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Abstract

The aseismic Iceland-Faeroe-Ridge (IFR) is of central importance in reconstructing the opening of the
North Atlantic Ocean. To investigate the crustal structure of the IFR at its southeastern part we conducted
a wide aperture seismic survey across the IFR from the Iceland Basin to the Norway Basin. Seismic energy
was generated by two 60-litre sleeve guns and recorded by 42 ocean-bottom seismometers (OBS). Kine-
matic and dynamic forward modeling by two-point ray tracing was applied to develop a 2D velocity-depth
model. The accuracy of the model obtained is better than 5% for both velocity and depth of interfaces. We
find a Moho depth of 23 km below the crest of the ridge that decreases to about 15 km at either end of the
line. The upper part of the crust exhibits P-wave velocities between 5.7 and 6.3 km/s that increase towards
the Norway Basin. The lower crust is more homogeneous with vp ranging from 6.6 to 7.0 km/s. Upper and
lower parts of the crust are separated by a first order discontinuity. Amplitudes (PmP) and arrival times
(Pn) of wide-angle phases indicate upper-mantle velocities of 7.9 km/s. Furthermore we analyzed PS-con-
verted phases for upper crustal depth levels and find a vp/vs ratio of 1.73�0.04 equal to a Poisson’s ratio of
0.25 with no significant lateral variations along the seismic line. On the crest of the ridge we identified a
basalt layer embedded within the sedimentary sequence that was also penetrated by deep sea drilling and
dated to 43�3.3 million years. Below the basalt layer we observed a low-velocity layer that is identified as
Mesozoic sediment that was also observed to either end of the basalt. We conclude that the southeastern
part of the IFR is composed of stretched continental crust and thus part of Paleo-Europe rather than
oceanic crust formed by the Iceland hot spot. This conclusion is supported by the distribution of magnetic
anomalies that allow identifying the passive continental margin approximately 100 km to the NW of our
seismic line.
# 2004 Elsevier Ltd. All rights reserved.
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1. Introduction and tectonic setting

The eastern part of the North Atlantic is extensively studied by geophysical methods due to
both scientific and economic motives. Coastal and shelf regions have been the targets of numer-
ous high-resolution multi channel seismic (MCS) surveys aiming to access the hydrocarbon
potential. Deeper offshore-regions beyond 1000 m waterdepth have been investigated by poten-
tial-field methods (gravity and magnetic surveys) to resolve the crustal structure and reconstruct
it in time and space. In addition, wide aperture seismic profiles provided essential information in
understanding the physical properties of the crust and the upper mantle and played a central role
in studying the area. This technique allows to resolve crustal structure with high accuracy and to
penetrate the lower crustal and uppermost mantle depth levels. By densely spacing recording
units and shots the determination of lateral velocity changes of the structure down to the crust-
mantle boundary is possible (e.g. Makris and Ginzberg, 1987; Trey et al., 1999; Bohnhoff et al.,
2001). Moreover, this technique allows the imaging of structures below energy-absorbing layers
such as basalt (e.g. Samson, et al., 1995) and thrust belts. This is of particular interest when
investigating flood basalt provinces such as the North Atlantic Volcanic Province (NAVP) or
passive volcanic margins.
The aseismic Iceland-Faeroe Ridge, named IFR hereafter, is located in the eastern North

Atlantic Ocean between Iceland and the Faeroe Islands (see Fig. 1a). It is one of the major gate-
ways responsible for northern hemisphere climate development. The IFR is a shallow structural
high with smooth bathymetry reaching a minimum of 400 m (see Fig. 1b). To the NW, the ridge
is limited by Iceland, the surface expression of the volcanically active Iceland hot spot. Iceland is
composed of basaltic material with values for vp and vs typical for oceanic crust. The crustal
thickness, however, is 4–5 times thicker than normal oceanic crust (Palmason, 1971; Gebrande et
al., 1980; RRISP, 1980; Zverev et al., 1976; Staples et al., 1997; Foulger et al., 2003). To the SE
the IFR abuts against the Faeroe Islands that have been identified as being of continental origin
with a crustal thickness of about 30 km (e.g. Bott et al., 1974) and covered by a 3–5 km thick
basaltic layer that is about 50–60 million years old (Tarling and Gale, 1968). Previous geophysical
investigations of the IFR focusing on its crustal structure have revealed contradicting results.
Zverev et al. (1976) presented a model of thick continental crust below the IFR and Strauch
(1970) and McKenna (1972) discussed it as a Tertiary land bridge in the North Atlantic. In con-
trast, a number of authors (e.g. Bott et al., 1971; Fleischer, 1971; Bott and Gunnarsson, 1985;
Richardson et al.; 1998, Smallwood et al., 1999) proposed a crust of oceanic origin of this struc-
ture with a thickness between 20 and 35 km formed between 55 and 40 million years b.p. by
volcanic activity in association to a hot spot. The question of whether the IFR was part of Paleo-
Europe prior to break-up of the North-Atlantic at 58 million years (White, 1989) or whether it
developed by magma flow of the Iceland hot spot and thus can be regarded as a plume trace is of
importance for the analysis of Paleo-water circulation on both local and global scales (see e.g.
Myhre and Thiede, 1995).
Here, we present the results of a wide aperture seismic survey that was conducted to obtain a

