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Abstract Between June 2004 and September 2004 a
temporary seismic network was installed on the
northern insular shelf of Iceland and onshore in north
Iceland. The seismic setup aimed at resolving the
subsurface structure and, thus, the geodynamical
transition from Icelandic crust to typical oceanic crust
along Kolbeinsey Ridge. The experiment recorded
about 1,000 earthquakes. The region encloses the
Tjornes Fracture Zone containing the Husavik—Flatey
strike-slip fault and the extensional seismic Grimsey
Lineament. Most of the seismicity occurs in swarms
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offshore. Preliminary results reveal typical mid-ocean
crust north of Grimsey and a heterogeneous structure
with major velocity anomalies along the seismic lin-
eaments and north—south trending subsurface features.
Complementary bathymetric mapping highlight
numerous extrusion features along the Grimsey Line-
ament and Kolbeinsey Ridge. The seismic dataset
promises to deliver new insights into the tectonic
framework for earthquakes in an extensional transform
zone along the global mid-ocean ridge system.

Keywords Broadband seismology - Multibeam
bathymetry - Hot spot-ridge interaction - Iceland -
Ocean bottom seismology - Tjornes fracture zone

Introduction

The north of Iceland represents in many ways an
extraordinary geological setting. In 1974, Semundsson
gave a first good tectonic and geological description of
a region where the Mid-Oceanic Ridge changes from
an offshore to an onshore ridge, separated by a trans-
form zone. However, this transform zone is leaky and
shortly after publishing the geological review of Sem-
undsson (1974) a subaerial fissure eruption along the
Krafla fissure swarm (Fig. 1) between 1973 and 1983
revealed its volcanic potential. Strong earthquakes
above magnitude 7 make it the primary focus of high-
energetic seismicity in and around Iceland. Whereas
this produced high attention in the scientific commu-
nity its offshore situation in contrast to the onland
transition in the south Iceland Seismic Zone requires
considerably more effort to reveal its detailed tectonic
setup. With our study we try to contribute to this effort.
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Fig. 1 Map of bathymetry and topography of North Iceland,
indicating the main historicalvolcanic centers Krafla and Askja,
the permanent stations of the Icelandic network (grey squares)
and the temporary stations (black triangles) of our experiment,
the shot locations (stars) and the two well-known seismic
lineaments Husavik-Flatey fault (HFF) and Grimsey lineament

Whereas the Krafla system is still considered part of
the North Volcanic Zone (NVZ) of Iceland (Bjornsson
et al. 1977), which trends into Oxarfjordur bay, some
kilometers offshore in the western part of this bay two
islands—the Manareyjar islands Lagey (Fig. 1) and
Haey—tower above a north-south trending bathy-
metric ridge extending up to 66°30 N. This ridge
probably featured a volcanic eruption at the end of the
19th century (1867/1868; see Thoroddsen 1925). The
bathymetry is dominated by north-south trending
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(GL). Some seismic stations, islands and morphologic deeps
have been marked because they are further discussed in the text.
To allow for further notation, the depth contours offshore start at
200 m depth and are sampled in 100 m. The altitude contours on
land are sampled in 250 m

troughs and ridges, which following the crest of the
ridges from the south to the north are always offset to
the west before finally joining with the central rift of
Kolbeinsey Ridge at around 67°N (see Fig. 1). Kol-
beinsey Ridge shares most characteristics of the typical
Mid-Atlantic Ridge sections and arctic ridges. It is
slow-spreading (Vogt et al. 1980) and produces tho-
leiitic rocks with MgO content of 6-10 wt.% (Devey
et al. 1994), which is often termed a depleted, but still
normal mid-ocean ridge basalt (N-MORB).
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The alternating bathymetry north of the Icelandic
coast is a morphological result of en echelon normal
faulting (Semundsson 1974; McMaster et al. 1977,
Rognvaldsson et al. 1998) following shearing between
the spreading regimes of Kolbeinsey Ridge and the
NVZ (Gudmundsson et al. 1993). Within the pull-apart
basins, one of them forming a major bathymetric low-
located just east of Grimsey (see Fig. 1), gaseous
pockmarks are observed (Richter et al. 2003). Their
number increases toward the major permeable faults
as, e.g. the Husavik-Flatey fault (HFF on Fig. 1). Fluid
migration along the faults also feeds high-temperature
hydrothermal fields (e.g. Botz et al. 1999; Riedel et al.
2001), which built hydrothermal smokers of more than
60 m height in Eyjafjordur (Stoffers et al. 1997). Small
volcanic cones of around 300 m base diameter and
smaller (Kuhn et al. revised) have been imaged along
the Grimsey Lineament (GL on Fig. 1), a seismic lin-
eament parallel to and north of the HFF. A major
submarine volcanic structure of around 8 km base
diameter is Storagrunn (Fig. 1) just north of 67°N. This
structure has a characteristic shield volcano slope of 2°
on average mapped by multibeam bathymetry surveys
by Brandsdottir et al. (2002, 2004).

