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Seismic reflection data from the Horn Graben area in the southeastern part of the
North Sea, off-shore Denmark, have been interpreted to illustrate the upper crustal
structures around the MONA LISA deep seismic lines. The study area comprises
the southern Horn Graben area and the eastern part of East North Sea High,
where the Caledonian collision suture between Baltica and Eastern Avalonia bends
such that the strike direction changes from ESE in the south to NNW in the
north. Integrated interpretation of normal-incidence reflection data and wide-
angle refraction data reveals substantial occurrences of lower and upper Palaeozoic
strata in the area, thickest below the Horn Graben. This may indicate that Horn
Graben developed as a graben structure during late Palaeozoic in the former
Caledonian foredeep. On the northern and eastern parts of the MONA LISA
deep seismic reflection lines 1 and 3, the main E- dipping boundary fault of the
southern Horn Graben segment appears to be listric at depth with a sub-horizon-
tal detachment at the top of the reflective lower crust. We have mapped the lateral
extent of the lower Permian, volcanic Rotliegend reflector in the study area on
the basis of seismic lines from the RTD-81 survey. Dipping reflections observed
in the sedimentary strata below the Rotliegend reflector are interpreted as Cal-
edonian structures generated by folding and deformation in Lower Palaeozoic
Baltica shelf sediments in the Caledonian foreland basin. A sequence of S- and
W-dipping reflections above 4 s twt are interpreted as preserved Caledonian thrusts
in the upper crustal frontal part of the SW-dipping Caledonian Deformation Front.
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Seismic reflection profiles from the area around the
deep seismic MONA LISA lines show structures in-

The effect of the late-Variscan orogeny on basin
formation around Denmark has been a subject of much

herited from Caledonian collisional processes, Late
Palaeozoic extension and magmatism, and Mesozoic
graben formation (MONA LISA Working Group
1997) (Fig. 1). We present examples of Caledonian
structures in the sediments between the Rotliegend
and basement reflectors in the Horn Graben accom-
modation zone area, the southern Horn Graben and in
small Palaeozoic half-grabens in the basement of the
East North Sea High. Dipping reflections from near-
basement levels are interpreted as Caledonian thrust
and nappe structures. We demonstrate that the front
of such structures may be consistently mapped as the
upper part of a curved, SW-dipping, crust-cutting re-
flection band.
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debate. Vejbeaek (1990) considered the Horn Graben
as a mainly Mesozoic structure. Here, we show im-
ages that suggest a main component of Late Carbon-
iferous to Early Permian extension for the graben for-
mation, associated with volcanic activity and possi-
bly magmatic underplating.

Conventional seismic normal-incidence reflection
data recorded to 7 sec two-way-traveltime (s twt) from
the RTD-81 and NP85N surveys illustrates the near-
surface sedimentary structures in the Horn Graben area
where the two deep seismic 26 s twt MONA LISA
profiles 1 and 3 intersect (Fig. 2). The network of 7 s
twt sections allows correlation of the near-surface sedi-
mentary sequences and helps to constrain the lateral
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Fig. 1. Tectonic map of the North Sea region showing the location of the MONA LISA profiles (ML1-4). The study area
around Horn Graben is shown by the black square. Basement ages at boreholes are indicated: Precambrian age (880-825
Ma) by squares and Caledonian age (450-415 Ma) by circles. The present day position of the three crustal plates (Baltica,
Laurentia and E. Avalonia) involved in the Caledonian collision are indicated. Abbreviations; CDF: Caledonian Defor-
mation Front; TEF: Trans-European Fault; EL: Elbe Lineament; IS: lapetus Suture; MNRFH: Mid North Sea—Ringke-
bing Fyn High; HG: Horn Graben; CG: Central Graben; MC: Midlands microcraton; VDF: Variscan Deformation Front;
NGB: North German Basin; NDB: Norwegian Danish Basin; STZ: Sorgenfrei Tornquist Zone; RG: Rgnne Graben.
(Modified after MONA LISA Working Group 1997).

extent of the variations in structures observed on the ~ Geological setting

MONA LISA profiles. The main emphasis will be on  During the end of the Ordovician and Early Silurian,

the sedimentary sequence of the Caledonian foredeep  the present day North Sea was the scene of the Cal-

which is now preserved between the Rotliegend and  edonian triple plate collision between two major con-

basement reflectors, and the possible connection with  tinents, Laurentia and Baltica, and a Gondwana-de-

deeper crustal structures will also be discussed. rived micro-continent Eastern Avalonia (E. Avalonia).
Prior to collision the Tornquist Sea, a narrow ocean,
separated Baltica and E. Avalonia (Cocks & Fortey
1982). Today, the most compelling evidence for the
existence of the Caledonian orogen are the contrast-
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Fig. 2. Location map of the

seismic lines from the NP85N- N
survey in the Horn Graben area

and the position of the deep

seismic MONA LISA profiles.
The profiles discussed in the
text (Figs 4-10) are marked by
thick black lines. Abbrevia-
tions: n-HG: northern Horn

