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In order to gain insight into the lithology and crustal evolution of the northern Jan Mayen Ridge, North
Atlantic, the horizontal components of an Ocean Bottom Seismometer (OBS) dataset were analyzed with
regard to Vp/Vs-modeling and seismic anisotropy. The modeling suggests that the northernmost part of
the ridge consists of Icelandic type oceanic crust, bordered to the north by anomalously thick oceanic
crust formed at the Mohns spreading ridge. The modeled Vp/Vs-ratios suggest variations in gabbroic

composition and present-day temperatures in the area. Anisotropy analysis reveals a fast S-wave
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component along the Jan Mayen Ridge. This pattern of anisotropy is most readily interpreted as dikes
intruded along the ridge, suggesting that the magmatism can be related to the development of a leaky
transform since Early Oligocene.

© 2015 Elsevier B.V. and NIPR. All rights reserved.

1. Introduction

It is well established that the Jan Mayen Ridge, North Atlantic, at
least partly represents a continental sliver rifted off East Greenland
(e.g. Myhre et al., 1984; Gudlaugsson et al., 1988, Fig. 1). The western
and eastern boundaries of the ridge have been described by Kodaira
etal. (1997); Mjelde et al. (2008a) and Breivik et al. (2012). In 2006,
an Ocean Bottom Seismic (OBS) survey was conducted along the
northernmost part of the ridge, mainly aiming at identifying the
northern termination of the continental ridge (Kandilarov et al.,
2012, Fig. 2). By modeling the OBS vertical components, com-
bined with gravity modeling, Kandilarov et al. (2012) divided the
northernmost part of the ridge into three segments from south to
north; continental crust, Icelandic type oceanic crust, and oceanic
crust accreted within the Mohns Ridge system.

Modeling of OBS horizontal components have earlier success-
fully constrained crustal lithology further south on the ridge
(Mjelde et al., 2007). The main aim with the present study is thus
to obtain Vp/Vs-ratios from the modeling of the OBS horizontal
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component data acquired in 2006, building on the P-wave and
density models described by Kandilarov et al. (2012), in order to
test the hypothesis outlining the northernmost part of the ridge as
an oceanic plateau. Furthermore, the horizontal components will
be explored with regard to seismic anisotropy, which could pro-
vide insight into tectono-magmatic dynamics (e.g. Mjelde et al.,
2003).

2. Tectonic setting

The continental rifting following the collapse of the Caledonian
mountain range occurred during several rift episodes over a time
span of about 350 myr, culminating with continental break-up
between Norway and Greenland in the early Eocene (magnetic
anomaly 24r, ~53 Ma, e.g. Talwani and Eldholm, 1977; Cande and
Kent, 1995). Oceanic spreading lasted around 20 myr (until ~33
Ma, magnetic anomaly 13a) at the Reykjanes, Aegir and Mohns
Ridges (Fig. 1). During this phase, spreading along the northern
Mid-Atlantic Ridge was simultaneous with spreading in the Lab-
rador sea (Talwani and Eldholm, 1977; Tessensohn and Piepjohn,
2000). Voluminous magmatic activity accompanied the separa-
tion of Norway and Greenland, leading to the formation of thicker
oceanic crust. Thick igneous layers were also intruded as sills into
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Fig. 1. Map of the North Atlantic showing the two studied profiles (red lines) and the main topographic and bathymetric features: RR — Reykjanes Ridge, GIR — Greenland—Iceland
Ridge, FIR — Faeroe-Iceland Ridge, FI — Faeroe Islands, SI — Shetland Islands, MM — Mgre Margin, MMH — Mgre Marginal High, AR — Aegir Ridge, JMR — Jan Mayen Ridge, ]MB — Jan
Mayen Basin, KbR — Kolbeinsey Ridge, EGM — East Greenland Margin, WJMFZ — West Jan Mayen Fracture Zone, EJMFZ — East Jan Mayen Fracture Zone, VM — Vegring Margin, LM —
Lofoten Margin, MoR — Mohn Ridge, KnR — Knipovich Ridge. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

the continental crust or extruded sub-aerially as flood basalts. This
magmatism decreased significantly after 5—10 myrs of oceanic
spreading (Eldholm et al., 1989; White and McKenzie, 1989; Mjelde
et al., 2008a).