detailed resolution of the crustal structure of the IFR at its southeastern part. The aim was to
resolve the crustal structure from the uppermost sedimentary sequences down to the base of the
crust from the Iceland Basin in the SW across the crest of the ridge to the Norway Basin in the
NE using a large number of stand alone ocean-bottom seismographs (OBS). Preliminary model-
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Fig. 1. (a) Bathymetric map and main tectonic units of the North Atlantic between Greenland and NW Europe con-
taining the Iceland-Faeroe Ridge (IF interpret the crust beneath the ridge to be formed by sea-floor spreading between
55 and 40 R). (b) Enlarged map of the Iceland-Faeroe region and location of the seismic line presented in this study.

Triangles mark OBS positions that were selected for modeling, annotated stations are key-positions and discussed later
in the text. Circles mark the drilling locations on the IFR as part of the Deep Sea Drilling Program. Contour lines and
subsequent shading mark 500 m intervals of waterdepth.
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ing results for this line were presented by Makris et al. (1995). In this study we have thoroughly
re-evaluated the entire data set starting from the base with a refined digitizing procedure of the
analogue recorded data. Furthermore, we have optimized the standard processing procedure
commonly used for seismic data to our special purpose. This re-evaluation results in a well-con-
strained model, which is presented below.
 F
R
EC
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D
PR

O
O2. The experiment

The field campaign was conducted under the direction of the Institute of Geophysics, Hamburg
University in co-operation with the Shirshov Institute of Oceanology of the Russian Academy of
Sciences (Moscow and Gelendzik) in 1993. A total of 44 ocean-bottom seismographs (OBS) were
spaced equidistantly at 8.2 km along the seismic line resulting in a total length of 370 km. The
profile strikes N55�E and crosses the IFR perpendicularly to its strike with the aim to get a
detailed resolution of its crustal structure and post-rifting evolution. The waterdepth reaches a
minimum of 413 m at the crest of the ridge and increases towards either end of the line to 1075 m
(SW) and 3165 m (NE), respectively. In Fig. 1b a bathymetric map and selected OBS positions
are plotted.
Two 60-liter sleeve-guns served as the energy source and were operated at 150 bar and fired in

two-minute intervals generating a signal with a dominating frequency of 8 Hz. The vessel speed
was kept constant at 4–5 knots resulting in a distance of approximately 250 m between shots. The
total number of shots fired along the line was 1435. Each OBS was equipped with a three-com-
ponent seismometer of 4.5 Hz eigenfrequency. Deployment and recovery positions were surveyed
and fixed using the Global Positioning System (GPS) with an average accuracy of 50 m. Final
underwater positions of the individual OBS were estimated using the water-wave arrivals of the
shots near each station and an average velocity of 1480 m/s for the sound propagation in sea-
water. The technical equipment of this OBS type allowed a 300 h continuous recording (Makris
and Möller, 1989).
 R
U
N
C
O3. Data evaluation