INEZ-1®

Graben segment; a-HG: Horn
Graben accommodation zone;
s-HG: southern Horn Graben
segment; ENSH: East North
Sea High; WSB: West Schles-
wig Block. Shaded signature
illustrates areas on East North
Sea High where the Rotliegend
reflector is absent. Also shown

are the location of the S-1 and
R-1 wells and the main faults of
Horn Graben.
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ing basement ages encountered from well-cores in the
Mid North Sea - Ringkebing Fyn High sampled across
the Caledonian Deformation Front. It separates 880-
825 Ma K-Ar dated Precambrian basement to the north
and east from 450-415 Ma Ar-Ar dated Caledonian
deformed basement and sediments to the south and
west (Larsen 1971; Frost et al. 1981). Ziegler (1990)
defined the Caledonian Deformation Front as the
cratonward limit of Late Silurian-earliest Devonian
folding and décollement thrusting that affected Early
Palaeozoic sediments and Precambrian basement.
Vejbeek (1990) interpreted S-dipping reflections in the
pre-Permian basement of the Horn Graben area as
seismic images of Caledonian overthrusted metamor-
phic rocks. MONA LISA Working Group (1997) pre-
sented crust-cutting, S-dipping reflections between 1.9
and 11 s twt on the two N-S striking MONA LISA
profiles and similar W-dipping crustal reflections on
the two E-W striking profiles. These crustal reflec-
tions are interpreted as deep seismic images of the
crustal collisional suture (i.e. deep continuation of the
Caledonian Deformation Front) indicating north- to
eastward thrusting of E. Avalonia crust over Baltica
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crust during the northward closure of the Tornquist
Sea. Integrated interpretation and modelling of the
MONA LISA normal-incidence and wide-angle data
from the two N-S striking profiles show that these S-
dipping crustal reflections coincides with a suture zone
separating a three-layered Baltica type crust of high
average velocities to the north from a two-layered E.
Avalonia type crust of low average velocities to the
south (Abramovitz et al. 1998; Abramovitz & Thybo
in review).

The Mid North Sea—-Ringkgbing Fyn High is a
roughly E-W striking basement high which extends
for ~800 km across the North Sea and onshore Den-
mark to the Baltic Sea (Sorgenfrei & Buch 1964;
EUGENO-S Working Group 1988; Cartwright 1990;
Ziegler 1990). The basement high consists of indi-
vidual blocks which are divided by N-S striking
grabens, i.e. the Central Graben, Horn Graben, the
onshore Brande Graben and Rgnne Graben further to
the east. The basement high came into existence dur-
ing regional tectonic activity in Late Carboniferous
to Early Permian times (Cartwright 1990). The Mid
North Sea—Ringkgbing Fyn High acted as a barrier
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Fig. 3. Map of the two-way traveltime to the Rotliegend reflector based on interpretation of seismic lines from the RTD-
81 survey (thin stippled lines) and the MONA LISA seismic lines (marked by ML1-4). The map illustrates the division of
Horn Graben into a southern and northern segment. The Rotliegend reflector is absent on seismic lines from the East
North Sea High as shown by the shaded signature. Contour interval is 200 ms.

between the northern and southern North Sea basins
during the Permian; i.e. the Norwegian-Danish Basin
(NDB) and the North-German Basin (NGB). The base-
ment block west of Horn Graben will be referred to as
the East North Sea High.

The tectonic evolution of the N-S striking Horn
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Graben of the southeastern North Sea has been dis-
cussed by several authors (Best et al. 1983; Vejbeak
1990; Clausen & Korstgard 1993; Clausen & Korst-
gard 1994). Horn Graben is composed of a northern
and a southern segment, and the two segments have
the form of oppositely verging half-grabens which are
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divided by an accommodation zone around the R-1
well. The boundary faults are W-dipping in the north-
ern and E-dipping in the southern segment. This pa-
per concentrates on structures in the accommodation
zone area and the southern segment. The E-dipping,
main boundary fault separates the southern half-graben
from the basement high of the East North Sea High to
the west. The main graben fill consists of an up-to 3 s
twt thick Triassic sequence which is underlain by
Zechstein deposits in the southern segment. The pre-
Zechstein basal fill of the graben is considered to be
of Devonian, Carboniferous and Rotliegend age
(Vejbaek 1990). Lower Permian Rotliegend volcanic
rocks have been encountered in borehole cores from
the R-1, D-1 and C-1 wells in the northern part of the
Horn Graben area. The Rotliegend deposits in the
Danish region consist of volcanic and associated sedi-
mentary rocks. The composition of the Rotliegend
volcanics in the Horn Graben area ranges from a bi-
modal alkaline-transitional basaltic suite to a rhyolite-
rhyodacite suite that are genetically related by frac-
tional crystallization (Aghabawa 1993). K-Ar age
determination methods yield ages of 274-237 Ma for
the volcanics in the borehole cores.

The North German Basin, south of the Mid North
Sea—-Ringkgbing Fyn High, was initiated during
Devonian basin formation probably as a result of post-
orogenic gravitational collapse of the North German
Caledonides. The Caledonian structures may have
been reactivated during the Late Carboniferous to

Early Permian Variscan wrench tectonics where crustal
thinning and associated magmatic activity formed the
southern Permian basin, which now contains up-to 10
km sediments of Devonian to Cenozoic age (Aichroth
et al. 1992; Brink et al. 1992). The northern part of
the North German Basin is the West Schleswig Block,
which forms the southern slope of the Mid North Sea—
Ringkebing Fyn High (Best et al. 1983).