The second stage of the northern North Atlantic evolution
started in the early Oligocene (~33 Ma) when the spreading in the
Labrador Sea ceased and Greenland became attached to the North
American plate (Torsvik et al., 2001). This was accompanied by a
change in the relative plate motion between the European and
North American plates from NNW—SSE to NW—SE. Spreading
along the Aegir Ridge decreased gradually and the ridge became
extinct at ~25 Ma (magnetic anomaly 6—7, Talwani and Eldholm,
1977; Tessensohn and Piepjohn, 2000; Mosar et al., 2002). The
spreading along the Aegir Ridge was accompanied by simultaneous
continental rifting on East Greenland from about 43.5 Ma until the
Kolbeinsey spreading rift initiated at around 24 Ma (Mjelde et al.,
2008a). Initially, the spreading along the northern Kolbeinsey
Ridge was relatively slow and subject to modest volcanic activity.
About 3 myr after the break-up the magmatic activity increased due
to the influence of the Icelandic hot-spot, and thicker than normal
oceanic crust has been generated since (Kodaira et al., 1997; Mjelde
et al., 2007, 2008a).

The eastern side of the Jan Mayen micro-continent conjugate to
the Mere segment on the Norwegian margin is a volcanic margin,
while the western side of the micro-continent represents a non-
volcanic margin (Gudlaugsson et al., 1988; Kodaira et al., 1998;
Mjelde et al., 2007, 2008a; Breivik et al., 2012).

3. The P-wave models

Since the Vp/Vs-modeling presented in this paper is based on
the P-wave models of Kandilarov et al. (2012), we will here sum-
marize their findings, which divides the northern Jan Mayen Ridge
into a southern continental segment, a middle segment with Ice-
landic affinities and a northern oceanic segment influenced by the
Mohns Ridge (Figs. 3 and 4).

Continental crust, characterized by relatively low crustal P-wave
velocities (5.75—6.85 km/h), is inferred along the southern parts of
the two lines south of the Continent Ocean Boundary (COB), located
near OBS 10 along Line 1 and near the mid-point between OBS 32
and 33 on Line 2. The COB is interpreted in the center of an about
20 km wide Continent Ocean Transition (COT). The continental
crust is overlain by three pre-opening sedimentary sequences
dated as pre-Cretaceous, Cretaceous, Paleocene/Early Eocene,
respectively (Gudlaugsson et al., 1988). Two younger sequences of
post-rifting Cenozoic sediments were deposited on top of the older
sequences.

Oceanic crust related to accretion at the Mohns Ridge, consisting
of layers 2, 3A and 3B, is present north of OBS 16 on Line 1 and OBS
28 on Line 2. The oceanic crust is characterized by anomalously
large thickness and high P-wave velocities in layer 3B, which is
indicative of elevated mantle temperatures. This finding explains
the anomalously shallow bathymetry of the area. The oceanic
accreted crust is overlain by a thin layer of Late Cenozoic marine
sediments.
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Fig. 2. Map of the survey area showing the two seismic profiles and the locations of the instruments. Crosses denote the four-component instruments (OBS), while the dots
denote the one-component instruments (OBH). Lines L3S-1995 to L6-1995 are profiles presented by Kodaira et al. (1998) and Mjelde et al. (2007). Line 8-00 is presented in Mjelde
et al. (2008b). The blue line shows the location of the northern continental-oceanic crust boundary (COB), from Kandilarov et al. (2012). The yellow line (Icelandic-Mohns
boundary) shows their interpreted boundary between Icelandic type and oceanic crust related to the Mohns Ridge. JMR: Jan Mayen Ridge, EB: Eggvin Bank, WJMFZ: West Jan
Mayen Fracture Zone, EJ]MFZ: East Jan Mayen Fracture Zone. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

The segment between the COB and the Mohns Ridge oceanic
crust is interpreted as an Icelandic type oceanic plateau (anoma-
lously thick oceanic crust), based on the similarities with Iceland
in crustal layering and P-wave velocities (Bjarnason et al., 1993;
Allen et al., 2002; Gudmundsson, 2003; Sigmundsson, 2006).
Sampling of 32—24 Ma lavas, gabbros and volcano-clastic sedi-
ments along the southern slope of the West Jan Mayen Fracture
Zone (WJMFZ) has confirmed that the northernmost Jan Mayen
Ridge formed within an area of Oligocene magmatism (Pedersen
et al., 2010). Gernigon et al. (2009) and Kandilarov et al. (2012)
attribute the anomalous magmatism to a discrete leaky trans-
form developing along the Jan Mayen Fracture Zone, following the
33 Ma change in plate motions. Note that the COB follows the
trend of the East Jan Mayen Fracture Zone (EJMFZ), supporting this
interpretation.

It is unlikely that the floating reflectors included in the lower
crust and upper mantle in the model for Line 1 (Fig. 3) represent
remnants of subduction, since it is well documented on the con-
jugate Norwegian Margin that Caledonian collisional features
have been removed by later extension (Mjelde et al., 2012). Such
floating reflectors are generally interpreted in terms of shear
zones or remnants of the magma plumbing system (Mjelde et al.,
2009).

