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Abstract

The origin of regional sedimentary basins is being investigated by the ESTRID project (Explosion Seismic Transects around a
Rift In Denmark). This project investigates the mechanisms of the formation of wide, regional basins and their interrelation to
previous rifting processes in the Danish–Norwegian Basin in the North Sea region. In May 2004 a 143 km long refraction seismic
profile was acquired along the strike direction of a suspected major mafic intrusion in the crust in central Denmark. The data
confirms the presence of a body with high seismic velocity (N6.5 km/s) extending from a depth of ∼ 10–12 km depth into the
lower crust. There is a remarkable Moho relief between 27 and 34 km depth along this new along-strike profile as based on ray-
tracing modelling of PmP reflections. The lack of PmP reflections at a zone of very high velocity in the lowest crust (7.3–7.5 km/s)
suggests a possible location of a feeder channel to the batholith. The presence of volcanic rocks of Carboniferous–Permian age
above the intrusion (mafic batholith) suggests a similar age of the intrusion. An older obliquely crossing profile and two new fan
profiles deployed perpendicular to the main ESTRID profile, show that the batholith is about 30–40 km wide. The existence of this
large mafic batholith supports the hypothesis that the origin of the Danish–Norwegian Basin is related to cooling and contraction
after intrusion of large amounts of mafic melts into the crust during the late Carboniferous and early Permian. The data and
interpretations from project ESTRID will form the basis for subsidence modelling. Tentatively, we interpret the formation of the
Danish–Norwegian Basin as a thermal subsidence basin, which developed after widespread rifting of the region.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The formation of intra-continental sedimentary basins
is an enigmatic phenomenon, which may be caused by a
variety of tectonic, magmatic and geological processes.
There are huge economical interests in understanding the
underlying mechanisms, and substantial research has
⁎ Corresponding author. Tel.: +45 3532 2452; fax: +45 3314 8322.
E-mail address: thybo@geol.ku.dk (H. Thybo).

0040-1951/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.tecto.2006.01.029
been invested in achieving a better understanding of the
tectonic and magmatic processes that govern the
formation and evolution of the sedimentary basins. Rift
processes in the interior of continents are known to
produce deep localised graben structures, which often
extend for long distances along their axes. Depending on
the fate of these rift structures, they may split continents
and lead to the formation of new oceans, such as the
Atlantic Ocean. Alternatively, the rifting processes may
cease and the resulting, aborted rift structures will remain
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as elongated scars in the upper crust and deeper.
Depending on the extent of accompanying magmatism,
subsequent thermal contraction of the crust and mantle
lithosphere may develop deep, wide depressions, which
will be filled with sediments while subsiding, a process
that will be further advanced by the subsidence that is
caused by the weight of the sedimentary infill.

Recent geophysical research on rift zones has
contributed substantially to our understanding of the
formation processes. The East African Rift is an exam-
ple of a presently active rift zone with significant mag-
matic activity. The Kenya Rift International Seismic
Project (KRISP) experiments have shown that the East
African Rift Zone in Kenya is underlain by a relatively
narrow zone of small seismic velocity in the uppermost
mantle interpreted as a zone of partial melt underneath
the rift axis (Achauer and Masson, 2002). The top of the
crystalline crust contains a series of elongated, localised
depressions (grabens), which have been filled with up to
6 km of sedimentary and volcanic rocks (Maguire et al.,
1994; Birt et al., 1997) above a slight uplift of the Moho.
Stretching models of rift formation predict substantial
thinning of the underlying crystalline crust and lithos-
pheric mantle (McKenzie, 1978). However, in central
and southern Kenya, the seismically detected crustal
thinning is significantly smaller than predicted from
manifestations in the upper crust, so other mechanisms
must have affected the evolution (Keller et al., 1994). It
is possible that the true thinning cannot be measured
directly from the present crustal thickness, because
magmatic intrusions may have replaced part of the
original crystalline crust during the stretching. Thybo et
al. (2000) identified seismic reflections, which may be
ascribed to magmatic intrusions into the lower crust in
Kenya and argue that their presence may mask the true
crustal thinning caused by the rifting processes. Recent
seismic projects further north along the axis of the East
African Rift Zone in Ethiopia have shown the presence of
a low-velocity mantle anomaly, which extends deep into
the upper mantle and is slightly offset from the main rift
axis in central Ethiopia (Bastow et al., 2005; Kendall et
al., 2005). The Ethiopian rift zone is highly stretched and
is subject to significant magmatic activity. It is therefore
surprising that the graben structures in central Ethiopia
are relatively shallow and that there is none or only slight
uplift of the Moho below the rift valley. Mackenzie et al.
(2005) instead find a 10 km thick layer at the base of the
crust on the western side of the rift zone, which may
represent a layer of magmatic underplating, similar to
underplated layers below the Kenya Rift Zone (Hay et al.,
1995) and at the margins of oceans (Fowler et al., 1989;
Collier et al., 1994; Berndt et al., 2000).
Other rift zones show less magmatic activity. Among
the presently active zones, the Baikal Rift Zone in the
central part of Eurasia, which is the largest stable
continental mass on Earth, probably has produced the
smallest amount of volcanic rocks at the surface. There is
an ongoing debate if the lithospheric mantle has been
thinned in a wide zone around the Baikal Rift (e.g. Gao et
al., 1994) or if the mantle has been passively stretched in
a narrow, thin, vertical zone, which now can be identified
as a narrow low-velocity anomaly in the mantle suture
between the Siberian Craton and the surrounding terranes
in the Altai–Sayan Fold Belt (Petit et al., 1998).