Seismic images

The most prominent marker reflection of the Horn
Graben area is the Rotliegend reflector. Its strong seis-
mic signature is caused by the impedance contrast
between the Lower Permian volcanics and sediments
as encountered in borehole cores from the R-1, D-1
and C-1 wells. The Rotliegend reflector outlines a
major unconformity between pre-rift and syn-rift de-
posits in the Horn Graben area. The unconformity is
imaged by upward truncation of dipping reflections
from the pre-rift deposits.

We have mapped the lateral extent of the Rotlieg-
end reflector in the study area on the basis of inter-
pretation of seismic lines from the RTD-81 survey
(Fig. 3). This map is different from the top Pre-
Zechstein map published by GEUS (Vejbaek & Britze
1994; Vejbaek 1997) because the GEUS-map illustrates
the depth to the top Pre-Zechstein surface whereas our

NP85N-025

Horn Graben

MONALISA 1

MONA LISA 3

Fig. 4. The unconformity of the Rotliegend reflector imaged by the truncation of dipping reflectors in the pre-rift depos-
its on the time migrated, E-W striking NP85N-025 profile from the Horn Graben accommodation zone across the west-

ern boundary fault. (Tertiary = Cenozoic).
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Fig. 5. The unconformity of the Rotliegend reflector illustrated on the eastern part of the E-W striking, unmigrated
MONA LISA profile 3 from the Horn Graben accommodation zone. (Tertiary = Cenozoic).
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Fig. 6. Interpretation of sediment and basement velocity structure along MONA LISA profile 3 in the Horn Graben area.
A) Wide-angle section from ocean bottom hydrophone OBH-13 which was located ~25 km east of the main Horn Graben
boundary fault in the accommodation zone (reduction velocity 6 km/s). The seismic section is superimposed by calcu-
lated traveltime branches from the velocity model. Abbreviations for the refracted phases: S-1: Cenozoic, S-2: Mesozoic,
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S-3: U. Palaeozoic, S-4: L. Palaeozoic, Pg: crystalline basement. B) Observed (open circles) and calculated (crosses)
traveltimes from the velocity model. C) Ray coverage of the velocity model. D) The velocity model showing a Cenozoic
layer of P-wave velocities 1.75-1.86 km/s; a Mesozoic layer of velocities 2.85-3.2 km/s ; an upper Palaeozoic layer of
velocities 4.4-4.5 km/s and a lower Palaeozoic layer of velocities 4.8-5.4 km/s. The crystalline basement of the upper
crust has velocities of 6.0-6.15 km/s. There is no reverse coverage of the model. Depths to the model interfaces are
constrained by the twt from the ML3 normal-incidence section. (Tertiary = Cenozoic).
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Fig. 7. Seismic structures in the strike direction of the Horn Graben along the unmigrated, N-S directed MONA LISA
profile 1. The top basement reflection is pronounced in the northern part of the section (Baltica part). S-dipping reflec-
tions in the southern part of the section near the Horn Graben-West Schleswig Block transition zone are interpreted as
Caledonian thrusts in the upper frontal part of the Caledonian Deformation Front. (Tertiary = Cenozoic).

map illustrates the depth to and the occurrence of the
Rotliegend reflector. Both in the northern and south-
ern Horn Graben segments, the Rotliegend reflector
is locally overlain by Zechstein deposits (\Vejbaek 1990,
1997). However, the Rotliegend reflector can also be
recognized in areas where Zechstein deposits are ab-
sent (Figs 4-5). The contoured two-way traveltime-
isolines varies from 1200 ms to 4400 ms. The Rotlie-
gend reflector is absent on the East North Sea High,
west of Horn Graben, where the pre-Zechstein depos-
its are present (\Vejbak & Britze 1994) in small down-
faulted half-grabens overlain by a Jurassic sequence.
This absence indicates that the Rotliegend rocks have
been removed by erosion during uplift of the base-
ment high.

The top basement is characterised by a strong, con-
tinuous double reflection (Figs 4-5). Such reflections
from the top basement have only been observed from
Baltica crust north and east of the Caledonian Defor-
mation Front in the study area and not in the southern
deeper parts of Horn Graben. The Precambrian crys-
talline basement has been reached by the Ibenholt-1
well, north of East North Sea High in the southern
part of the Danish-Norwegian Basin. Rocks from this
well provide a K-Ar age of 844-781 My +21 My for
the basement (Phillips Petroleum Company 1987). The
seismic signature of the basement reflector in the Horn
Graben area resembles the reflectivity pattern of the
top of the Hardeberg sandstone as observed on the
seismic line K 83-005 from Kattegat around the Terne-
1 well (Fig. 5 in Michelsen & Nielsen 1993). This
sandstone is equivalent to the marine Balka sandstone
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and a lower Cambrian sandstone found in the Slagelse-
1 well in onshore Denmark (Poulsen 1969). Without
well support, we suggest that the strong double base-
ment reflection in the Horn Graben area corresponds
to an offshore equivalent of the top of lower Cambrian
sandstones.