Between Askja volcano and Grimsey island the
transform zone is monitored by the permanent seismic
South Iceland Lowland (SIL) network (grey squares on
Fig. 1: Rognvaldsson et al. 1998) and permanent GPS
stations (Geirsson 2002) from the Meteorological Of-
fice of Iceland. The crustal structure has been analyzed
by local earthquake tomography (LET) of the SIL
seismic travel-time data (Riedel et al. revised). The
results reveal a negative velocity anomaly reaching
down to 12 km depth along the main rupture of the
transform zone, the HFF. A further negative anomaly
between Flatey (Fig. 1) and Grimsey, covering a depth
to 12 km has been suggested to mirror an alignment of
magma bodies or a high heat-flow domain. However, in
the submarine parts the shallow subsurface cannot be
resolved by the permanent seismic network, and
therefore most parts of the GL is not imaged above
8 km.

A main point of discussion is the precise position of
the plate boundary. Gudmundsson et al. (1993) pro-
posed a model of two mode I cracks (i.e. extensional
zones) mirroring the two spreading domains of Kol-
beinsey Ridge and NVZ. In their model the North
American plate and Eurasian plate are separated along
the HFF close to the northern coastline of Iceland.
Taylor et al. (1994) proposed a structural boundary
along the GL, which they call an extensional transform
zone, i.e. along the complete boundary of North
American plate and Eurasian plate spreading occurs in

contrast to the Gudmundsson et al. (1993), where real
strike-slip transform motion occurs. Taylor et al. (1994)
compared oblique spreading regimes and extensional
transform zones worldwide and concluded that the
HFF is acting as a secondary fault, i.e. a Riedel shear,
with respect to the North America—Eurasia transforms
in a similar fashion as the San Andreas fault joins with
the Mendocino Fracture Zone in the Pacific (Hole
et al. 2000).

The purpose of this study is to analyze the transition
from Iceland to Kolbeinsey Ridge by a coupled seismic
and multibeam bathymetry survey. The seismic exper-
iment was aimed to improve hypocenter locations and
LET results by using ocean bottom seismometers
(OBS) and a temporal extension of the station setup on
land. The bathymetric data close some of the gaps in the
multibeam bathymetric map of the Tjornes Fracture
Zone and provide a unique view on the bathymetry of
the southern end of Kolbeinsey Ridge.

Survey

In a joint effort by Hamburg University, Uppsala
University and the Icelandic Meteorological Office
between June 25 and July 8, 2004, the permanent
seismic network was expanded by 25 additional sta-
tions (see black triangles on Fig. 1). Of these 14 were
seismic ocean-bottom stations (OB30-OB43 see
Tables 1, 2) and 11 seismic land stations (U2-U12 see

Table 1 Positions of the temporary seismic network stations

Station Latitude Longitude Depth (-)/
Elevation (+) in m
OB31 67°01.942N 18°40.193W =312
OB32 66°59.988N 17°59.998W —438
OB33 67°00.006N 17°29.390W 274
OB34 66°44.975N 19°00.007W —489
OB36 66°45.160N 18°10.300W =370
OB38 66°29.942N 18°59.877TW —485
OB39 66°30.079N 18°30.269W -157
OB40 66°35.999N 17°40.160W 242
OB41 66°29.911N 17°00.063W -238
OB42 66°17.960N 18°14.770W -107
OB43 66°18.000N 17°15.008W -154
U2 65°59.238N 18°04.320W 273
U3 65°51.360N 18°51.090W 275
U4 65°45.558N 17°51.318W 289
uUs 65°57.144N 16°58.416W 290
U6 65°36.060N 18°37.512W 309
u7 65°43.140N 17°12.600W 159
U8 66°04.098N 18°42.558W 162
U9 65°52.494N 16°22.326W 321
U10 65°34.854N 17°42.366W 315
Ull 66°15.636N 16°21.480W 67
U12 66°17.790N 17°06.942W 22
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Table 2 The sensors used and their sample rates

Stations Datalogger Sensor Sample rate
OB30-OB33 SEND Geolon MLS OAS Hydrophone (one component: h) 50 Hz
OB34-0OB43 GeoPro SEDIS III Hydrophone/Seismometer (four components: Z, N, E and h) 128 Hz

U2 EarthData logger Lennartz LE-1s (three components: Z, N and E) 100 Hz
U3-U12 EarthData logger Lennartz LE-5s (three components: Z, N and E) 100 Hz

Tables 1, 2). The ten short-period OBS from GeoPro
and four broadband ocean bottom hydrophones
(OBH) from the University of Hamburg were de-
ployed from R/V Drofn during its final cruise. The 11
seismic land stations from the University of Uppsala
were positioned between 19°W and 16°W and north of
65°30'N. One of them was installed on Lagey Island
(see Fig. 1).