The North Sea area was rifted in the late Palaeozoic
and early Mesozoic. The rifting events created a series
of graben structures in the area, including the econom-
ically important Central and Viking Graben system (e.g.
Ziegler, 1990). Recent research has indicated that some
of the graben structures in the whole North Sea area may
have formed on top of earlier structures by reactiva-
tion of pre-existing faults and weakness zones (Scheck
et al., 2002). The graben formation was accompanied by
strong magmatic activity, best studied around the Oslo
Graben in the northern part of the region. It has been
suggested that the wide, Mesozoic to Cenozoic sedi-
mentary basins that cover the North Sea region ori-
ginated from thermal contraction after the widespread
magmatic activity (Sorensen, 1986). This model was
substantiated by the interpretation of a large batholith in
the crust of central Jutland (Thybo and Schoenharting,
1991) and in Scania at the Danish–Swedish boundary
(Thybo, 2001). We use the term batholith for the in-
terpreted large mafic intrusion in the crust. Project
ESTRID (Explosion Seismic Transects around a Rift In
Denmark) has been designed to study details of the
presumed magmatic feature in central Jutland, which is
believed to have been emplaced along a transtensional
shear zone at its southern edge. This three year project
includes acquisition of (1) seismic refraction data along
the strike of the crustal body, in order to determine its
lateral extent, the significance of magmatic intrusions
into the crust and the possible existence of volcanic
extrusive rocks in the sedimentary column; (2) a deep
seismic reflection profile across the body in order to
better constrain the emplacement mechanism and geo-
metry of the intrusions, and (3) a 3D shallow seismic
data set to determine if the shear zone is still active.
Here, we discuss data from the first subproject, which
was carried out in May 2004 with acquisition of a
refraction seismic profile along the strike of the pre-
sumed batholith (Figs. 1–3). The interpretations show
that a high velocity body (6.5–6.8 km/s), which may be
interpreted as the batholith, reaches depths of 10–12 km



Fig. 1. The location of the ESTRID refraction profiles shown on a geographic map of Europe. The large square shows the extent of the tectonic–
geologic map in Fig. 2, and the small square shows the area illustrated in the gravity map in Fig. 3.
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in a N80 km long zone. This zone is characterised by
surprisingly large variation in Moho reflectivity, which
we preliminarily ascribe to remnants of the magmatic
processes.

2. Geological–tectonic setting

Oil companies have studied the North Sea region
with geophysical methods for decades because of its
economical importance. It is generally agreed that the
main hydrocarbon bearing structures, the Central and
Viking Graben, were stretched by the end of the Palaeo-
zoic and during the Mesozoic (e.g. Ziegler, 1990). Se-
veral other graben features developed at the same time
throughout Northern Europe (Fig. 2), e.g. the Oslo,
Skagerrak, Horn, and Brande Grabens (e.g. Thybo et al.,
1990; Vejbaek, 1990; Neumann et al., 1992; Ro and
Faleide, 1992). It has been suggested that the extension
was due to forces from the Variscan orogeny further
south, which caused transtensional movement on the
splay of transverse fault zones in the Tornquist Fan
(Thybo, 1997). Recent evidence indicates that some of
these grabens developed by reactivation of pre-existing
graben features (Cartwright, 1990; Abramovitz and
Thybo, 2000; Lassen and Thybo, 2004). This regional
rifting event was accompanied by substantial magmatic
activity (Thybo and Schoenharting, 1991; Neumann
et al., 1992; Benek et al., 1996; Thybo, 2001). It has



Fig. 2. Map of main tectonic and geologic features of the region around the Danish–Norwegian Basin and the Tornquist Fan region (based on Berthelsen
(1992) andZiegler (1990); after Thybo (1997)). The location of themainESTRIDprofile and theEUGENO-Sprofile 2 (EUG2) are shown in the central part of
the map. The Tornquist Fan proper comprises the area between the FBZ and the TEF, incorporating other fault zones such as BF, FF, VFZ and RFZ.
Abbreviations: AG—Ålborg Graben, BBB— Blekinge Bornholm Block, BF— Børglum Fault, GB— Brande Graben, BG— Brande Graben, BMF—
Bamble Fault, CDF—CaledonianDeformation Front, EL—Elbe Lineament, FBZ—FennoscandianBorder Zone, FF—Fjerritslev Fault, GA—Grimmen
Axis,GT—Glückstadt Trough,HG—HornGraben,MH—MønHigh,MNS—MidNorthSeaHigh,MZ—MyloniteZone,OG—OsloGraben,RFH—
Ringkøbing–Fyn High, RFZ— Rømø Fault Zone, RG— Rønne Graben, SG— Skagerrak Graben, SNF— Sveconorwegian Front, STZ— Sorgenfrei–
Tornquist Zone, TEF— Trans-European Fault, TIB— Trans-Scandinavian Igneous Belt, TTZ— Teisseyre–Tornquist Zone, VFZ— Vinding Fault Zone.
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been proposed that the uplift caused by the accompa-
nying heating of the lithosphere may have caused strong
erosion of the uplifted palaeo-surface, such that the
subsequent subsidence due to cooling formed the large
and deep regional basins (Sorensen, 1986). This sce-
nario may explain the initial origin of the regional sub-
sidence of the North European Mesozoic basins.