The Horn Graben accommodation zone
In the Horn Graben accommodation zone between the
northern and southern segments two obliquely inter-
secting profiles illustrate the structures in the pre-rift
sequence between the Rotliegend and basement re-
flectors: the eastern part of the E-W striking, unmi-
grated MONA LISA profile 3 (ML3) (Fig. 5) and pro-
file NP85N-025, which is an E-W striking time mi-
grated 7 s twt section (Fig. 4). The seismic marker
horizons have all been tied to the nearby R-1 well fur-
ther north. Both profiles image the structural contact
along the E-dipping main boundary fault between the
basement of the East North Sea High in the footwall
block and the deeper parts of Horn Graben in the hang-
ing wall.

The main fault offsets the basement reflection with
a throw of ~2.1 s twt. The top basement reflector is
outlined by minor fault-bounded blocks with E-dip-
ping fault planes and W-rotated basement surfaces in
the deeper parts (Fig. 5). Between the basement and
Rotliegend reflections a sequence of reflections are
observed. These reflections are W-dipping to sub-hori-
zontal at 1.9-3.1 s on NP85N-025 and E-dipping at
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Fig. 8. Examples of Caledonian structures on seismic sections from the Horn Graben-West Schleswig Block transition
zone. S- and W-dipping reflections are interpreted as Caledonian thrusts identical to those on ML1 (Tertiary = Cenozoic).
A) The time migrated, E-W striking NP85N-007 profile. B) The time migrated, N-S striking NP85N-113 profile.
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1.3-2.2 s on the eastern end of ML3. The thickness of
the pre-rift deposits varies from 0.6 to 1.8 s twt in the
two profiles. A small W-dipping half-graben with
down-faulted, presumably, lower Palaeozoic strata is
observed on NP85N-025 in the East North Sea High,
just west of the E-dipping boundary fault (Fig. 4). This
structure cannot be identified on ML3, although indi-
cated, due to the high noise level and multiples from
the sub-horizontal post-rift sediments of the Chalk
Group.

During the first phase of the MONA LISA project
in 1993, an ocean bottom hydrophone (OBH) recorded
the airgun shots at a position ~25 km east of the main
boundary fault in the Horn Graben accommodation
zone, near the intersection between ML3 and NP85N-
025. Modelling of refracted and reflected upper crustal
seismic phases, as interpreted from the wide- angle
section, provides information about the velocity —
depth structure of the sedimentary layers. Refracted
phases from four different sedimentary layers (S-1 to
S-4) and the refracted phase from the top of the base-
ment (Pg) have been modelled in the velocity model
(Fig. 6). There is no reverse coverage of the model
and the depths to the model interfaces are constrained
by the reflections in the ML3 normal-incidence re-
flection section. The velocity model shows a Cenozoic
layer of P-wave velocities 1.75-1.86 km/s; a Mesozoic
layer (the Triassic to Chalk Group strata) of veloci-
ties 2.85-3.2 km/s and two Palaeozoic layers. The twt
to the base of the Mesozoic layer corresponds to the
observed Rotliegend reflection on the ML3 normal-
incidence section. \elocities are 4.4-4.5 km/s for the
upper Palaeozoic layer; 4.8-5.4 km/s for the lower
Palaeozoic layer and 6.0-6.15 km/s for the crystal-
line basement. The basement topography as deter-
mined from the wide-angle section corresponds to the
basement reflection interpreted on ML3.

Shallow structure of Horn Graben

The shallow structure of the southern Horn Graben
segment can be seen on the NNW-SSE striking MONA
LISA profile 1 (ML1) which is parallel to the strike
direction (Fig. 7). The northern end of ML1 intersects
with ML3 and profile NP85N-025 in the accommo-
dation zone. The unmigrated final stacked section of
the upper 6 s twt of ML1 images the transition from
Baltica to Avalonia crust at the southern edge of Horn
Graben on the West Schleswig Block. The top base-
ment reflector is recognised over a horizontal distance
of ~25 km in Baltica crust at the northern end of the
profile. The basement reflection disappears below
Horn Graben, probably because of multiples from the
overlying thick sedimentary sequence of the graben
and strong attenuation of the seismic signal. S- and N
dipping reflections from 2.2 to 2.6 s twt from the up-
per part of the pre-rift deposits are unconformably
truncated by the Rotliegend reflections in the north-
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ern part of ML1 (Fig. 7). The lower parts of the pre-
rift deposits appear transparent. The N-dipping reflec-
tions correlate with W-dipping reflections on profile
NP85N-025 and the S-dipping reflections continue
beneath the main graben. The pre-rift deposits are pre-
served as an up-to 1 s twt thick sequence between the
Rotliegend and top basement reflectors at the inter-
section between MONA LISA profiles 1 and 3. The
average thickness of the pre-rift deposits appears to
increase southwards from the accommodation zone
(0.7-1.3 s twt) but no estimates can be made from
beneath the graben due to lack of basement reflec-
tions.