With the exception of U12 (Fig. 1) all stations were
up and running during an active source experiment
that was carried out using 16 shots of 22.8-45.6 kg
dynamite in the water column (see white stars on
Fig. 1). Compressors for large volume airguns are not
easily available on the sparsely populated North
Atlantic Island.

Technical details and positions for the seismic sta-
tions are given in Tables 1 and 2. During the cruise R/
V Arni Fridriksson A 13, 2004 between September 6
and September 17, 2004, the OBS and OBH were
recovered from the seabed. Three stations (OB30,
OB35 and OB37, marked as white triangles on Fig. 1)
failed to deliver data, one because of a datalogger
drifting into saturation and the other two because
water penetrated the glass spheres, which covered the
seismometers. Due to power failure of the EarthData
logger, the station Ull on Lagey only recorded
6 weeks of data. However, including the permanent
SIL network, recordings from up to 36 stations are
available for some of the bneraly 1,000 recorded events
during the period of operation.

After recovery of the seismic stations, the multi-
beam sounding equipment of R/V Arni Fridriksson
was used to expand the extensive multibeam survey of
the Tjornes Fracture Zone started by Brandsdottir and
others in earlier cruises (Brandsdottir et al. 2002;
Richter et al. 2003). Particularly the region north of
67 N, in Eyjafjordur and surrounding Storagrunn vol-
cano was covered. A fine-scale morphology down to a
lateral resolution of some meters on top of Storagrunn
volcano was obtained. Analysis of multibeam
bathymetry data is particularly dependent on the
acoustic velocity profile in the water column. Therefore
11 conductivity—temperature-depth (CTD) profiles
were acquired during the survey (see Table 3) down to
a maximum depth of about 450 m.

@ Springer

Table 3 Map of CTD positions and deployment times and dates

CTD No Latitude N Longitude W Deployment time
298 66°13.07 17°40.85 21:46:01, 06/09/04
299 66°45.17 17°30.08 19:48:38, 07/09/04
300 67°01.17 17°55.65 23:22:47, 07/09/04
301 66°53.67 19°14.53 20:59:50, 08/09/04
302 67°30.24 18°59.67 02:19:41, 09/09/04
303 67°30.08 18°41.82 23:07:27, 09/09/04
304 67°01.90 18°24.82 21:20:47, 10/09/04
307 66°15.84 16°51.46 14:13:50, 11/09/04
308 65°49.35 18°07.76 21:17:12, 12/09/04
309 65°53.93 18°13.64 23:05:06, 12/09/04
310 66°07.68 18°29.50 01:12:35, 13/09/04

The top and flanks of Storagrunn were dredged, but
during dredging of the suggested recent lava flows east
of the volcano, unfortunately the dredge was lost. The
rocks recovered were all allochthonous material,
probably beach gravel or glacially transported boul-
ders.

Data processing
Seismic data

The seismic data set is heterogeneous (Fig. 2). Data
was sampled at different sample rates on different
kinds of instruments (Table 2) and stored in different
formats ranging from miniSeed to internal formats.
The land stations (EarthData loggers) were synchro-
nized every half hour with the Global Positioning sys-
tem (GPS). GPS reception was unproblematic on
northern Iceland and implied that time drifts during
recording were negligible. The ocean bottom registra-
tion, however, need an additional step of preprocess-
ing. They are only communicating twice to a reference
time signal, in our case the GPS time, once when
deployed and once when recovered. In between, a drift
of the internal clock occurs. The seismic time series
data were resampled to account for this drift.

A fundamental difference in the corrections is evi-
dent for the SEND and Sedis III dataloggers (see
Table 2). SEND dataloggers sample a time sequence of
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Fig. 2 Diagrams show the recordings of the seismic network on
a day with rough weather and sea conditions (left) and on a
quieter weather day (right). The stations have been marked in

an additional internal quartz clock with a much faster
sample rate than the original data to account for the
non-linear internal clock drift. In this way the overall
drift can be associated with the non-linear drift,
whereas the Sedis III datalogger time was corrected
only by compressing the time axis linearly between
deployment and recovery datum using a floating point
sample rate. The maximum clock drift registered was
in the order of 1.7 s over the whole duration of the
experiment, which corresponds to 28 ms/day (i.e.
approximately four samples).