The central part of the Danish–Norwegian Basin
includes a characteristic elongated, large positive gra-
vity anomaly of ca. 50 mGal, the Silkeborg Gravity
High, in the central part of the Danish–Norwegian Basin
(Fig. 3). The characteristic wavelength of the gravity
field indicates that the source of this positive gravity
anomaly may be located deep in the crust. A previous
seismic interpretation along a regional profile across the
feature, integrated with gravity interpretation, has indi-
cated the existence of a crustal body with high seismic
velocity and density (Fig. 4). The depth to this body is
only 10–12 km in its central part over a ca. 55–70 km
wide zone, which coincides with the gravity high
according to Thybo and Schoenharting (1991). These
authors further present seismic, gravity and magnetic
evidence for the existence of a layer of volcanic rocks at
a depth near the uppermost Palaeozoic strata in the area
(6–7 km deep). Reflection seismic profiles indicate ca.
5 km of regional Triassic and Jurassic subsidence,
almost without faulting. This evidence may support the
hypothesis of a thermal origin of the basin that deve-
loped after the rifting processes had ceased.

The earlier geologic history of the region includes
Precambrian rifting during the break-up of Rodinia. A
recent interpretation of the basement structure of the



Fig. 3. Maps of the observed Bouguer (onshore) and Free-air (offshore) gravity anomaly field with superimposed locations of the ESTRID profiles
and EUGENO-S profile 2 (EUG-2). The gravity data is shown with a grey tone and contours, as well as with shades corresponding to illumination of
the gravity relief from the north.
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region based on commercial reflection seismic data
indicates that this early process may have initiated the
faults of the Tornquist Fan (Lassen and Thybo, submitted
for publication). The main middle Palaeozoic event was
the Caledonian orogeny, when two continents, Laurentia
and Baltica collided after closure of the Iapetus Ocean
and the exotic microplate Avalonia was amalgamated to
the two continents after closure of the Tornquist Ocean.
The study area was at that time located at the triple
junction between the three plates. Early to middle
Palaeozoic sediments were probably deposited and
preserved in the foredeeps of the orogens. The structures
from these collision events may have influenced the
location of the Central and Viking Grabens.

The batholith may have intruded into the crust along
a weakness zone caused by the Vinding Fracture Zone,
which was first identified from a pronounced linear,
magnetic anomaly (Dikkers, 1977). This fault zone is
one of the components of the Tornquist Fan and forms
the northern edge of the Ringkøbing–Fyn High, which
is an east–west trending structural high that separates
the northern and southern Zechstein basins (roughly
corresponding to the Danish–Norwegian and the North
German basins).

3. Seismic data

The seismic data was acquired along an ∼ 140 km
long profile in May 2004 along the strike of the
Silkeborg Gravity High, close to the maximum anomaly,
which is about 50 mGal higher than in the surrounding
region (Fig. 3). The profile crosses the EUGENO-S
refraction profile 2 over the central part of the interpreted
batholith in central Denmark (Thybo and Schoenharting,



Fig. 4. Seismic velocity model of the crust and uppermost mantle across the Silkeborg Gravity High along EUGENO-S profile 2 (location is shown in
Figs. 2 and 3) based on integrated interpretation of seismic reflection and deep refraction, gravity and magnetic data (after Thybo and Schoenharting
(1991)). (a) Model of seismic velocity with main tectonic and magmatic features indicated: Interpreted Carboniferous–Permian volcanic body (black)
and deep intrusive body (cross hatching), Mesozoic and Palaeozoic sedimentary successions (ruling), upper mantle (horizontal ruling). (b) Gravity fit
of the model; the stippled curve shows calculated gravity anomalies and the circles show measured values. The cross point with the ESTRID profile is
shown above the profile together with the approximate projected length of the fan profiles (stippled line) and the equivalent reflection points at Moho
level (full line) in Fig. 11.
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1991). The length of the ESTRID profile was decided by
the width of the peninsula, Jutland (Fig. 2), and the wish
to identify Pn arrivals from the uppermost mantle. Based
on the geometry of the gravity anomaly, we expect the
profile to extend along the strike of the central part of the
presumed batholith. The purpose of the experiment is to
determine the depth to the batholith along the profile, to
identify depth variation along the strike of the profile,
and to investigate the nature of the magmatic intrusions
(e.g. Was the magma emplaced in large magma cham-
bers or in a series of sills? Can possible feeder channels
be identified from variation in the wide-angle reflectivity
from the lower crust and uppermost mantle?).

Data were acquired with 238 seismographs deployed
at 600 m intervals along the central line and 2 times 75
seismographs deployed at 1 km interval along the two arcs
across the central line (Fig. 3). All the instruments were
Texan 1-component seismographs equipped with 4.5 Hz
geophones. The instruments were deployed for the four
nights that were required to complete the shooting
programme, which suffered from rough weather condi-
tions and technical problemswith the two shots at sea. The
central line was designed as a traditional seismic ref-
raction and wide-angle reflection profile. The two arcs
were designed to provide information about variation in
wide-angle reflectivity, including constraints on variation
in Moho-depth and in lower crustal reflectivity across the
presumed batholith. The two arcs are segments of circles
with their centres in the two end shot points, Nos. 1 and 6.