The Rotliegend reflector is at 2.2-2.4 s twt in the
north and south, and ~3.8 s in the central parts of Horn
Graben (Fig. 7). In the deep parts of the graben, it is
overlain by Zechstein deposits which onlap the Rot-
liegend reflector to the north. The Triassic syn-rift
sediments are up-to 2.4 s twt thick in the central part
of the graben and thins to the north and south (1.1-
1.0 s twt). A N-dipping fault zone on ML1 marks the
transition from Horn Graben to West Schleswig Block.
The main fault activity in the Horn Graben-West
Schleswig Block transition zone took place during
deposition of the thick lower Triassic sequences of
the Bunter Sandstone Formation and Bacton Group.
The syn-rift sediments are unconformably overlain by
the upper Cretaceous (0.2-0.3 s twt) and the Cenozoic
(0.9-0.8 s twt) post-rift sequences.

Below the Horn Graben-West Schleswig Block tran-
sition zone, a sequence of strong, S-dipping reflec-
tions are observed from 2.6 to 3.5 s twt in the lower
part of the pre-rift deposits. These reflections have
stronger amplitude than the dipping reflections seen
on the northern part of ML1. The S-dipping reflec-
tions occur in a region without observable basement
reflections. They are overlain by a weakly reflective
unit dominated by sub-horizontal reflections, which
we interpret as the upper part of the pre-rift deposits.
Furthermore, on the 26 s twt deep normal- incidence
reflection section of ML1, these S-dipping reflections
continue through the entire crust from 3—11 s twt over
a horizontal distance of ~70 km and terminate at the
reflection seismic Moho (MONA LISA Working
Group 1997, Abramovitz et al. 1998). In agreement
with Vejbak (1990), we interpret these S-dipping re-
flections at the southern Horn Graben edge as images
of preserved Caledonian thrusts in the upper frontal
part (i.e. in the upper crust) of the deep-seated Cal-
edonian Deformation Front.

The S-dipping reflections near the Horn Graben-
West Schleswig Block transition zone correlate di-
rectly with similar S- and W- dipping reflections ob-
served in the same time interval (2.6-3.5 s twt) on
two conventional 7 s twt sections, the E-W striking
NP85N-007 profile and the N-S striking NP85N-113
profile (Fig. 8). The top basement reflector is not iden-
tified beneath the graben or beneath the platform on
the NP85N-007 profile (Fig. 8a). Strong W- dipping
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reflections from the pre-rift deposits and the upper
crystalline crust are observed in both the hanging wall
and footwall block of the Horn Graben-West Schles-
wig Block transition zone. W-dipping reflections in
the footwall block at 2.5 to 3.4 s twt correlate directly
with the strong S- dipping reflections on ML1 at the
point of intersection, thereby verifying the SW-dip of
the reflections. The W-dipping reflections continue
below the graben floor in the hanging wall block at
3.6 t0 4.7 s twt. This lower reflective unit is overlain
by a weakly reflective unit of sub-horizontal reflec-
tions similar to what is observed on ML1 above the S-
dipping reflections. On the NP85N-113 profile (Fig.
8b), a sequence of S-dipping reflections between 2.5
and 4 s twt in the pre-rift deposits extends for a hori-
zontal distance of 16 km beneath the West Schleswig
Block, and they correlate with similar reflections on
NP85N-007 and ML1. Similar S- to W-dipping re-
flections are identified on other profiles and together
their N- to E-ward termination identifies a SW-curv-
ing feature in the area which we interpret as the upper
frontal part of the Caledonian Deformation Front.

We consider the lower unit of the pre-rift deposits
with the W- and S-dipping reflectors to be of early
Palaeozoic age (Cambrian-Silurian) and the upper,
more transparent unit to be of late Palaeozoic age
(Devonian- Carboniferous). The velocity model by
Abramovitz et al. (1998) of the crustal structure along
ML1 shows evidence for an upper Palaeozoic layer
with P-wave velocities of 3.9-4.7 km/s and a lower
Palaeozoic layer of 4.7-5.6 km/s, matching velocities
on ML3 (Fig. 6). The velocities of the lower Palaeozoic
layer are similar to values reported from the Skagerrak
Graben, where they are interpreted as Cambrian and
Silurian deposits (Lie et al. 1993). In the Horn Graben
accommodation zone area, the thickness of the upper
Palaeozoic layer is 1.3 km and the lower Palaeozoic
layer is 1.4-2.0 km thick. The thickness of the lower
Palaeozoic layer increases to 2.5 km below the deep
parts of the graben.

The NP85N-007 and NP85N-113 profiles image the
Horn Graben-West Schleswig Block transition zone
as a WNW-dipping boundary fault (Fig. 8). On these
two profiles, the depth to the Rotliegend reflector var-
ies from 2.1-2.2 s twt on West Schleswig Block in the
south-east to 3.1-3.3 s twt beneath the graben floor,
where it is cut by minor W-dipping faults. The over-
lying Zechstein deposits show lateral thickness varia-
tions from 0.1-0.2 s twt in the west and southeast to
0.8 s twt in a salt wedge near the NW-dipping fault
plane (Fig. 8a). The salt wedge is less pronounced on
the N-S striking profiles (Figs 7 and 8b). Halokinesis
led to collapse of the overlying sediments and a nega-
tive flower structure with several internal synthetic
and antithetic faults (Fig. 8). Similarly, the Triassic
syn-rift deposits display lateral thickness variation
from 1.7-2.0 s twt in the graben to 0.8-1.0 s twt to
the south-east. The post-rift sequence consists of the
~0.3 s twt thick Chalk Group which truncates the up-
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per Triassic reflections at an unconformity between
Upper Triassic and Lower Cretaceous. The Cenozoic
strata have a fairly uniform thickness of 0.9-1.0 s twt
in the area.