After clock drift removal, all data including the
waveforms of the detected events by the stationary SIL
network were converted to GSE format and a database
was constructed in SEISAN (Havskov and Ottemoller
2003). Phase readings from the automatic picking of
SIL were also converted to SEISAN S-files and the
associated waveforms were extracted in a narrow time
window ranging from just before the suggested origin
time to 2 min beyond the suggested last S pick in the
record. Finally, the data were manually repicked on all

2004-07-28-1524-59S.NSN___010

Plot start time: 2004 728 15:27 56.122

2004 728 1527 50.8 L 67.215-18.680 0.0 UHH 34 0.3
44 ‘ P T T s T T T 1183 1

1 GRI Z
ES 5966 133047

2 OB3lh

3 0B32 h#mwmmwwwwwwmww»ww
-471 P ES 268
12 N 9383

5 OB38 E M”J\IN\NWMWWMWW\WMWWMWWMWMW
6 OB3§ N ‘———WWNMWJWMMMWMM\MMMWWW

4 IS 9003

7 0B38 Z 1‘ MWWMMMWWNWW

50 P ES 328

55 P ES 589
10Ul Z MWWM
‘ | | | | | | SEC 1)

Time in seconds

Fig. 1, names are printed on the left side followed by component
where Z vertical component, N and E are horizontal component
and 4 refers to a hydrophone

stations, the permanent and the temporary ones, using
the SEISAN system. This study uses SIL arrival times
for the ~1,000 events recorded during the time period.
These were manually corrected and extended to picks
on the temporary network for all the data, which were
recorded.

The seismic data acquired during the dynamite
explosions (Fig. 6) was preprocessed in the same
manner. The time series were rearranged to start at the
GPS time recorded during the explosion and uniformly
resampled to 100 Hz. These resampled time series
were converted to SEG Y format and analyzed using
Seismic Unix (Cohen and Stockwell 2003). For picking
of the first arrival, a Hilbert transform was used on the
data as, e.g. Earle and Shearer (1994), and the Butt-
werworth bandpass filtered amplitude component
(2-4-20-30 Hz) served as the pick dataset. Here, the
real seismic traces are shown.

The land station positions were taken from the GPS
logs of the instruments. The position was logged twice
a day, and the mean positions were used. In general,
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Fig. 3 The raw data from the 2004 841245290 L
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Fig. 4 Reduced time-offset
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Fig. 5 (A) Diagram shows the compressional wave velocity
models used in this study. The solid blue line is the refraction
result north of the Grimsey Lineament (GL), the dashed line
south of this lineament. The same colors have been used for the

the horizontal standard deviation was of the order of
3 m, and generally below 4 m vertically. The vertical
positions were also compared to a digital elevation
model with a resolution of 50 m (assuming the hori-
zontal positions were correct). They agreed to within —
4 m + -25 m (1o). The OBS and OBH positions were
determined as the mean position between deployment
and recovery locations. The largest differences are
about 0.1 min in latitude and 0.2 min in longitude, i.e.
about 50-100 m. In an attempt to improve the location
of OBSes from the order of 100 m to the order of 10 m,
in addition to the first arrivals, we tried to pick the
arrival of the water wave on the OBS recordings. This
would be equivalent to a small number of samples on
the time series, but would provide a result independent

@ Springer

following plots (B-D), which display the location of hypocenters
using the according velocity model in 3D ((B) refraction model
north of GL, (C) LET model, and (D) SIL model). Further
details see main text

of the subsurface seismic velocity model. Although the
water wave phases include the highest amplitudes in
the seismogram, it is often hard to determine the exact
onset on close inspection, so we restricted our pro-
cessing to the analysis above.

Multibeam data

The multibeam data were acquired using the MB sys-
tem software suite (Caress and Chayes 1995) on a
UNIX machine connected to a SIMRAD EM 300
instrument aboard R/V Arni Fridriksson. From time-
to-time, the sound velocity profile used for the inver-
sion of water depth was adapted to the closest spot
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Fig. 6 Isoline and grayscale
plot of the quality of locating
by the permanent network.
Darker colors refer to bigger
errors. The lateral error has
been used to number the
lines, small circles mark the
location of a shot by the
network, stars mark the real
position of the shot. The
permanent stations are
marked by gray squares