4. S-wave OBS data acquisition and processing

The geophysical survey performed in 2006 along the north-
ernmost Jan Mayen Ridge collected OBS data, multichannel seismic
data (MCS) and gravity data simultaneously (Kandilarov et al.,
2012). Data were acquired along two ~220 km and 165 km long
lines, striking NS and NE—SW, respectively. Fig. 2 shows the loca-
tion of the survey lines, as well as previous OBS surveys in the area
(Kodaira et al., 1998; Mjelde et al., 2007, 2008b). The seismic source
employed in 2006 consisted of a tuned array of seven air-guns with
a total volume of 40 L, which was shot every 100 m at a depth of
about 10 m. The source can be considered as a point source
generating P-waves only. Encountering an impedance contrast, i.e.
the seafloor, parts of the energy will be converted to S-waves. In an
isotropic model with horizontal layers all converted S-waves will
be SV waves, but in an anisotropic subsurface the S-waves will split
into several waves propagating according to the specific anisotropic
symmetry (Crampin, 1990).

A total of 15 OBSs and 20 OBHs (Ocean Bottom Hydrophone)
stations were deployed along the two lines. The OBSs were
equipped with three orthogonally mounted geophones and one
hydrophone. These instruments were thus capable of recording
both compressional waves (P-waves) and shear waves (S-waves).
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Fig. 3. a) P-wave velocity model of Line 1. b) Interpretation of the P-wave velocity model (Kandilarov et al., 2012).

Three instruments, 24, 26 and 29 along Line 2, did not yield useful
data.

The OBS horizontal axes are randomly oriented on the sea-floor,
and the vertical axis may be tilted. In order to assure reliable

identification of S-wave phases, the orientation of the axes of the
two horizontal OBS channels ought to be known relative to the in-
line (shooting) and cross-line directions, and the possible inclina-
tion of the vertical axis should be estimated. Both the orientation of



Line 1 intersection

A. Kandilarov et al. / Polar Science 9 (2015) 293—310

Line 2, P- wave velocity model

« WIMFZ

Depth [km]

S

Continental

<— Crust —<+—— Icelandic Crust

Line 1 intersecti
1

40

60

80

100 120 140

Distance along the line [km]
T opaama velocity [km/s]
2 3 4 5 6 7 8

Line 2, geological interpretation

Oceanic Crust

160

E—

Depth [km]

0 20 40 60
Icelandic Oceanic

Mantle Layer 3B
Model layer 7 Model layer 6
Lower Contil Icelandic Oceanic
Crust Layer 3A
Model layer 6 Model layer 5
Upper Continental Icelandic Oceanic
Crust Layer 2
Model layer 5 Model layer 4

80
Distance along the line [km]

100 120 140

pre-Cretaceous
Oceanic Layer 3B sediments
Model layer 6 Model layer 4
Cretaceous
Oceanic Layer 3A sediments
Model layer 5 Model layer 3
Paleocene-
Oceanic Layer 2 Eocene sediments
Model layer 4 Model layer 2

160 b

Oligocene sediments
Model layer 1

Late Cenozoic

Model layer 1

Fig. 4. a) P-wave velocity model of Line 2. b) Interpretation of the P-wave velocity model (Kandilarov et al., 2012).

the horizontal components and the vertical tilt can be estimated
from the direct water arrival, at a certain offset range, since this
wave is polarized linearly in the in-line plane. The horizontal
components can subsequently be re-oriented into in-line and

297

cross-line components with an uncertainty of about 5° (Mjelde

et al., 2002a).

The processing of the OBS data included 8 km/s velocity
reduction, band-pass filtering between 2-4 and 4—16 Hz, spiking
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deconvolution and automatic gain control (AGC) with a window
length of 0.7 s. This processing scheme was applied to all compo-
nents, and is similar to the processing performed in earlier studies
(Kodaira et al., 1998; Mjelde et al., 2007; Breivik et al., 2012). In the
near-offset range we also used the unfiltered data during the
interpretation, since filtering caused strong ringing of the high-
amplitude direct water arrival. The reader is referred to Mjelde
et al. (2002a) for more details on processing of multi-component
OBS data. Some examples of processed OBS data are shown in
Figs. 5—7, and blow-ups of parts of the data are presented in Fig. 8.