Deep structure of Horn Graben

The deep crustal structure of the Horn Graben accom-
modation zone area is illustrated by line drawings of
crustal reflectivity along the northern and eastern parts
of the two deep normal-incidence reflection MONA
LISA profiles 1 and 3 (MONA LISA Working Group
1997) (Fig. 9).

The upper crust is transparent beneath the basement
reflections in the northern part of ML1 (Fig. 9a). A
middle crustal reflective band at 5.8-8 s twt shows a
dome shape of dipping to sub-horizontal reflections.
Two lower crustal, reflective lenses of ~50 and ~30
km width at 8.2-8.6 s twt are symmetrically distrib-
uted around the Horn Graben. Their base coincides
with the termination of crustal reflectivity, i.e. the re-
flection seismic Moho. The internal parts of both
lenses consist of dense bands of dipping reflections
which encompass transparent zones. A narrow sub-
horizontal band at 10.6-10.7 s delineates the base of
crustal reflectivity below the Horn Graben.

On the eastern part of ML3, the upper and middle
crust is transparent beneath the basement reflections
(Fig. 9b). Between 7.7 to 8.6 s twt at middle and lower
crustal depths a gently E-dipping reflective band is
observed which merges with the reflective lower crust
to the east. The base of lower crustal reflectivity is at
10.6 to 11.5 s twt in the easternmost part of ML3. A
strong, high amplitude, coherent double Moho reflec-
tion is observed below the graben near the boundary
fault. West of Horn Graben, the upper crustal reflec-
tivity in the East North Sea High is dominated by a
band of W-dipping reflections from 2.7 t0 6.7 s twt in
the otherwise transparent upper and middle crust. We
interpret these reflections as images of preserved Cal-
edonian thrusts in the upper frontal part of the SW-
dipping Caledonian Deformation Front. The lower
crust of East North Sea High is reflective between 7.4
and 11.5 s twt. The base of crustal reflectivity is at
10.6 to 11.8 s twt (Fig. 9b).

The deep crustal structures on ML1 and ML3 at their
cross-point (Figs 9¢c—9d) show correlating reflective
bands at the top of the lower crust. Tentatively, we
interpret the middle to lower crustal, E-dipping to sub-
horizontal reflective band at 7.7 to 8.6 s twt in ML3
as the downward, listric continuation of the upper
crustal E-dipping boundary fault. This suggests that
the boundary fault has a middle to lower crustal sub-
horizontal detachment. The reflective lower crust in
ML3 correlates with the lower crustal reflective lenses
distributed around Horn Graben in ML1. The veloc-
ity model of ML1 shows high lower crustal velocities
of 6.9-7.2 km/s in the northern end of the profile
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(Abramovitz et al. 1998) where there is a pronounced
gravity high in the area west of Esbjerg (Klingele et
al., 1992). This suggests a correlation between the
reflective, high velocity lower crust and the positive
Bouguer anomaly as an offshore equivalent to the
Silkeborg Gravity High (Thybo & Schénharting 1991).
We interpret these features as evidence for mafic in-
trusions in the middle and lower crust by magmatic
underplating. The origin of these features is probably
associated with the Rotliegend volcanic activity in the
post-Variscan, Late Carboniferous-Early Permian
extensional regime (Thybo & Schénharting 1991;
Thybo 1997).
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The sub-Moho structures show two opposing and
intersecting bands of reflections from the upper man-
tle: on ML1 N- and S-dipping mantle reflections and
on ML3 E- and W-dipping mantle reflections. The
horizontal separation between the Moho offlap of the
two bands is ~50 to 70 km. The N- and E-dipping
mantle reflections correlate at the intersection of the
two profiles (MONA LISA Working Group 1997).
They extend to 20.5 s twt where they terminate at
strong, sub-horizontal reflections at 20.5-21.3 s twt
under Horn Graben in both profiles (Fig. 9c). Addi-
tionally, the S- and W-dipping mantle reflections cor-
relate between the two profiles (Fig. 9d). They also
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Fig. 9. Line drawings of crustal reflectivity based on the 26 s twt MONA LISA deep seismic normal-incidence reflection
profiles 1 and 3. A) The northern part of ML1. The positions of the ocean bottom hydrophones (OBH) along ML1 are
shown by black triangles. Distances refer to the velocity model by Abramovitz et al., 1998. B) The eastern part of ML3.
Distances refer to the velocity model shown in Fig. 6. C) Fence diagram showing the correlation between ML1 and ML3
seen from a southeastern direction. Notice the general correspondence in reflectivity from the top basement, lower crust,
Moho and upper mantle along the two sub- perpendicular profiles. The correlation of the mantle reflective bands identify
a single SW-dipping and a single NE-dipping mantle reflection. D) Fence diagram showing the correlation between ML1
and ML3 seen from a southwestern direction. The distance between the vertical ticks at the top of the ML1 line drawing
is 20 km.
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continue to deep levels further to the south and west
outside the illustrated sections (MONA LISA Work-
ing Group 1997). Similar S- and W- dipping mantle
reflections are observed on MONA LISA profile 2 and
4 and indicate that a bending mantle reflector exists
across the area (Abramovitz & Thybo, submitted).