Six shots were detonated to provide the seismic
energy. The two offshore shots at the ends of the central
profile were detonated at the bottom of the shallow sea
at water depths of 12–15 m. Shot point 6 was detonated
with 10 individual charges, each consisting of 50 kg of
TNT equally distributed along a 100 m long line. Due to
rough conditions at sea, shot point 1 was fired with one
single charge of 300 kg. Shot point 1 produced a very
strong phase (Fig. 5) in the seismic recordings with a
velocity of the speed of sound in air (0.33 km/s). This
phase is of very short duration, and appears as a usual
airwave. However, it was recorded out to offsets of 80–
100 km by the geophones, which were all buried to 15–
30 cm depth below the surface. Therefore, it is unlikely
that this phase propagated in the subsurface between
source and receivers. We believe that this wave was
propagated as a reflected wave from an atmospheric



Fig. 5. Seismic section showing a phase with the velocity in air (0.33 km/s) recorded to an offset of almost 100 km from the marine shot point. The
seismometers were buried to 15–30 cm depth. Nevertheless, we suggest that the wave has been travelling in the air, probably reflected off a
discontinuity in the atmosphere. Three windows (A–C) are shown in detail to illustrate that the waveform is relatively constant along the profile, such
that the wave cannot be dispersive and, therefore, not a surface wave.
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reflector rather than through the subsurface. Should the
wave have been transmitted through the subsurface it
would probably have been as a surface wave, but the
waveform is not dispersive, which indicates that it must
be a body wave in the subsurface or in the air. It is very
unlikely that a waveguide with a velocity of 330 m/s can
propagate in the subsurface over a more than 80 km long
interval, in particular as the other shots in this part of the
profile did not excite such waves. An independent
indication of the origin of this wave as an airwave was
provided by the coast guard in the harbour about 12 km
from the detonation point. The explosion he heard was
so loud that he became worried of an accident onboard
the vessel carrying the charge, so immediately after
hearing the detonation, he called the ship over the radio
to confirm that the crew was safe. Only few observations
are available of such airwaves that propagate over long
distances. Similar waves have been observed on a
seismic network in the US (Johnston, 1987; Fujita and
Sleep, 1991).

The remaining four shots were detonated in 25 m
deep boreholes, each loaded with 100 kg of TNT. Shot
point 2 had a total charge of 500 kg and shot points 3, 4
and 5 were each charged with a total of 300 kg of TNT.
All shots were successful and provided good signal to
noise ratio to the farthest seismographs.

All the seismic sections (Fig. 6) show refracted and
reflected phases (Ps) with apparent velocities of 1.8–
5.4 km/s to relatively large offsets of 20–30 km from the
shot points. These phases are followed by a sharp Pg
wave of short duration (∼ 200 ms) with a velocity of
6.0 km/s in the sections from the westernmost shot
points over an up to 20 km long offset interval after
which a clear crustal phase with an apparent velocity of
∼ 6.5 km/s and larger takes over from offsets of 40–
50 km in the west and around 30 km in the east. These
high velocities are observed on reversed sections and are
therefore close to the true, in situ velocities of the rocks.
The high velocity phase is observed to very large offsets,
which demonstrates that the corresponding high veloc-
ity body extends to deep into the crust. Pn is only
observed at the very far end of the section for shot point
1 and possibly on a few traces for shot point 6. This is
remarkable as the length of the profile was determined



Fig. 6. Seismic record sections recorded along the main ESTRID profile for the six shots. All sections show first arrivals from the sedimentary sequence to
offsets of 30–40 km, indicative of a depth to the basement of ca. 10 km. The sections are displayed with a reduction velocity of 7.0 km/s in order to emphasize
the very high velocity of the basement in the eastern part of the profile. The Pg has a velocity of ∼ 6.2 km/s in the west and the first arrival Pi has very high
velocity (N6.7 km/s) to the largest offsets for the recordings in the east. Notice also how the Pi for the eastern shot points 5 and 6 has very high velocity to ca.
40 km from the western end of the recording line, where the velocity drops to ca. 6.2 km/s. These observations clearly demonstrate the extremely high crustal
velocity below ca. 10 km depth. The PmP reflection is highly variable along the profile, and even absent in the sections for shot point 3 and 4 recorded towards
the east. The PmP is only observed at offsets beyond 90km in the section for shot point 5. These observations suggest the existence of a 20–30kmwide interval
along the profile where the crust–mantle boundary is non-reflective.
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to show 20–30 km of Pn arrivals on the sections for the
two end shots, based on previous experience from the
area. The missing Pn arrivals must therefore be ascribed
to the extremely high, mid- to lower crustal velocities in
this strike profile over a large depth range, which pushes
the cross-over point between crustal and mantle
refractions to offsets of more than 125 km.