The wide aperture seismic method applied here is termed WARRP (Wide Aperture Reflection
and Refraction Profiling; Makris et al., 1999). This method requires the deployment of a large
number of stand-alone seismic stations distributed along a line or 3D geometry. The same type of
data logger is used for both offshore and onshore observations. The aim of a WARRP survey is
to generate a sufficiently expanded seismic line to observe wide-angle reflections from shallow
structures as well as from deeper reflectors. Once the recording units are deployed, all stations
remain stationary during shooting and record all shots along the complete line length. Using a
WARRP receiver geometry, subsurface structures are mapped by wide-angle reflections even if
the velocity contrast between layers is small. The evaluation of traveltime WARRP data in com-
mon receiver gather sections and subsequent kinematic and dynamic forward modeling using the
two-point raytracing method (Červeny and Psenćik, 1981, 1983; Zelt and Smith, 1992; Zelt, 1997)
permits the development of well constrained and reliable velocity-depth models.
4 M. Bohnhoff, J. Makris / Journal of Geodynamics & (&&&&) &–&
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The data obtained along the seismic line presented here was recorded in analogue form and
later digitized at a common 125 Hz sampling rate. Once the data was digitized, a number of
processing steps were applied to the data in order to generate common receiver gather sections for
both the vertical and horizontal components of each recording unit. An automatic gain control
(AGC) with varying windows between 0.5 and 4.0 s was applied to improve the identification of
weak reflections or first arrivals, respectively. The entire data set was filtered using a Kaiser Band
pass filter of 3–15 or 3–10 Hz and, finally, a linear move out reduction was applied to all sections
using 6.0 km/s as reduction velocity. This specific velocity was chosen to get the optimal resolu-
tion of diving waves in the igneous basement.
Upon completion of processing, the travel time sections were analyzed. In general, the quality is

good to excellent with sufficient signal to noise ratio (SNR) to detect first arrivals even at wide
angle offsets (>50 km) while a number of sections allow the identification of arrivals to offsets of
100 km and more. Interestingly, a remarkable difference in data quality was observed along the
line. Whereas almost every OBS from the northeastern part of the line showed good or excellent
data quality, only ten stations from the southwestern part were selected for modeling. The others
did not contain a sufficient SNR. Still the quality of these ten stations was not as good as along
the northeastern part of the line. All stations were equipped with the same hardware (recording
units, sensors, ground-coupling mechanism). Thus, we believe that the difference in data quality
between both parts of the line is caused by water currents that produce a significantly higher
noise level in the southwestern part of the line on the slope from the ridge down to the Iceland
Basin. Finally, we selected 25 stations out of the 42 OBS that obtained seismic energy. In these
sections, both reflected and refracted phases where picked and used as input for the two-point ray
tracing in order to develop a 2D velocity-depth model by kinematic and dynamic forward mod-
eling using the SEIS83 software package by Červeny and Psenćik (1981, 1983). Once a 1D velo-
city-depth distribution was determined for each station based on apparent velocities and intercept
times these were linearly combined and used as the initial 2D model. The model was then
developed starting at the near surface interfaces and progressively modeling the deeper parts of
the section. The lower boundary of the section was fixed to 30 km depth as no reflector
was identified below. The absolute accuracy of the model is depth-dependent: We find that the
accuracy does not exceed 2% for the shallower parts (<10 km depth) and 5% for the deeper
parts for both vp values and depth of interfaces. The depth error for a modeled interface at 15 km
depth is therefore less than 0.75 km whereas vp within the upper crust may vary by up to
0.12 km/s.
 C
U
N4. Results

4.1. Crustal structure

The Moho depth reaches a maximum of 23 km below the crest of the IFR in the central part of
the profile (see Fig. 2). The crust is subdivided into an upper (vp=5.7–6.3 km/s) and a lower part
(vp=6.6–7.0 km/s) by a first order discontinuity with a velocity increase of 0.3–0.5 km/s. The
Moho depth decreases remarkably to about 15 km towards either end of the line. Towards
the Norway Basin a lateral change in both crustal thickness (decreasing) and velocity (increasing)
M. Bohnhoff, J. Makris / Journal of Geodynamics & (&&&&) &–& 5
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Fig. 2. 2D P-wave velocity depth model for the seismic line across the southeastern part of the Iceland-Faeroe-Ridge (see Fig. 1 for location). A
total of eight layers were resolved separated by interfaces with velocity contrasts between 0.15 km/s (water to lowermost sediment) and 1.7 km/s
(lowermost sediment to basement). Framed OBS positions mark key-positions that are discussed in the text. The uppermost layer is the water

column. S1–S3 marks sedimentary layers. The basalt layer is marked in the Figure. The layers below S3 represent upper continental crust, lower
continental crust and upper mantle (see discussion in the text). Numbers within the model indicate P-wave velocities while those in brackets
were determined indirectly (see text for details). The vertical exaggeration is 6.6.
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Fig. 3. Coverage scheme for first order discontinuities identified along the seismic line. A clear difference between both parts of the profile is
explained by the difference in data quality (see text for details). Thickness of interfaces increases with coverage as shown in the legend. Framed OBS
positions mark key-positions that are discussed in the text. The vertical exaggeration is 6.6.
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the uppermost mantle. Furthermore we termed PgS the PS-converted phase at the igneous basement and Pb the diving wave within the basalt layer.