Half-grabens in East North Sea High

Caledonian structures can also be observed in the base-
ment of the East North Sea High, west of Horn Graben.
The E-W striking NP85N-013 and -014 profiles and
the intersecting N-S striking NP85N-106 profile are
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all located on the East North Sea High (Figs 2 and
10). The seismic marker horizons have been tied to
the nearby S-1 well. The seismic profiles image down-
faulted basins, which are unconformably overlain by
undifferentiated Jurassic strata to the west of the main
Horn Graben boundary fault.

Three SW-dipping half-grabens are imaged above
a SW-rotated basement reflector cut by NE-dipping
fault planes (Fig. 10). The top basement reflection has
the same seismic character as observed on the NP85N-
025, ML3 and ML1 profiles further to the northeast.
Bands of W-dipping reflections at 3 to 4.5 s twt from
the crystalline basement on the E-W striking NP85N-
013 and -014 profiles (Figs 10a-b) match S-dipping
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Fig. 10. Examples of down-faulted SW-dipping half-grabens in the crystalline basement of East North Sea High from
seismic sections west of Horn Graben. S- and W-dipping reflections are interpreted as Caledonian thrusts. (Tertiary =
Cenozoic). A) The time migrated, E-W striking NP85N-013 profile. B) The time migrated, E-W striking NP85N-014
profile. C) The time migrated, N-S striking NP85N-106 profile.

reflections on the N-S striking NP85N-106 profile
(Fig. 10c). The reflectivity of the sediments in the SW-
dipping half-grabens show some resemblance to the
pre-rift deposits beneath Horn Graben, even though
there is no observable Rotliegend reflector on the base-
ment high (Fig. 3). W- and S-dipping reflections from
the lower parts of the sedimentary unit are partly sub-
parallel to the basement reflector (Figs 10a-b). The
upper parts are dominated by weak sub-horizontal
reflections. On the basis of the reflectivity character-
istics, we interpret the sediments in the SW-dipping
half-grabens as pre-rift deposits equivalent to those
observed beneath Horn Graben. Hence, we ascribe an
Early Palaeozoic age to the lower unit with dipping
reflections and a Late Palaeozoic age to the upper
transparent unit.

Interpretation and modelling of the MONA LISA
wide-angle data set from profile 2 indicates an up-to
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2.5 km thick Palaeozoic sequence with velocities of
4.9-5.6 km/s above the crystalline basement of the
East North Sea High (Abramovitz & Thybo, submit-
ted). Zhou and Thybo (1997) interpreted similar oc-
currences of Palaeozoic sediments from magnetic,
gravity and commercial reflection seismic data from
the East North Sea High area. The velocity model of
MONA LISA profile 2 shows basement velocities of
6.10-6.25 km/s at 4 to 5 km depth in the East North
Sea High.

In the eastern parts of the NP85N-013 and -014 pro-
files, the pre-rift deposits are unconformably overlain
by a wedge of Triassic strata (Falster Formation) which
thins west- and northward. The western parts are
overlain by undifferentiated Jurassic strata below a
~0.3 s twt thick Chalk Group. The thickness of the
Cenozoic strata increases westward from 1.0to 1.3 s
twt above the East North Sea High.
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Tectonic conclusions

Integrated studies of normal-incidence reflection data,
wide-angle refraction data and other geophysical data
(Zhou & Thybo 1997, Abramovitz et al. 1998, Abra-
movitz & Thybo, submitted) reveal substantial occur-
rences of Palaeozoic strata and preserved Caledonian
structures in the southern Horn Graben study area.

Preserved Caledonian structures

We interpret S- and W-dipping reflections between
2.6 and 4.5 s twt in the pre-rift sequence in the Horn
Graben area as preserved Caledonian thrust structures
in the upper crustal, frontal part of the Caledonian
Deformation Front generated by the collision between
Baltica and E. Avalonia. The compressional stress field
resulted in faulting, folding and deformation within
the Early Palaeozoic Baltica shelf sediments of the
foreland basin to the north of the Caledonian orogen.
The Caledonian deformed Lower Palaeozoic sedi-
ments are now preserved between the Rotliegend and
basement reflectors and in intra-basement half-grabens
below the sedimentary cover of the East North Sea
High. In the Horn Graben area, the Caledonian De-
formation Front may be interpreted as a 80 km wide
deformation belt in the Lower Palaeozoic Baltica shelf
sediments. The shallow reflections from the upper
crustal part of the Caledonian Deformation Front can
be correlated with deeper reflections from 3 to 11 s
twt on the N-S striking deep seismic MONA LISA
profiles 1 and 2 where they coincide with a south-
ward change in the crustal velocity structure (MONA
LISA Working Group 1997; Abramovitz et al. 1998;
Abramovitz & Thybo, submitted). The SW-dipping
crustal reflection band is interpreted as mylonitization
and shearing along fault planes during tectonic stack-
ing of crustal terranes in the deeper parts of the Cal-
edonian suture zone.