67° 00'N

66° 30'N

66° 00'N

65° 30'N
20°W

where CTD measurements were performed. These
CTDs were acquired using Seabird SBEII plus equip-
ment with an installed thermosalinograph SBE 16.
Further processing is still needed and a complete

bathymetric map will be published elsewhere
Fig. 7 Isoline and grayscale

plot of the apparent

maximum depth of

hypocenters. This apparent 67° 00'N

maximum depth refers to the
depth above which 80% of all
events are located. Each
event is displayed by a small
circle. The radius of this circle
is indicative of its depth. The
maximum depth of events is
found between Grimsey and
Flatey Islands

66° 30'N

66° 00'N

65° 30'N
20°W

2 km

15°W

(Brandsdottir et al. 2002, 2004). The preliminary re-
sults presented here were smoothed and interpolated
by E. Kjartansson (personal communication) at the
University of Iceland. An excerpt around Storagrunn
volcano is shown in Fig. 7.
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First results
Waveforms and picks

The acquired seismic waveforms are very similar
among the broadband instruments. They are subject to
weather and sea conditions. On rough days (see
Fig. 2a) a strong amplitude low-frequency component
(about 0.5 Hz) is visible (here on stations OB31, OB32,
SIG and Ul1 and less strong on GRI), on quiet days
(see Fig. 2b) seismic signals from the subsurface
dominate the time series (here on stations SIG and
U1l a small amplitude low-frequency component in
the overall signal is still visible due to some environ-
mental effect). The short-period instruments (as an
example OB38 in Fig. 2) are like high-pass filters
implying that no microseismic noise is evident. For
10% of the events their dynamic range is very low,
which is either a consequence of the noise or an elec-
tronic problem of the data logger.

Most P- and S-phases have an impulsive onset,
however the first arrival is not necessarily the same on
all components for the OBS data: a phenomenon that
was already recognized during the TYSEA experiment
(Dahm et al. 2002). This is a consequence of a ringing
effect produced by the low-S velocities in the shallow
underground just beneath the OBS (Thorwart and
Dahm 2003). More P-phases could be picked than
S-phases, but some S-phases are more impulsive than
the first arrival. In rare cases, only after Butterworth
bandpass filtering between 4 and 20 Hz (see above) the
signal was clear enough to provide a sufficient quality
picking (see Fig. 2). This is also indicated by cross-
correlations of the waveforms at one station of various
events within one swarm, which show a maximum
when a bandpass between 4 and 20 Hz is used.

The strongest amplitude arrival for the events is not
necessarily the S-wave onset (cf. OB38 on Fig. 2a).
There can be an amplitude response one order higher
than the S-wave onset, particularly on the hydrophone.
There are several origins for this high-amplitude arri-
val. For large-offset arrivals the SmS and Sn phase
interfere with the S-wave. For smaller offsets and short
time-delays an interference effect in the shallow sub-
surface near the seismometer may cause a delay effect.
Here, the effect is often strongest on the hydrophone,
thus it might be a wave converted into an acoustic wave
at the seabed, i.e. a tertiary or T-wave. Thorwart and
Dahm (2003) noticed that the horizontal and vertically
polarized S-waves might arrive at different times and
produce a similar effect (shallow shear-wave splitting).
An example is given for the North component of OB38
on Fig. 3, where the time delay changes from 1.4 s at
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distances of 7 km to around 0.7 s between 40 and
80 km and back to 1.4 s at distances around 100 km.
This is a clear evidence that we do not simply see an S-
to-P conversion, but various effects interfere.

Visual inspection suggests that the picking error for
the P-wave onset on quiet days is in the order of 1-
5 ms, on rough days it increases to 5-10 ms. The
picking error for the S-wave is generally on the order
of 5-20 ms, once the actual onset phase can be estab-
lished. The time difference between onset and maxi-
mum amplitude may be in the order of seconds (cf.
UO02 on Fig. 2b). This time-lag effect is typical for the
permanent stations GRI and FLA, where automatic
picking of the S-wave is often not in accordance with
the subsurface model even after correction of the S-
phase pick (see, e.g. GRI on Fig. 2b, where the
amplitude increases before the automatic S-pick).

Refraction seismics

The number and distribution of shots and stations is
not sufficient to evaluate the subsurface structure be-
low a single station or a single shot. Not only after the
analysis of P- and S-picks of the natural seismicity do
we realize that the region in study is very heteroge-
neous and bound to produce all sorts of seismic phe-
nomena. However, we can reconstruct a mean 1D
velocity model by averaging over two seismic sections
including all shots on all stations:

— one north of the GL;
— and the other south of the GL.

Because all shots were fired north of the HFF, the
different structure north and south of this structure
cannot be compared in a similar way by our survey
results. This trivial approach provides us with seimo-
grams of a median spatial sampling around 1 km
(Fig. 4). The first arrivals were picked (circles in Fig. 6)
and by assuming a simple 1D model, the refracted
arrivals using a ray-approach for homogeneous layers
were fit to the data.

