Guy-Ohlson & Norling 1988, Nielsen & Koppelhus
1991). It seems probable, therefore, that Carbonifer-
ous sediments extended over the Fennoscandian Bor-
der Zone. The missing “superficial volcanics” in Scania
show that the pre-Triassic “denudation must have been
very effective” in Scania (Bergstrom 1984). The extru-
sive volcanics in Hans-1 and the seismic evidence of
bedded volcanic rocks farther southwest (fig. 5) may be
representative of the extrusive volcanics missing in Sca-
nia. It is thought likely that the border zone subsided
continously and that the volcanic series were covered
by Rotliegende clastics, which locally protected them
against the pre-Zechstein denudation.

Rotliegende sediments are present in the Hans-1 and
Saby-1 wells. The very thick series of Rotliegende
rocks in Hans-1 is comparable to that in the R-1 well, in
the Horn Graben. However, as opposed to the Horn
Graben area where Rotliegende deposition occurs pri-
or to the rifting (Vejbak 1990, fig. 7), deposition is
clearly fault controlled in the Sorgenfrei-Tornquist
Zone. Fault block tilting led to contemporaneous ero-
sion of the footwall and deposition of volcaniclastic
material on alluvial fans located on the hanging wall.
Reddish siltstone clasts which occur in the Rotliegende
section in Hans-1 are of a similar facies to siltstones
occurring in situ deeper in the section (3031.5-2717 m),
it could be argued that these testify to result from
erosion on upthrown part of tilted blocks and on the
footwall block. Severe pre-Zechstein erosion, both syn-
and post-depositional, have obscured the original ex-
tent of the Rotliegende.

The recognition of siliciclastic Zechstein deposits
adds significantly to our knowledge of late Palacozoic
palacogeography. At Terne-1, the Zechstein sequence
consists of dolomitic claystones and clayey sandstones,
which were probably deposited in a marginal marine
environment, as indicated by the presence of glauco-
nite and possible acritarchs. Westwards, towards the
basin, the interval can be followed seismically into car-
bonates. Towards the east the interval pinches out,
reflecting the marginal position (fig. 13).

A Zechstein sequence is also identified in Hans-1.
The deposits may be non-marine as no marine micro-
fossils have been found. Interpretation of the seismic
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section suggests that the Zechstein deposition in this
area occurred very locally as a result of continued sub-
sidence along faults (fig. 5). The geo-section suggests
the presence of at least one more local basin with
inferred Zechstein deposits.

Tectonic activity during the late Carboniferous may
be indicated by the intrusive volcanic rocks drilled in
Terne-1. They are approximately time-equivalent with
the earliest volcanic activity in the Oslo Graben area
(Ro et al. 1990) and with the diabas dikes known from
Scania where, however, only a few metres of vertical
movements can be verified (Bergstrom et al. 1982).
The extrusive volcanic rocks in Hans-1 are probably of
the same age.

Differential block faulting along the Fennoscandian
Border Zone is indicated by the Rotliegende volcani-
clastic sequences in Hans-1 and Szby-1 shown here to
represent syn-rift sequences by the seismic data and
log-data. Rifting along this fault zone seems to be con-
temporaneous or slightly later than rifting of the Oslo
Graben as also suggested by Ro et al. (1990). This is
the first phase in a series of rift events affecting the
Danish North Sea region. The basin farther to the west,
in North Jylland, suffered rifting during the Zechstein
and the Horn Graben during the Triassic (Vejbzk
1990), whereas rift development in the Central Trough,
central North Sea, occurred in the Middle-Late Juras-
sic.

The mid Permian unconformity records probably
both syn- and post-rift erosion. The presence of a thin
Zechstein clastic sequence shows that the subsidence,
that caused the development of the Northern Zechstein
Basin, also locally affected the Fennoscandian Border
Zone.

Mesozoic

The sedimentary facies and inferred depositional envi-
ronments recorded in these wells are in accordance
with data known from the Danish Subbasin (Bertelsen
1978, 1980, Michelsen 1978, Michelsen (ed.) 1981).
The unconformity between the Zechstein sequence and
the Triassic in Hans-1 and Terne-1 (figs 5 and 13) and
the absence of Zechstein deposits at Seby-1 suggest
minor tectonic movements prior to the Mesozoic Era.

The Triassic deposits belong to the Northern Margin-
al Facies Province (sensu Bertelsen 1980). There is a
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clear difference between the thicknesses of the sedi-
mentary sequence that accumulated on the Skagerrak-
Kattegat Platform (S@by-1) and in the Sorgenfrei-Torn-
quist Zone (Hans-1 and Terne-1), which indicates sub-
sidence rates two to three times larger in the latter
zone. It is believed that the Sorgenfrei-Tornquist Zone
continued to experience tectonic activity dominated by
vertical movements with subordinate strike-slip move-
ments (Pegrum 1984, Vejbzxk 1990). The thickest Trias-
sic sequence occurs in the eastern part of the Sorgen-
frei-Tornquist Zone. The stratigraphic distribution of
the Gassum Formation confirms the diachronous na-
ture of the formation, as recorded from previous wells
in the Fennoscandian Border Zone (Michelsen 1975
and 1978, Bertelsen 1978).