Other phases are not explained here, as they do not play a major role in the presented figures.
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was observed. Such a strong lateral variation was not identified on the southwestern part of the
seismic line towards the Iceland Basin. This might be caused by the comparatively poor data
quality and subsequent ray-coverage along this part of the line (see Fig. 3). However, the south-
western end of the line does not reach waterdepth levels as deep as in the NE. Consequently, the
seismic line might not cover the oceanic crust below the Iceland Basin. In Fig. 3, the reliability of
the sediment-basement transition and deeper reflection/refraction horizons are shown for the
entire line length. Obviously a large difference can be recognized between either half of the line.
We explain the comparatively poor coverage for the southwestern part of the line by the differ-
ence in data quality between stations in the NE and SW, respectively, as discussed above. OBS34
(see Fig. 4) serves as a good example for the data quality along the northeastern part of the seis-
mic line. There, first arrivals can be identified to an offset of 120 km. Note the abrupt decrease in
SNR at about 40 km offset to the SW. This marks the northeastern termination of the basalt
layer and is discussed later in the text. Wide aperture reflections from the Moho (PmP) are iden-
tified on either side whereas to the SW we have also identified Pn phases. Both PmP amplitudes
and Pn arrival times point to vp=7.9 km/s in the uppermost mantle. No layer with 7.04vp47.8
km that would indicate an underplated body was identified in any section. In the near field of
OBS 34 (see Fig. 5) two distinct sedimentary layers with vp�2.0 (S1) and 4.0 km/s (S3) are
observed. A remarkable difference of their apparent velocity to either side is explained by
increasing water depth and sedimentary thickness to the NE. Moving along the line further to the
NE towards the transition from the IFR to the Norway Basin we refer to OBS43 (see Fig. 6). As
this station is the last to the NE, the end of the seismic line fixes the maximum offset to record
seismic energy from the NE to 20 km whereas to the SW energy was observed to 95 km distance.
Again the near field allows identifying two sedimentary layers being slightly thinner than at
OBS34. At this part of the seismic line, coherent travel-time curves along the entire length were
observed due to a rather homogeneous lateral layering (different to the central part of the line
that includes the basalt layer). Again, as at OBS34, we obtained wide-angle phases pointing to
uppermost mantle velocities of 7.9 km/s. The enlarged part shows wide angle offsets (Fig. 6b)
show the part of the section where the PmP phase approaches the Pg phase. At about 50 km offset
the Pn phase becomes first arrival.
In a number of seismic sections (see OBS34, 43, 6, 19 and 31 in Figs. 4 and 6–9) we identified

converted phases, predominantly PgS. These allowed the determination of the vp/vs ratio in the
upper crust and therefore the Poisson’s ratio. Evaluation of converted phases indicated a vp/vs
C
U
N

Fig. 5. Near-field section of OBS 34 including the computed travel-time curves. Details are discussed in the text.
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ratio of 1.73 (�0.04) equal to a Poisson’s ratio of 0.25. Thus, the upper crust has ideal elastic
behavior which is of major importance in drawing conclusions on the crustal origin of this part of
the IFR. We refer to this point later in the text. Unfortunately, the SNR on the horizontal sec-
tions is not as good as on the vertical ones and no information concerning vp/vs could be
observed for deeper structures as no converted phases were identified in the sections at the
appropriate offsets.
 O
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R
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D
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O

Fig. 6. (a) Data obtained from OBS 43 (located at the northeastern end of the seismic line, see Fig. 1b). The excellent

signal-to-noise ratio allows correlation of the crust-mantle boundary. For explanation of phases see Fig. 4. (b)
Enlarged part of OBS 43 highlighting the arrivals of the wide-angle phases (Pg, PmP and Pn).
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4.2. Sedimentary structure

The sedimentary cover above the igneous basement varies between 2.0 and 4.2 km in thickness
and is subdivided into four layers with vp ranging from 1.65 to 5.0 km/s (see Fig. 2 and sections in
Figs. 5, 8 and 9b). The thickness of the uppermost sedimentary layer (S1) with vp of about 1.65
km/s varies between 0 (not resolved) and 1500 m; this layer was identified along most parts of the
line. Towards the Norway Basin this layer reaches its maximum thickness in combination with a
O
U
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R
R
EC