There are no clear intra-crustal reflections observed
in the sections, apart from the short reflections from the
sedimentary sequences and a clear reflection from the
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top of the crystalline crust in most of the sections. Clear
PmP reflections from the Moho are observed on all
sections, except for shot points 3 and 4 towards the east.
However, the critical offset varies substantially along
the profile. This significant variation in Moho reflectiv-
ity may be caused by variation in velocity around the
Moho in the lower crust and uppermost mantle, as well
as by variation in the thickness of the Moho transition. A
strong PmP reflection is observed in the section for shot
point 1 from offsets of ca. 40 km. The apparent velocity
Fig. 7. Model of seismic velocity along the main ESTRID profile, calculated
the inversion; (b) the final velocity model with a rms-residual time of 89 m
location of the zone without PmP reflections from the crust–mantle boundar
of this reflection at short offset is, however, small which
may suggest that its short offset part originates from the
lower crust and not from the crust–mantle boundary.
The critical offset for shot point 2 is around 60 km and
the signal character is reverberant for 1–2 s for both of
these two western shot points, at the same locations
where the first arrival is sharp with a duration of
∼ 200 ms. The sections for shot points 3 and 4 (recorded
eastwards) show no PmP reflections. All the eastern shot
points, recorded towards the west, show a PmP with a
by tomographic inversion of seismic first arrivals. (a) Initial model for
s, white parts of the profile are outside ray coverage; the approximate
y is marked; (c) ray coverage in the final model.
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compact waveform and with highly variable critical
offset: 50 km for SP4 (westward), 90 km for SP5 and
70 km for SP6. Remarkably, the section for SP6 shows
no indication for a Pn wave even though the arrival
times of the PmP and the Pg waves suggest that a Pn
wave with a velocity of 8.0 km/s should be the first
arrival over an interval of at least 20 km in the section.

4. Seismic velocity structure

We have determined the seismic velocity of the
crust along the main ESTRID refraction profile by
tomographic inversion of the travel times of the first
seismic arrivals at each seismograph. The first arrival
phases are very clear with a high signal to noise ratio
in all six seismic sections, such that the uncertainty of
the picked arrival times is small (less than 50 ms at
short offset, 75 ms at farther offset). The tomographic
modelling was carried out using the programme of
Hole (1992), which is based on the finite-difference
algorithm for fast forward calculation of travel times of
first arrivals by Vidale (1988).

The inversion code applies a recursive algorithm, which
is based on back-projection along the seismic rays of the
first arrival signal between the source and receiver. In each
recursion step the travel times of first arrivals are calculated
for the previous model; the starting model was a 1Dmodel
estimated from results of previous seismic studies of the
area (Fig. 7a). Based on the calculated travel times, de-
rivatives and perturbations are calculated by back-project-
ing the residuals along the rays between sources and
receivers. Because the inversion problem is highly non-
linear and non-unique, perturbations and derivatives are
smoothed in each iteration step, but themodel itself is never
subject to smoothing. Limited resolution and non-linear
effects of the inversion results are often identified as
“streaking” in the model where a velocity anomaly is
smeared along isolated ray paths. The algorithm was de-
veloped for 3-dimensional travel time inversion, but here it
is used in two dimensions along the seismic profile.

The inversion algorithm is based on least squares
fitting between observed and calculated travel times. In
order to account for the limited resolution, the inversion
was carried out as a “double-iterative” procedure in outer
and inner iteration sequences. In the outer sequence, the
offsets taken into account were successively, stepwise
increased. In the inner sequence, the size of smoothing
filters applied to derivatives and perturbations was
successively, and stepwise, decreased while the selected
offset interval was kept fixed. The decrease of smoothing
filter size, in 4 steps from 160×20 to 10×4 km, stabilize
the inversion by primarily distributing model perturba-
tions over large parts of the model for the large smoothing
filters and only introducing steep gradients in the later
iterations with small smoothing filters at each of the offset
intervals. The model was sampled in a 1×1 km grid size
and the maximum offsets taken into account in the
successive steps were 40, 80, 120 and 143 km, which is
themaximum offset in the record sections. This procedure
corresponds to carrying out the interpretation “from top to
bottom”, which further decreases the influence of non-
linear effects and non-uniqueness of the model. The root-
mean-square travel time residual for the final model is
89 ms, which corresponds to a chi-square measure of
around 1.2. This value was selected as a compromise
between travel time fit,model resolution and non-linearity.
Because the pronounced reflections from the crust–mantle
boundary are not taken into account by the method used,
and only a few travel times for refractions from the upper
mantle are observed, the crustal thickness could not be
determined from the explosion sections by this method.

The final model (Fig. 7) demonstrates the presence
of very high velocity (N6.5 km/s) beneath a depth of
10–12 km over a 75 km long interval in the eastern part
of the profile. The high velocity extends to large depth,
at least to the deepest ray coverage at a depth of 26 km.
At the western end of the profile, the high velocities of
more than 6.5 km/s are encountered at a depth of
around 16 km, which is also unusually shallow for the
study area. The highest velocity of 7.0 km/s in the
central part of the profile is identified at a depth of
24 km. These model velocities should be regarded as
minimum velocities, considering that the final model
represents a smoothed version of the velocity distri-
bution along the profile. To depths of ∼ 10 km, the
final model is characterised by low seismic velocities
of less than 6.0 km/s with a high vertical gradient,
which is typical for the sedimentary sequences. The
contours are almost horizontal, which indicates that
the sedimentary sequences are relatively flat, as is
already known for the Mesozoic sequence from reflec-
tion seismic data.