In the reduced time section for the region north of
the GL (Fig. 4a) it is apparent that the resolution in the
20 km closest to the shot is insufficient. A linear trend
in the range of 3.2-3.5 km/s seems to receive the
dominant wave energy, mainly visible in later arrivals
between 4 and 5 s. Latest from 10 km on, travel time
picks indicate a velocity of 5 km/s. Between 20 and
65 km offset, a phase with the velocity of 6.7 km/s is
apparent. Beyond 50 km the best visible trend emerges
with a velocity of 7.2 km/s. Some picks in a distance
range from 80 to 120 km contrain a Moho velocity of
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8.15 km/s. This is the not a unique way to interpret the
data, but this refraction model (blue solid line in Fig. 5)
fits well to other models in the region in study (e.g. the
LET model or the Kolbeinsey Ridge model of Hooft
et al. 2006). The location of the Moho and the seismic
velocity below the Moho remains disputable. We have
simply shown it here, because we want to highlight that
it is not impossible to detect a Moho north of the GL.
Many late arrivals in distance ranges between 40 and
80 km align with the picks on this refractor. To cut a
long story short there is no evidence for a transition
layer but rather a real Moho in north of Iceland.

South of the GL (Fig. 4b) the resolution seems to be
better in the first 20 km, but we are still unable to find a
direct wave and selected the same velocity as the 1D
LET of Riedel et al. (2005). In very decent offsets of
10 km and less, the refracted wave from a 5 km/s
horizon takes over the first break character and from a
distance of 30 km on the character of the picked first
breaks is pretty chaotic. Some of the late arrivals help
to fit a trend of 6.6, 7 and 7.3 km/s. The last phase is
only apparent as the first arrival after 120 km, so we
are dealing with a very slow crust in this case. This
model is shown as dashed blue line in Fig. 5. It would
be possible to align some phases between 110 and
140 km at a refractor velocity of 8.7 km/s, however, it
seems unreasonable that a refractor with such a high
velocity should appear and that it should receive so
much energy, when all the other phases clearly loose
energy beyond distances of 100 km. The restrictions
imposed by our small dataset prevent a more thorough
analysis of this phase. In any case such a high velocity
implies a dip of the refractor should it exist.

Travel times, root-mean-square residuals and 1D
velocity models

The first result of the survey was produced nearly in real
time by Gudmundsson, who improved the automatic
picks of the shots for the SIL stations and located the
events using the SIL velocity model and only the sparse
SIL setup (Fig. 6). The results demonstrate impressively
the performance and restrictions of the permanent
Icelandic network. While a near perfect reconstruction
of the shot epicenter (<2 km lateral error) is available
for the southernmost shots, a clear increase in error is
observed for the shots along 67°N latitude and the shot
close to Flatey Island, i.e. station FLA.

As stated above, about 1,000 events have been re-
picked now including the whole temporary setup. They
have been located with Hypoellipse (Klein 1984;
Havskov and Ottemoller 2003). Only phase picks
within 90 km distance from the epicenter were evalu-

ated, because they do not include reflected or refracted
phases from the Moho (see refraction seismics). Only
picks with distances up to 30 km were weighted fully.
No weighting was assigned to the picks according to
individual pick quality. The epicenter was established
and the depth was determined by a grid-search for
minimum root-mean square travel time residual (from
here abbreviated as RMS residual) This procedure was
performed for four different velocity models (results
see Fig. 5), the standard model for the SIL network
based on Bjarnasson et al. (1993), a northern model
from the SIL network (G. Gudmundsson, personal
communication), the best fitting 1D LET model by
Riedel et al. (2005) and a model derived from our
refraction survey. All models (see Fig. 5) neglect the
water layer above the ocean-bottom and surrounding
the island stations.

Single errors for phases are commonly below 0.5 s,
but about 10% of the S-phases for some OBS stations
and SIL stations on the islands, FLA and GRI, cannot
be decreased to an RMS residual below 0.8 s.

The average RMS residual value for the whole
dataset is 0.274 (SIL), 0.255 (Northern SIL), 0.235
(LET) and 0.258 s (Refraction). Generally all models
provide a good solution. The hypocenter distribution is
very similar for the SIL and the Northern SIL model,
but completely different for the LET model. Whereas
events cluster in vertical bands between 5 and 15 km
for the SIL models (Fig. 5), most events occur in a
depth up to 3 km for the LET model (Fig. 7). How-
ever, just southeast of Grimsey a column of hypocen-
ters increases the depth, above which 80% of the
events are located (commonly interpreted as the brit-
tle-ductile transition), to about 15 km just below the
volcano-hydrothermal region (Fig. 7). Depths of the
seismicity cut-off of about 10 km are also characteristic
for the region north of Flatey.