TE
D
PR

O

Fig. 7. Results obtained from OBS6 (located at the southwestern part of the seismic line, see Fig. 1b), which is char-

acteristic for the data quality observed at this part of the seismic line. For explanation of phases and subfigures see
Fig. 4. In addition, the lower part shows calculated amplitudes of synthetic traces.
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velocity increase to about 2.0 km/s. High-resolution MCS lines might identify however this layer
probably has finer layering. A second sedimentary layer (S2) was identified along the central part
of the line with a thickness of 250–1200 m and vp�3.5 km/s. S2 strongly correlates with the low-
ermost sedimentary layer (S3, see Fig. 5) that reaches up to 2.3 km thickness while vp ranges
between 3.9 and 4.4 km/s.
At the central part of the line a layer that extends laterally for more than 200 km separates S2

and S3. Its P-wave velocity was determined as 4.7–5.0 km/s. Implementing the results of the Deep
Sea Drilling Project, site 336 (DSDP336, location is indicated in Fig. 1b) this layer is identified
as basalt: DSDP336, that was drilled in 1974 at 811 m water depth penetrated down to 515 m
below sea floor (bsf) and revealed the following results (Talwani et al., 1976): 1–159 m bsf=Plio-
Pleistocene; 168–463 m bsf=late Oligocene-late Eocene (both layers with vp=1.6–1.76 km/s);
484–515 m bsf=Basalt (dated to 43�3.3 million years).
Three OBS sections are discussed here to elucidate the recordings from the basalt layer: OBS6

(Fig. 7) is an example for the sections from the SW with comparatively reduced data quality. The
direct wave and subsequent phases from the uppermost sediments can hardly be identified, but at
offsets of 15 km and more, the Pb phase is well recorded (see Fig. 7). As no such Pb recordings
were obtained further towards the Iceland Basin we correlate the position of OBS6 with the
U
N
C
O
R
R
EC

TE

Fig. 8. Results obtained from OBS 19 (located at the central part of the seismic line, see Fig. 1b). This section is
dominated by onsets from diving waves within the basalt (Pb). For explanation of phases and subfigures see Fig. 4.
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southwestern termination of the basalt layer. OBS19 (Fig. 8) is located further to the NE on top
of the basalt. There, its maximum thickness of 1500 m was fixed by the maximum offsets of Pb
arrivals to either side of 23 km (SW) and 25 km (NE), respectively.
The north-eastern termination of the basalt is well documented by the recordings at OBS31 (see

Fig. 9), which is one of the key-positions along the entire line. At 11 km offset to the NE a shift in
F
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PR
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Fig. 9. (a) Results obtained from OBS 31 (located at the northeastern part of the seismic line, see Fig. 1b). A
remarkable time-shift in first arrival times is identified to the NE indicating the northeastern boundary of the basalt
layer and a velocity inversion below the basalt. For explanation of phases and subfigures see Fig. 4. (b) Near-field

section of OBS 31 to elucidate the time shift as discussed in the text and the difference in maximum offsets of the Pb
phase to either side.
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first-arrival times of 0.6 s is observed (see Fig. 9b). This clearly indicates a low velocity layer
(LVL) below the basalt. At larger offsets the Pg becomes the first arrival. This time-shift allows to
extrapolate the sedimentary layer S3 to below the basalt and thus to estimate thickness and
velocity of the LVL as no direct information can be obtained from the LVL itself. Note that
OBS31 is located in direct vicinity to DSDP336 and thus allows a direct calibration of our model
for the uppermost approximately 500 m. However, this is the first time that the structure within
and especially below this basalt layer was penetrated.
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Analyzing the evolution and crustal origin of the Iceland-Faeroe region is of major importance
when discussing the opening process of the North Atlantic between Greenland and the Rockall-
Faeroe region in order to reconstruct the former coastal extent. Whereas the crust below Iceland
was identified as abnormally thick oceanic crust formed by hot-spot activity (Palmason, 1971;
Zverev at al., 1976; Gebrande et al., 1980; RRISP, 1980; Staples et al., 1997), the Faeroe block
was found to be underlain by 30 km thick continental crust as part of the Caledonides (e.g. Bott
et al., 1974). However, the exact location of the passive volcanic margin on the IFR was con-
troversially discussed based on a number of studies that revealed partly contradicting results. In
the following these are discussed and correlated with the model obtained in this study.
We identified a Moho depth between 15 and 23 km. The maximum crustal thickness was