In order to test the reliability of the final tomographic
velocity model, we conducted a resolution test. We do
not illustrate a checkerboard test because we find that
such tests tend to always reproduce the initial cyclic
structure, such that a visual inspection may not provide
evidence for an assessment of the real resolution of the
model. Instead, we designed a model that is close to our
interpretation of the final model. For this model, we
calculated synthetic travel times, which we used as input
to the same tomographic inversion procedure as for the
real data. The resulting theoretical model (Fig. 8) shows
that we can reproduce the high velocity structure, except



Fig. 8. (a) Theoretical model of seismic velocity, (b) recovered model from inversion of synthetic travel times calculated from the theoretical model,
the RMS-residual travel time for this model is 35 ms, and (c) ray coverage in the final model. The similarity between the recovered model and the final
model in Fig. 7b indicates the resolution of the method.
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for the steepness of the slope on the western side of the
high velocity body at around km 65, the size of the zone
without ray coverage in the central part of the profile,
and the skewness in ray coverage. The sedimentary
structure appears well reproduced, and indicates that the
depth to the crystalline basement is around 10 km. The
result shows further, that the high velocity body must be
very shallow (b12 km deep) in most of the eastern half
of the profile. The skewness in ray coverage of the final
model is not reproduced, but the extremely high velocity
of 7.0 km/s at a depth around 20–24 km in the central
parts of the profile appears well documented. Experi-
ence from testing different theoretical models has fur-
ther shown that the Moho cannot be much shallower
than 30 km along the profile; otherwise we would ob-
serve early Pn arrivals in the seismic sections.

The first arrival tomographic model cannot constrain
the depth to theMoho, because the Pn wave has only been
observed on very few traces. Instead we have interpreted
the Moho topography along the profile by ray-tracing



Fig. 9. Ray-tracing result for the ESTRID data. (A) The P-wave
velocity model shows strong variation in Moho topography along the
profile between 27 and 34 km, which is more than along the cross-
profile EUGENO-S No. 2. (B, C) Ray-tracing result for the
westernmost shot point No. 1 and the easternmost shot point No. 6,
both showing ray traces and calculated travel times superimposed onto
a plot of picked arrival times. The model shows significant variation in
lower crustal velocity with a variation from 6.9 to 7.5 km/s above
Moho, and between 6.6 and 6.9 km/s at the top of the lower crust,
depending on the location in relation to the interpreted mafic batholith.
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modelling of PmP reflections (Fig. 9). We used the code
by Zelt and Smith (1992). There is a surprisingly strong
relief on the Moho along the profile between 27 km in the
western part and 34 km depth in the eastern part of the
profile. Due to the very few observations of the Pn wave,
the sub-Moho velocity is assessed to 8.0 km/s with large
uncertainty. However, the significant variation in P-wave
velocity in the lower crust, just above the Moho, is
relatively well constrained. The lower crustal velocity in
the high velocity body is 7.3 km/s and significantly higher
(7.5–7.7 km/s) in the zone where no PmP reflections has
been observed. The very high velocities are encountered
in the thick part of the crust along the profile.

The ray-tracing derived model of seismic velocity
along EUGENO-S profile 2 (Fig. 4) shows the onset of
the 6.8 km/s layer at a depth of 11–12 km, which is
comparable to the depth determined along the ESTRID
profile. The velocity of the sedimentary sequences is
also comparable, taking into account that the ray-tracing
model includes more details than the tomographic
model. The difference in velocity of the high velocity
body between these two models may be ascribed to the
stronger smoothing applied to the tomographic model,
such that the true seismic velocity at the upper part of the
high velocity body presumably is close to 6.8 km/s, also
along the strike direction of the body. Future interpre-
tation will focus on the possibility of anisotropy.

5. Lower crustal and Moho reflectivity

The reflectivity from the lower crust and Moho is
highly variable along the ESTRID profile, which is only
about 140 km long. The absence of PmP reflections in
some of the sections corresponds to a non-reflecting
Moho in the distance interval of km 85–100 along the
profile. The exact location of this interval will be better
constrained when the actual topography of the Moho has
been modelled with ray-tracing methods. A dipping
reflector may change the actual location of the expected
reflection points substantially. One may speculate that
the lack of PmP reflections is indicative of the location
of feeder channels to the inferred batholith. Such feeder
channels may be characterised by elevated velocity, and
depending on the cooling rate, they may have fairly
homogeneous velocity, such that the expected contrast
at the Moho level will be seismically invisible. It is
definitely unusual not to observe any PmP reflection in
this area.

To further illustrate the implications of the variability
in PmP reflectivity, we present the results of frequency
filtering in three frequency windows of the seismic data
(Fig. 10). The zone free of PmP reflections clearly
shows no reflectivity in any of the frequency intervals.
The section for shot point 1 displays a PmP reflection to
very short offset at all frequencies; at high frequencies
this reflection is most pronounced and distinct at the



Fig. 10. Results from band pass filtering in three frequency intervals of the seismic data from four of the ESTRID shot points. The filtering illustrates
the characteristics of the variable PmP reflectivity from the Moho and the lower crust.
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shortest offset. At larger offset the high frequency
response is more diffuse, whereas the lower frequency
response is distinct and clear. The longest observed
waveform is at the high frequencies. The same type of
frequency response is found for shot point 2, where
however the reverberative character of the reflection is
also pronounced at low frequencies and there is a
tendency for lower crustal reflectivity in the far offset
interval of 80–120 km. The high frequency PmP
response is very diffuse, almost to the degree where
the signal disappears. The reflection character in the
section for shot point 4 to the west is remarkable, as



Fig. 10 (continued).
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there is barely any amplitude at low frequency, but very
strong and distinct signal at the high frequencies,
indicative of a very abrupt vertical change in velocity
at the Moho. A similar observation is made for shot
point 6, which also barely shows any PmP at the low
frequencies and a strong distinct appearance in the high
frequency interval.
Observations on the two sets of fan recordings (Fig. 11)
illustrate the variability in reflection character in the lower
crust and Moho across the batholith in a direction
perpendicular to the main profile. The first onset of
seismic energy in these sections corresponds to the direct
arrival. The western arc was recorded with reflection
points in the same distance range as the interval where