Horn Graben

Pre-rift deposits are preserved as a up-to 1 s twt thick
sequences beneath the Horn Graben accommodation
zone near the intersection of MONA LISA profiles 1
and 3. The average pre-rift deposit thickness appears
to increase southwards beneath the graben. The seis-
mic velocity models along MONA LISA profile 1 in-
dicate up-to 3.5-4.1 km of down-faulted Palaeozoic
rocks below Horn Graben, which suggests an initial
graben of Late Palaeozoic age. Main sedimentary sub-
sidence in the Horn Graben took place during the
Triassic, most pronounced in early Triassic times.
Vejbaek (1990) ascribes a Triassic age to the main
rifting phase with a minor rifting phase in the south-
ern Horn Graben in Rotliegend times as indicated by
minor fault offsets at the base Zechstein reflector. We
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propose that the majority of the pre-rift sequence be-
neath Horn Graben was deposited in a Caledonian
foreland basin on the Baltica plate. The occurrence of
Palaeozoic strata in Horn Graben may be interpreted
in terms of an initial rifting phase during Late Car-
boniferous-Early Permian. This is consistent with
magnetic features and extensional structures of simi-
lar age interpreted by Thybo (1997) in the Tornquist
Fan area further east. The uplift of the Mid North Sea—
Ringkebing Fyn High probably took place during this
episode. As such, we suggest that Horn Graben devel-
oped in the original Caledonian foredeep as a graben
structure during Late Carboniferous-Early Permian
rifting accompanied by magmatic underplating as a
result of late-Variscan dextral crustal movements in
NW-Europe. The main E-dipping boundary fault in
the southern Horn Graben segment appears to be listric
at depth with a sub-horizontal detachment at the top
of lower crustal, sub-horizontal reflectivity. This re-
flectivity may originate from mafic intrusions which
are simultaneous with the Rotliegend volcanics above
the preserved Palaeozoic foredeep sediments.

Dansk sammendrag

Der er gennemfart en tolkning af seismiske reflek-
sionsdata fra Horn Graben omradet i den syd-gstlige
del af Nordsgen med henblik pa en integreret tolk-
ning af de sedimentere strukturer omkring de dyb-
seismiske MONA LISA profiler. De seismiske data
viser strukturer fra den kaledoniske kollision mellem
Baltica og E. Avalonia, palaeozoisk ekstension og
magmatisme, samt mesozoisk graben dannelse og se-
dimentar indsynkning.

I denne sammenhang fokuserer vi p& haeldende re-
fleksioner i det krystalline basement og sedimentere
strukturer i pree-rift sekvensen mellem Rotliegend og
basement reflektorerne i den sydlige del af Horn
Graben. Vi har i undersggelsesomradet kortlagt ud-
bredelsen og to-vejs-tiden (two way traveltime) til
Rotliegend reflektoren, som dog ikke er observeret
pé East North Sea High vest fra Horn Graben. Rot-
liegend reflektoren udggr en markant strukturel
diskordans, idet den afskarer haeldende refleksioner
fra den underliggende paleozoiske pre-rift serie.
Adskillige sma SV-haldende half-grabens med
nedforkastede paleeozoiske pree-rift aflejringer ses i
hgjderyggen vest for Horn Graben.

Vi tolker heeldningen af reflektorerne i pree-rift se-
rien som kaledoniske strukturer dannet ved deforma-
tion og foldning i nedre palaeozoiske sedimenter
aflejret i det kaledoniske fordyb pa Baltica pladen nord
for selve kollisionszonen. Der er observeret S- og V-
haldende refleksioner over 4 stwt i den sydlige del af
Horn Graben ved overgangen til West Schleswig Block
samt i det krystalline basement i hgjderyggen vest for
Horn Graben. De tolkes som kaledoniske overskyd-
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ninger i den gvre del af den SV-haldende Kaledoni-
ske Deformations Front, der kan falges gennnem hele
skorpen i de dyb-seismiske MONA LISA sektioner.
Integreret tolkning af refleksionsseismiske struktu-
rer og refraktionsseismiske data viser at der findes
betydelige magtigheder af nedre og gvre paleeozoiske
aflejringer i omradet. Disse aflejringer har starst
magtighed under Horn Graben, hvilket indikerer at
denne graben struktur initieredes allerede i Palaeozoi-
kum. Den sydlige del af Horn Graben er saledes ud-
viklet i det ldre kaledoniske fordyb i forbindelse med
sen karbon - tidlig permisk ekstensionstektonik, og
dens @-heeldende hovedforkastning har et listrisk for-
lgb i den dybe del af skorpen. Forkastningens sub-
horisontalte udglidningsplan tolkes til at svare til top-
pen af mafiske intrusioner i mellem og nedre skorpe.
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