The extreme thicknesses of the Middle Jurassic Hal-
dager Sand Formation and the Upper Jurassic to Lower
Cretaceous Frederikshavn Formation are the only
anomalous features of the Jurassic sequence, as com-
pared to those known from the Danish Subbasin. A
comparable thickening of the Haldager Sand Forma-
tion is seen in the Haldager-1 well, situated farther
northwest in the Sorgenfrei-Tornquist Zone. This may
indicate that tectonism along the zone caused greater
subsidence creating space for a thicker and more com-
plete sequence than in the Danish Subbasin. The thick-
ness of the Frederikshavn Formation is comparable to
the thicknesses known from wells north of the Fjerrit-
slev Fault. The formation is mainly bounded to the
northeastern part of the basin, having the time-equiv-
alent and clay-dominated Bgrglum Formation to the
west of the Fennoscandian Border Zone (Michelsen
1989a).

The results of the Late Cretaceous and Early Tertiary
tectonic inversion of the Sorgenfrei-Tornquist Zone
and the subsequent erosion, described by Liboriussen
et al. (1987) and EUGENO-S Working Group (1988),
are evidenced by the well data. Underlying the Qua-
ternary deposits, Lower Jurassic sedimentary rocks are
found in Hans-1 and Lower Cretaceous rocks in
Terne-1. Both wells are situated within this zone. In
Saby-1, on the Kattegat-Skagerrak Platform, Upper
Cretaceous rocks underlie the Quaternary deposits.
This variation in strata subcropping the Quaternary
deposits and the structural pattern are shown by the
geo-sections (figs 5, 10, and 13).



Conclusions

Stratigraphic analysis of the three wells, in the Fen-
noscandian Border Zone, shows the presence of Cam-
brian to Silurian, Carboniferous to Zechstein, and
Triassic to Early Cretaceous clastic sedimentary rocks
and Late Cretaceous chalks, together with Late Car-
boniferous intrusive and extrusive volcanic rocks.

The Cambrian to Lower Silurian sequence can be
correlated in detail with the sequence known from
Bornholm and Scania and is similarly interpreted to
represent shelf and shallow marine deposits. The
slightly thicker sequence found in the Kattegat well,
Terne-1, is suggested to represent a more complete
stratigraphic sequence with less significant hiati than
known from the southeastern areas. Tectonic activity
during this time interval along the Fennoscandian Bor-
der Zone cannot be demonstrated.

The inferred Upper Silurian sequence is interpreted
to represent deposition in a rapidly subsiding foreland
basin marginal to the Caledonian front, south of the
Ringkgbing -- Fyn High. The depositional environment
was deep marine.

A major hiatus comprising the Devonian and the
Early Carboniferous is interpreted from regional con-
siderations, but the present data do not exclude the
possibility of Devonian to Lower Carboniferous depos-
its within the area. The seismic sections indicate gen-
eral structural conformity between the Silurian se-
quence and the sequence referred to Upper Carbon-
iferous; and the hiatus mentioned above does not
appear to be associated with an angular unconformity

that might suggest tectonic movements.
The Upper Carboniferous clastic sequence was de-

posited prior to rifting. The core data indicate that the
sequence was deposited in a fluvial environment.

The Late Carboniferous volcanic activity, probably
heralded the rifting in the Fennoscandian Border Zone.
The claystones covering the extrusive volcanic rocks
(fig. 4) were probably deposited during the initial tilt-
ing. The tilting continued during deposition of more
than 550 m of reworked volcanics and older sedimen-
tary rocks probably on alluvial fans flanking fault
scarps. The seismic section suggests truncation of ex-
tensive volcanic rocks up-dip from the Hans-1 well (fig.
5); a local source is also suggested by the angularity of
pebbles and sand grains.

The unconformity at the base of the Zechstein de-
posits is most pronounced where the Rotliegende sec-
tion is absent, supporting the idea of local erosion
during the Rotliegende.

The Norwegian — Danish Basin subsided and was
transgressed by the Zechstein sea and carbonates and
evaporites were deposited. The regional rise in base
level created space for deposition of a thin veneer of
marginal marine to continental clastics in the Sorgen-
frei-Tornquist Zone.

Before the Mesozoic, a sea-level drop may have oc-
curred as suggested by the unconformity below the
Triassic sequence and by the change in depositional
environment.

The lithology and stratigraphy of the Mesozoic se-
quences correspond to those of the Danish Subbasin.
The presence of a Middle Jurassic depocentre within
the Sorgenfrei-Tornquist Zone suggest a tectonically-
controlled local subsidence within the zone. The Late
Cretaceous to Early Tertiary period of tectonic inver-
sion, as described by earlier workers, is supported by
the data presented here.
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Figure 6: Correlation of the Gassum, Fjerritslev and Haldager Formations between Hans-1, Seeby-1 and Terne-1, together with
Bgrglum-1, Flyvbjerg-1, Frederikshavn-1 and Vedsted-1.



This paper comprises a presentation and interpretation of data from the
first deep wells (Hans-1, Terne-1) within the Kattegat segment of the
Sorgenfrei-Tornquist Zone. The Saby-1 well, located on the Skagerrak-
Kattegat Platform is also included in the study. The wells encountered
Cambrian to Silurian, Upper Carboniferous to Zechstein, and Mesozoic
sedimentary rocks. Furthermore, Upper Carboniferous extrusive and
intrusive volcanic rocks were penetrated.
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