observed below the crest of the ridge. The velocities obtained are typical for stretched continental
crust (see e.g. Christensen and Mooney, 1995). We observed vp/vs ratios of 1.73�0.04 for the
upper part of the crust which is not compatible with oceanic crust (see e.g. Mjelde et al., 2002).
Thickness and velocity structure of the crust, its subdivision into an upper and a lower part by a
first order discontinuity as well as the Poisson’s ratio give clear indications for a continental ori-
gin of this part of the IFR. The deeper part of the velocity model is well constrained by wide-
angle phases obtained at numerous stations. PmP amplitudes and Pn arrivals point to an upper-
most mantle velocity of 7.9 km/s (see e.g. enlarged section of OBS 43 in Fig. 6b). Assuming that
our line was close to the passive continental margin we would expect underplating by high-velo-
city (vp=7.2–7.7 km/s) crustal bodies or intrusion by mafic melts related to the continental
breakup in the early Tertiary as found by Eldholm and Grue (1994) for the passive volcanic
margins of the North Atlantic. From our data we can exclude the presence of such an under-
plated body along the seismic line. Moreover, implementing such an underplated body in our
model and calculating the subsequent arrival times we find no correlation with the recorded data:
then the amplitudes of the PmP arrivals are too weak and the slope of the Pn phase is not
appropriate. Taking into consideration the range of vp in the uppermost mantle allowed by our
data we relate the sub-crustal structure to represent anomalously hot uppermost mantle rather
than an underplated body typical for rifted volcanic margins as observed e.g. in the outer Rockall
region where Vogt et al. (1998) identified an underplated body of 10 km thickness with a lateral
extension of about 80 km. Interestingly, the crustal structure observed near this underplated body
towards the continental crust of the Caledonides is very similar in thickness and velocity structure
to that of our model. This supports our conclusion that the south-eastern part of the IFR is of
continental origin and thus belongs to Paleo-Europe.
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We identified an up to 1.5 km thick basalt layer (vp=4.7–5.0 km/s) that was drilled by
DSDP336 and dated to 43�3.3 million years (Talwani et al., 1976). The lateral extension across
the IFR (SW–NE) was found to be about 200 km and corresponds well with the lateral extension
of the NAVP (e.g. Dickin, 1988; summarized in Eldholm and Grue, 1994). However, different to
high-resolution MCS techniques the wide aperture seismic method applied here allows penetrat-
ing structures within and below energy absorbing layers such as basalt as seismic energy at suffi-
cient offsets is observed. This allows us to define the structure (direct) and velocity (indirect) of
the LVL below the basalt that was drilled at its uppermost part by DSDP336. Based on the lim-
ited offsets of the Pb phase we were able to define the thickness of the basalt. Moreover, the
leaking continuing arrivals of a Pg phase in addition with the time shift in first arrivals at OBS 31
(Fig. 9) that is located close to the north-eastern termination of the basalt give clear indication for
a velocity inversion below the basalt. Thus we can exclude that the basalt layer formed on
abnormally thick oceanic crust or even belonging to oceanic crust formed by sea-floor spreading
during opening of the North Atlantic. Instead, it was deposited on top of Mesozoic sediments.
This indicates that this region has to be much older than the basalt itself, stressing that the crust
below could hardly have been formed by magma flow during opening of the North Atlantic.
Relating our model to the results of Bott et al. (1971), and especially their line 69/2 that crosses

our profile perpendicularly in the central part, we note that they obtained a vp=7.84 km/s
reflector at a depth of only about 16 km based on arrival times from three shots. Incorporating
their velocity of vp=5.8 km/s for almost the entire depth range above that reflector, we find that
the mean crustal velocity as determined in our study (>6.0 km/s) forces this reflector to be
somewhat deeper at depth levels where we identified the Moho. Bott and Gunnarsson (1985) re-
evaluated the crustal structure of the IFR using the same seismic data as Bott et al. (1971). Still,
the segment of their profile, which is also covered by our data, has a comparatively poor cover-
age. However, they obtained a 7.8 km/s refractor at depths between 28 and 30-35 km below the
ridge, which they interpreted as the Moho. Again this refractor might be related to the Moho as
obtained by our line at 23 km depth below the crest of the ridge assuming crustal velocities as
obtained in this study. Although the thickness obtained by Bott and Gunnarsson (1985) is more
typical for continental crust the authors interpret the crust beneath the ridge to be formed by sea-
floor spreading between 55 and 40 million years ago.
In the 1990, a large-scale seismic refraction experiment, the so-called FIRE line, was carried out