Fig. 11. Seismic sections for the recordings on the two fan profiles: (A)
recordings on the western fan of seismic waves from the easternmost
shot point 6, i.e. with reflection points in the centre at profile distance
km 115 (in the PmP free zone); (B) recordings on the eastern fan of
seismic waves from the westernmost shot point 1, i.e. with reflection
points in the centre at profile distance km 50. There is strong lateral
variability of the reflection response from the Moho: spanning from a
reflection free central zone in a), over distinct reflections in the
southern end of both profiles, to reverberative reflections from the
lower crust below the Danish–Norwegian Basin. The sections
illustrate the variation in Moho-depth from the thick crust in the
Ringkøbing–Fyn High to the thin crust in the Danish–Norwegian
basin. Abbreviations: Pi: the first arrival P-wave which at this offset
interval has been propagating through the lower crust, and PmP: the P-
wave reflection from the Moho.
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PmP reflections are absent for shot points 3 and 4 along
the main profile. It shows a very weak PmP reflection in
the central part of the section, corresponding to reflections
frombeneath themain profile, whereas there is substantial
amplitude of the PmP reflection at both ends of the
section. The width of the interval with weak or absent
PmP reflections is about 45 km wide in the fan section,
which corresponds to an approximately 22 km wide
reflection free zone at the Moho level (at the mid-point
between shot and receiver). This gives an indication for
the possible dimensions of the zone of suggested feeder
channels. The section indicates substantial lower crustal
reflectivity at the northern end of the profile underneath
the Danish–Norwegian basin, where the onset of the PmP
reflection is uncertain due to the strong reverberative
reflection character of the signals. The fan section further
shows that, as expected, the Moho is deep in the
Ringkøbing–Fyn High (more than 0.5 s later than at the
main profile) to the south of the main profile.

The data from the eastern arc was recorded close to
shot point 4 along the main profile, corresponding to
reflections from an interval with strong PmP reflections
along the main profile. Similar high-amplitude PmP
reflections are observed in the fan recordings. The main
finding from this fan profile is the delineation of the
Moho slope from the thick crust underneath the Ring-
købing–Fyn High to the thin crust below the Nor-
wegian–Danish Basin where, however, the exact time of
the PmP may be masked by strong lower crustal
reflectivity as in the western fan profile. Depending on
the extent of the lower crustal reflectivity, the Moho, as
recorded along both fan profiles, may be slightly
shallower below the main profile (i.e. below the deep
batholith) than below the general basin further to the
north.

6. Discussion

The ESTRID refraction profile is located along the
strike direction of the Silkeborg Gravity High. The data
demonstrates the occurrence of high seismic velocity
below a depth of 10–12 km over a horizontal interval of
75 km and a depth of ca. 16 km further along the strike
of the anomaly. The high velocity of the high velocity
body is larger than the value of 6.5 km/s in the to-
mographic velocity model because of averaging and
smearing effects. Thus, we estimate that the true velo-
city is substantially larger, possibly up to 6.8 km/s at the
top of the high velocity layer. The tomographic model
shows velocities as large as 7.0 km/s at a depth of 24 km,
which likewise indicates that true velocities are
substantially larger than 7.0 km/s. This is unusual in
the southern Scandinavian region where the velocity of
the lowest crust rarely reaches 7.0 km/s, and, thus, this
observation provides strong evidence for the presence of
seismically anomalous crust to significant depths
beneath the gravity high. We can at present not deter-
mine the degree of layering in the interpreted mafic
intrusive body.

The EUGENO-S profile 2 crosses the ESTRID
refraction profile at an oblique angle. The velocity
model derived for this profile includes a high velocity
body, which is up to 70 km wide (measured as the width
of the region with velocity larger than 6.6 km/s) at
12 km depth, with a 45 km wide core of velocity above
6.9 km/s in the profile direction (Fig. 4). The angle of
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this profile is about 45° to the strike direction of the
body as determined from the gravity anomaly. There-
fore, the true width of the body is of the order of 32 km
for the core of the body and 50 km for the zone of
elevated velocity. Determination of the velocity of the
lowest crust is always subject to large uncertainty, but all
the available data indicate that the high velocity
continues to the Moho, as also interpreted in the
EUGENO-S profile 2. This profile indicates that the
Moho is 2–3 km shallower beneath the anomalous
crustal body than below the surrounding basins.
Integrated modelling of seismic and gravity data along
EUGENO-S profile 2 has shown that the main gravity
anomaly can be explained by the presence of an
elongated body (Thybo and Schoenharting, 1991) with
densities as predicted from the seismic velocities from
laboratory measurements (Woollard, 1959; Dortmann
and Magid, 1968).