Morphology and lithology

The overall morphology of the seafloor north of Ice-
land is well known, but it has never been available in
such a resolution. Richter et al. (2003) already high-
lighted the pockmark structures, Brandsdottir et al.
(2002) reported the bathymetric step associated with
the HFF in Skjalfandi Bay. Cone structures in a pull-
apart basin east of Grimsey were already noticed by
Kuhn et al. (revised). The frequency and distribution
of these cones has been described by Brandsdottir et al.
(2002, 2004). Typical slope angles of ~30° and crater
diameter to base diameter ratios fall well into the field
for tuffcone like structures (Vespermann and
Schmincke 2000). A number of surveys by Brands-
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dottir et al. (2002, 2004) produced a multibeam bea-
hymetric map of the region.

This survey filled the gap between Holl and Stora-
grunn volcanoes (Fig. 8b). A ridge of cones splits into
two parallel rows of cones close to Storagrunn
enclosing a small basin. Following the apex of the basin
one can trace the center of the huge submarine volcano
just NNW of it. Before the survey the top of Stora-
grunn was unknown and was suggested to consist of a
crater valley. However, we were able to show that it is
composed of a ragged top with only a small crater to
the SSE, which is breeched to the SSW, probably by a
huge flow deposit. The volcano flanks compose a
horse-shoe of high flanks above a bathymetrically
lower segment in the SSE toward the apex of the
neighbouring basin.

Storagrunn was the main target for dredging. How-
ever, two dredge trials only revealed ice-rafted debris
and/or beach gravel. During dredge along the eastern
flank, which appeared to be formed recently, the
dredge was lost in the sea.

A further focus of multibeam work was the Kol-
beinsey ridge region between 19°W and 18°15’W south
of 67°30'W. No ridge valley can be oberserved, but it
was observed that the bathymetry becomes shallower
toward the ridge. As well as the ridges of cones close to
Storagrunn (dashed lines on Fig. 7b), cones on Kol-
beinsey Ridge align with a strike of ~50°NW (dashed
lines on Fig. 8a), which is subparallel to the more
southerly GL (Fig. 8a).

Discussion

The newly acquired seismic data fit well to the past
analysis of permanent SIL seismic data in the same re-
gion (Rognvaldsson et al. 1998; Riedel et al. 2005), i.e. the
1D velocity model inverted by LET provides the smallest
RMS residual. All tested velocity models allow a less
erroneous locating process than the SIL model. The SIL
model was optimized for South Iceland and our results
indicate that the crustal structure from the north of Ice-
land differs from that in the south. However, it is obvious
from Fig. 5, that the decisive factor for a discrimination
of the models is the deep underground (>5 km), because
above the models are very similar. Less erroneous loca-
tions favor a model with a velocity of 7 km/s or faster
velocities from 10 km on.

The new locations cluster at lower depths, which
also means that the brittle-ductile transition is more
shallow than previously thought and the crust is thin-
ner. These observations do not only fit the new velocity
model, but also the old for South Iceland. So far, the

high depths of earthquakes could not be explained
easily. With the new data they disappear and do not
need to be explained.

The velocity model from refraction also agrees well
with these observations. South of the GL (Fig. 4b,
dashed blue line in Fig. 5) no velocity higher than
7.3 km/s can be confirmed as a first arrival. The het-
erogeneity north and south of the lineament as de-
picted by deviations of the phase readings from the
calculated arrival times using the best fit velocity
models is very similar (Fig. 4). The region sampled in
the south is much larger and some of the phases picked
do not seem to be the first break. In contrast to the
refraction model, the better LET 1D model was pro-
duced using events across the whole TFZ region, thus
including information from both sides of the GL and is
thus doomed to be better. Further more, the two
models. LET and Refraction, are very similar up to a
depth of 10 km (Fig. 5). The lower crust seems to
indicate a subtle increase of velocity with depth, which
prevents a first break from a Moho velocity around
8 km/s. In this case a LET will provide a much better
model then refraction with our sparse shot dataset, so
we do not want to discuss our models further.

We can also afford a glimpse further north. Our
refraction model there (Fig.4a, solid blue line in Fig. 5)
highlights a possible Moho in a bout 10 km depth with
a velocity around 8 km/s, further north along the
Southern Kolbeinsey Ridge the velocity model of the
KRISE experiment (Hooft et al. 2006), reaches a
velocity of 6.6-6.8 km/s at 3.5-4 km depth and the
Moho at around 10-12 km depth which compares well
with our 10 km. This might be evidence that there is a
transition here from Icelandic crust underlain by an
unknown, sometimes called transition, layer (Ange-
nheister et al. 1980) to typical oceanic crust underlain
by normal mantle material.