extending from Iceland to the Faeroe Islands along the entire IFR and resulted in a velocity
model down to 55 km depth (Richardson et al., 1998; Smallwood et al., 1999). Based on their
seismic data, Richardson et al (1998) discuss two alternative models of which the first one would
meet the velocity-depth distribution found along our line quite well. However, the model they
favor cannot explain any of our traveltime sections, especially the strong PmP reflections gener-
ated by a velocity contrast of about 0.9 km/s at the Moho at 23 km depth below the crest of the
ridge were both lines intersect. Furthermore, Richardson et al. (1998) state to have mapped the
transition from continental Faeroe to thickened oceanic crust of the Faeroe-Iceland Ridge 100 to
40 km NW of the Faeroe Islands based on lateral variation of vp in the upper crust. The IFR
itself was interpreted to be composed of >30 km thick oceanic crust based on seismic and gravity
modeling. Due to the receiver-source geometry of the FIRE line the upper crustal structure
remained unresolved: The basalt layer drilled by DSDP336 and also identified in our model was
not resolved and as a consequence no conclusion on the origin of the ridge could be drawn based
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on the sedimentary sequences. In a later study that combined the same seismic data set as well as
MCS high-resolution data for the uppermost 1 km, Smallwood et al. (1999) obtained a Moho
depth of 27-28 km for the southeastern IFR. Again, the ridge in this part was interpreted to be of
oceanic origin.
When analysing the crustal origin of regions close to a spreading center such as the Mid-

Atlantic Ridge, the distribution of magnetic anomalies may serve to provide additional informa-
tion. A map of residual total magnetic intensity along the IFR constructed by Fleischer (1971)
shows large amplitudes and short wavelength magnetic anomalies that cannot be associated with
a lineation pattern. Implementing gravity modeling, Bott et al. (1971) conclude that despite the
absence of characteristic magnetic lineations on the ridge the IFR must have been formed by sea-
floor spreading leading them to propose the crustal boundary to be located at the bathymetric
scarp of the NW Faeroe shelf edge. In contrast, paleomagnetic reconstruction would favor a
more northwesterly location (Bott, 1985). For a thorough overview on the magnetic anomalies in
the Iceland-Faeroe region we combined data from a large number of marine surveys (see
Fig. 10a). The region to either side of the Mid-Atlantic Ridge as well as the Iceland and Norway
basins exhibit a clear lineation pattern typical for crust formed by sea-floor spreading. In con-
trast, the distribution on the IFR is far more complex. Therefore we enlarged the part of the map
being of major interest here (Fig. 10b). This allows distinguishing two different patterns along the
IFR. Whereas the north-western part towards Iceland shows a lineation pattern similar to a
typical anti-parallel distribution, the distribution of anomalies further in the southeast (including
our seismic line) towards the Faroe block is different. There, no lineation of anomalies is identi-
fied, but, in contrast, the distribution of anomalies is highly similar to that identified further to
the southeast on continental Europe. A crustal transition may be identified approximately 100
km to the NW of our line. This supports our interpretation of continental crust below the
southeastern IFR.
On the slope from the IFR towards the Norway Basin (see Fig. 2) we observed a lateral increase

of vp throughout the entire crust. Further to the NE, where the water depth exceeds 2000 m,
thickness and velocity structure allow the identification of a rather sharp crustal transition
towards the oceanic crust below the Norway Basin. We call this a rather sharp continent-ocean
boundary due to the consequently decreasing crustal thickness towards the NE that comes along
with increasing P-wave velocities. The transition in velocity is believed to be rather sharp; how-
ever the receiver-source geometry was not designed to map lateral changes within a few kilo-
metres. Thus, our model reflects this boundary not s sharp as it really is but somewhat smeared in
lateral direction.
Comparing this part of the profile to the southwestern end of the line (towards the Iceland