Based on the above estimates we find that the amount
of magmatic material that was added to the crust in the
area of the ESTRID profile may be of the order of
60,000–100,000 km3. The residual gravity field after
stripping off the effects of the sedimentary sequences,
indicates that the body extends for another 100 km to the
east and that it may extend further northward than the
ESTRID profile for another 100 km (Thybo and
Schoenharting, 1991; Zhou and Thybo, 1996). Depend-
ing on the total thickness of the batholith in these zones,
the total volume of magmatic rocks in the crust may be
up to 300,000 km3. Gravity highs of similar lateral
extent and amplitude to the Silkeborg Gravity High are
observed in the eastern part of the region at Scania and at
the Oslo–Skagerrak Graben system. If these represent
similar large quantities of magmatic rocks in the crys-
talline crust, the total volume could be up to 1 M km3,
which intruded into the crust over an area of
45,000 km2. The accompanying heating of the litho-
sphere has been substantial, probably enough that the
subsequent cooling may have initiated the subsidence of
the regional basins (Sorensen, 1986; Vejbaek, 1989).

Seismic interpretation of the EUGENO-S profile 2
data identified a thin layer (a waveguide) with a velocity
of ca. 6.25 km/s at a depth around 7 km along the central
part of the profile (Fig. 4). A calculated residual gravity
anomaly and the local magnetic intensity has been
explained by this shallow body, which has large density
and magnetic susceptibility compared to the surrounding
sedimentary sequences, as well as strong, reversely
oriented remanent magnetization. This waveguide has,
so far, not been confirmed by the ESTRID data. It is
stratigraphically situated at a level around the top of the
Palaeozoic strata, and may be equivalent to late
Carboniferous to early Permian volcanic rocks, which
are commonly found throughout the region (Thybo and
Schoenharting, 1991). Much of this period (the Kiaman
period in the Permian) had a characteristic reverse
polarity of the magnetic field and modelling has shown
that the remanent magnetization of this layer is reverse.
These findings indicate that the upper body represents a
volcanic layer of late Carboniferous to early Permian age
like most of the volcanic rocks in the region (e.g. Frost et
al., 1981). The deep and larger crustal body may in this
context be interpreted as a batholith which was emplaced
during transtensional movement on the Vinding Fracture
Zone, as indicated by its elongated shape. The large
velocity and density of the former magma chamber
indicates that it could have supplied the volcanicmaterial
that erupted close to the surface to form the present high
velocity layer in the sedimentary sequence.

It has recently been suggested that the age of the
magmatic feature at the Silkeborg Gravity High could
possibly be Proterozoic instead of late Palaeozoic
(Olesen et al., 2004). We find this idea intriguing, but
for several reasons also unlikely: (1) the associated
volcanic material is stratigraphically situated close to the
base of the Zechstein (Permian) salt deposits, which
shows that they must be of Palaeozoic age, (2) the
Permian included a long period with a magnetic
reversal, the Kiaman period, (3) the widespread volcanic
rocks of late Carboniferous to early Permian age
indicates a likely similar age of the observed volcanic
horizon, (4) the occurrence of an intracrustal magmatic
body might be expected to have caused volcanic
eruptions of similar age. It cannot be totally excluded
that a part of the main magmatic body may be older than
the Carboniferous–Permian, but a large part of the
magmatic rocks must have been emplaced at the time of
the volcanic eruptions.

The ESTRID data show that the crust along the
profile is non-reflective below the top of the basement.
Reflections from the interior of the crystalline crust have
not been observed in any of the ESTRID seismic
sections, which all were acquired along the strike of the
batholith. However, the two fan profiles indicate that the
lower crust outside the magmatic body may be
reflective, in particular below the Danish–Norwegian
Basin. This is also observed in other profiles from the
area, including the EUGENO-S profiles 1, 2, 3 and 5
(EUGENO-S Working Group, 1988; Thybo et al., 1990;
Thybo and Schoenharting, 1991; Thybo et al., 1998)
and the MONA LISA profiles from the North Sea
(MONA-LISA-Working-Group, 1997; Abramovitz and
Thybo, 1998; Abramovitz et al., 1999). These findings
show that there is no large-scale internal layering in the
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magmatic body, at least not over the wide frequency
band that was used for the ESTRID project. This further
indicates that the intrusion may have taken place during
only a few major pulses of magma supply, which were
followed by slow cooling such that abrupt transitions in
rock types did not develop inside the body. It also
appears unlikely that the intrusions were emplaced in the
form of isolated sills as interpreted in the Kenya Rift
Zone Rift (Birt et al., 1997; Thybo et al., 2000), because
such structure would produce sharp contrasts in acoustic
impedance. This observation may have large implica-
tions for future subsidence modelling of the Danish–
Norwegian Basin with the perspective of identification
of new hydrocarbon plays. There is little doubt about the
hydrocarbon potential of the Palaeozoic sedimentary
rocks, depending on the heating and subsidence history
of the relevant strata.

7. Conclusions

The ESTRID refraction profile has provided evidence
for the presence of an elongated body with characteristic
high seismic velocity and density in the crystalline crust
of the Danish–Norwegian Basin below a depth of 10–
12 km. Identification of a thin layer of high seismic
velocity, density and magnetic susceptibility, as well as
strong, reverse remanent magnetization, indicates the
presence of volcanic rocks in Carboniferous to Permian
sedimentary sequences. We therefore interpret the
intracrustal body as a batholith of Carboniferous–
Permian age. The estimated volume of magmatic
material that has been added to the crust near the
ESTRID profile may be of the order of 60–300,000 km3,
depending on the lateral extent of the body. New
reflection seismic data has been acquired in September
2005 in order to image the internal structure of the
batholith. The intention of this effort is to provide more
precise estimates of the amount of magma that intruded
into the crust and its internal structure, which will allow
well constrained modelling of the subsequent subsidence
processes.
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