Our analysis shows that the SIL model still provides
a good approximation for the epicenter in routine
purposes. However, the depth of the sources differs
strongly between the SIL and the best LET model.
Most events seem to occur in a shallower subsurface
than previously thought and only few events in the
center of the research area occur deeper down (Fig. 7).
This is in good agreement with the negative flower
structure model (Woodcock and Fisher 1986) proposed
by Riedel et al. (2001) based on fluid geochemistry.
Having in mind, that the crust south of the HFF is not
unusual for Icelandic crust and that the crust north of
the GL is largely N-MORB, we conclude that the crust
in between was and is still formed by a pull-apart
process evoked by differential rifting of Kolbeinsey
Ridge and the NVZ. The active pull-apart structures
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are those where seismicity is most frequent and where
fluids are migrating from the deep subsurface. The
deepest active structures we could image are located
along a line from Flatey to Grimsey in Skjalfandi
trough.

Although we might only look at a snapshot in time
of the seismicity, these results are supported by a LET
based on data from the permanent network by Riedel
et al. (2005), which show a low-velocity body in a depth
of 7-12 km between Grimsey and Flatey, where the
unusually deep seismicity is located. The presence of
such a low-velocity body will actually mean that even
the deep events found here are located in shallower
positions.

The deepest reaching and most permeable and thus
most probably most active fault of a flower structure is
usually considered to be the principal rupture of the
system (Barton et al. 1995). Here, this would refer to
the GL, where the seimicity aligned at depth reaches
its maximum. According to this hypothesis the rest of
the seismicity is related to the near-surface Riedel
shears at the edge of the pull-apart basin. Thus, the GL
is rather a Grimsey Seismic Zone (GSZ) including a
GL at its northeastern edge. In contrast to a classical
flower structure as proposed by Woodcock and Fisher
(1986), the main lineaments are not strike-slip faults
with a dip-slip components, subparallel to the main
rupture, but mainly dip-slip normal faults. Thus, our
results clearly favor an extensional transform zone
along the GSZ.

The high frequency of volcanic cones along the GL
in contrast to the relatively flat surface along the HFF
also suggests that volcanism and thus magmatic fluid
migration mainly occurs within the GSZ. The align-
ment of cones further north on Kolbeinsey Ridge
(Fig. 8), striking at a similar angle as the GL can only
be produced by two scenarios.

— A strong influence of the transform shearing stress
regime to the north, which produces strike-slip fail-
ure, or

— An asymmetric spreading where cones are trans-
ported obliquely away from the ridge center. This
would imply that the Jan Mayen microplate to the
east of Kolbeinsey Ridge is a growing plate, where
more new crust is produced to the north of the plate
to account for the oblique spreading.

In either case we find the influence of the transform
regime still at a latitude of 67°30’N, far away from the
Icelandic coastline. This implies that the crustal struc-
ture is changing smoothly toward the north and no
sudden shift occurs at the GL.
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Conclusions

We observe a transition from Kolbeinsey mid-ocean
ridge crust to Icelandic crust along the GL, the
northern limit of a GSZ. Whereas a mantle refraction
could be identified for a region north of the GL, there
is no confirmed mantle refractor south of it. The crust
for this northern region is thinner than in Iceland and
maybe even thinner than in the adjacent Kolbeinsey
Ridge, though only slightly. South of the GL, there is a
gradual increase in compressional wave velocity with
depth starting at 4 km depth, implying that even at an
offset of 140 km from the shot, there is no first break
with a mantle velocity. A later arrival cannot be ruled
out but could not be observed due to a low signal to
noise ratio. In between the GL and the HFF, a main
area of seismicity is located between Grimsey and
Flatey Island running from north to south. Along this
narrow line, the deepest hypocenters were recorded,
whereas above it hypocenters spread out across the
entire region in study, mostly clustering in north-south
trending lineaments close to the surface. The Skjalf-
andi trough/basin complex resembles a classical nega-
tive flower structure as in the Woodcock and Fisher
(1986) model. No petrological evidence for existing
volcanism could be found from dredging, but multi-
beam bathymetry highlights some rough structures that
appear to be recent. The opening of the flower struc-
ture produces a sharp contrast at the HFF with an
origin in the stress regime of the GSZ, which can be
traced up to 67°30'N and implies a gradual change in
crustal structure toward Kolbeinsey Ridge.
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