Basin) we cannot make judgment on a similar lateral variation within the crust due to compara-
tively poor coverage (as discussed above). However we state that no sharp velocity discontinuity
within the sediments was observed similar to that towards the Norway Basin (vp=2.0 to 4.0 km/
s). This might indicate that our line does not cover the crustal transition towards the oceanic crust
of the Iceland Basin. This is supported by the waterdepth that does not exceed 1100 m at the SW
end of our line.
The sedimentary sequences allow the reconstruction of the evolution of this part of the IFR

back to Cretaceous time. The lowermost sediment (S3, see Fig. 2) with vp of up to 4.5 km/s is
interpreted as pre-Eocene and therefore syn-rift sediment. Since no sediments of Miocene age are
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Fig. 10. (a) Distribution of magnetic anomalies in the North Atlantic computed from various marine surveys. The

distribution of anomalies allows identifying a clear lineation pattern along the Mid-Atlantic Ridge and subsequent
regions. In contrast, regions with a diffuse distribution of anomalies are identified. (b) Distribution of magnetic
anomalies in the Iceland-Faeroe region (same data set as in a) A clear difference between the northwestern part of the

IFR (with magnetic lineation pattern similar to that along the Reykjanes Ridge) and the southeastern part of the IFR
where a diffuse distribution of anomalies (similar to the continental Rockall region) is observed.
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observed here, we conclude that this part of the IFR underwent an uplift resulting in erosion at
that time. The uppermost sedimentary layer (S1) with velocities between 1.7 and 2.0 km/s was
dated as Pliocene from the DSDP336 borehole (Talwani et al., 1976) indicating a reactivation of
subsidence in the last two million years resulting in a high sedimentation rate. Comparing results
of DSDP boreholes from other aseismic ridges, Detrick et al. (1977) concluded that parts of the
IFR have been at sea level for an abnormally long period of 15 Ma. This is well supported by our
data and might be explained by a rather thick crust already at that time (no isostatic equilibrium).
A similar sedimentary structure as resolved by our data was identified by Vogt et al. (1998) who
analyzed seismic data obtained in the Rockall region across the Hatton Continental Margin.
There, a strong velocity contrast within the sediments suggests an erosional unconformity surface
between syn-rift and post-rift layers that was interpreted to have developed due to regional uplift
driven by up welling of hot asthenosphere before anomaly 24 (early Eocene) time. Correlation
with our model suggests that this process might have occurred on the IFR as well.
Implementing the results from DSDP336 with regards to earlier ocean water circulation we

come to the conclusion that the IFR has undergone subsidence. An emergent ridge would act as
the Thulean land bridge for mammals between Eurasia and America, and also prevent the Arctic
and Atlantic waters and the marine fauna from mixing across this boundary. As the basalt
(penetrated by DSDP336 and identified in our seismic line) was deposited subaerially (Talwani et
al., 1976), the IFR must have subsided by at least 1300 m since the middle Miocene stressing its
role for evaluating former global water circulation. The fauna evidence at DSDP sites 336 and
352 (see Fig. 1b for location) suggests that there was indeed a barrier to circulation between these
two sites until late Oligocene times. The idea of a Tertiary land bridge forming the present IFR is,
however, not in conflict with the opening process of the eastern part of the North Atlantic. When
the Norway Basin and Lofoten Basin first began to form as a result of sea-floor spreading in the
Norwegian Sea, these basins were cut off by the IFR from the Atlantic to the south (Talwani and
Udintsev, 1977) with the resulting consequences for ocean water circulation.
R
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R6. Conclusions

We have presented the results of a wide aperture seismic survey conducted on the southeastern
part of the IFR perpendicular to its strike. We identified a Moho depth between 15 and 23 km.
The maximum crustal thickness was observed below the crest of the ridge. Thickness and velocity
structure of the crust, its subdivision into an upper and a lower part by a first order discontinuity
as well as the Poisson’s ratio give clear indications for a continental origin for this part of the
IFR. An up to 1.5 km thick basalt layer that was also identified by DSDP336 and dated to
43�3.3 million years was found to extend laterally about 200 km along the crest of the IFR.
However, the velocity inversion identified below the basalt stress that this region is somewhat
older than the basalt itself (43�3.3 Ma) indicating that the crust below could hardly have been
formed by magma flow during opening of the North Atlantic.
Analyzing the distribution of magnetic anomalies in the area of investigation we find good

correlation with our model. The distribution of magnetic anomalies along the IFR allows iden-
tifying the passive continental margin from continental Rockall-Faeroe-Voering region as part of
Paleo-Europe towards the oceanic domain formed by the Iceland hot spot to be located
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approximately 100 km to the NW of our seismic line. Thus, the discussion of a Tertiary land
bridge today represented by the southeastern part of the IFR needs to be re-evaluated with all its
implications on global water circulation. Moreover, our results may be of fundamental economic
interest concerning the hydrocarbon potential of this region that has not yet been evaluated and
remains virtually unknown.
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