5. Vp/Vs-modeling: background and procedure
5.1. Vp/Vs-ratio versus lithology

One of the limitations of P-wave models arises from the fact that
different lithologies - for instance sand and shale — generally have
similar P-wave velocities (e.g. Christensen, 1996). Laboratory ex-
periments and case studies have shown that knowing both the P-
and S-wave velocities can help constrain the lithology. Domenico
(1984) found the following Vp/Vs-ratios for consolidated sedi-
mentary rocks; sandstones: 1.59—1.76, limestone: 1.84—1.99,
shales: 1.70—3.00.

High sedimentary Vp/Vs-ratios (>3.00) are attributed to low
degrees of compaction and are typical for shallow marine sedi-
ments (Bromirski et al., 1990; Chung et al., 1990; Mjelde et al.,
2007). Increasing the lithostatic pressure in sedimentary rocks re-
duces their porosity, resulting in a decrease in the Vp/Vs-ratio (e.g.
Chung et al., 1990).

The Vp/Vs-ratio is particularly sensitive to the content of quartz,
and the Vp/Vs-ratio thus offers a means to distinguish between
felsic and mafic crystalline basement compositions. Holbrook et al.
(1992) reviewed Vp/Vs-ratios for different crystalline rocks, and
reported values that varied from 1.71 in granite (felsic) and 1.78 in
granodiorite, to 1.84 in gabbro (mafic).

5.2. S-wave mode conversions

Compressional P-waves are generated when air-guns are fired in
the water. As the P-waves encounter boundaries between layers
with different acoustic impedance, parts of the energy will reflect
or refract (depending on the angle-of-incidence) as both P- and S-
waves (e.g Digranes et al., 1996).

The observed shear wave phases are usually divided into three
types — waves traveling with apparent P-wave velocity converted
on the way up (PPS arrivals), waves converted on the way down and
thusly traveling with apparent S-wave velocity (PSS arrivals) and
waves converted at the reflecting/critically refracting boundary
(target converted arrivals; Mjelde et al.,, 2002a). PPS arrivals are
easily identified on horizontal component seismograms, since they
appear as delayed versions of the P-wave arrivals observed on the
hydrophone or vertical geophone seismograms. The time delay
reflects their proportion of the ray-path as slower S-waves. PSS
arrivals have a characteristic slope corresponding to a seismic ve-
locity of 4—5 kmy/s, which generally reflects the range of typical
crustal S-wave velocities.

5.3. S-wave modeling

The P-wave velocity models (Figs. 3a and 4a) of Kandilarov et al.
(2012), consisting of seven layers, were used as basis for the S-wave
modeling. These P-wave models were obtained by using the 2-D
ray-tracing software Rayinvr (Zelt and Ellis, 1988; Zelt and Smith,
1992). This software allows the tracing of reflected-, refracted-
and head waves in the different model layers, the calculation of

their travel-times and comparison with travel-times interpreted
from the OBS seismograms. By assigning Poisson's ratios to the
layers of a P-wave velocity model, Rayinvr may be used to simulate
mode converted rays. An important assumption is that P-to-S
conversions will occur at the same interfaces as those found during
the P-wave modeling. By comparing theoretical travel-times with
observed arrivals from the in-line component OBS seismograms we
obtain a model of the Poisson's ratio, which can readily be con-
verted into a Vp/Vs-ratio model (Figs. 5—7; Stein and Wysession,
2003). The modeling thus consists of estimating the conversion
boundary for each interpreted arrival, and the Vp/Vs-ratio within
each layer. We modeled the data from each instrument separately
and derived the Vp/Vs ratio in each layer by a layer stripping
approach (Zelt, 1999; Zelt et al., 2003). A variation in Vp/Vs-ratio
within each layer was achieved by merging the models from all
instruments (Figs. 9 and 10). The resolution of the obtained travel-
time model is not high enough to allow amplitude modeling,
including calculation of synthetic seismograms, to be performed
(Mjelde et al., 2002a).

5.4. Uncertainty estimates

The fit between the calculated and observed travel times is
estimated by 2 given by the formula:

1N [t — ) 2
2 _ 20i
2 =33 ()

where n is the number of data points, tg; is the observed and tg; is
the calculated travel-time of the i-th data point and Uj is the travel-
time picking uncertainty of the i-th data point. A Xz value around
one means an optimal fit between the observed and calculated
travel-times for the given uncertainty. However, 3-D wave propa-
gation effects (out-of plane ray paths), unresolvable small scale
structures and structural inhomogeneities (Zelt et al., 2003) will
prohibit an ideal fit. Therefore, additional indicators must be
considered when estimating the reliability of the final model. Such
quality indicators are the signal-to-noise ratio for individual phases
and the ray-coverage for different parts of the model (Breivik et al.,
2005; Mjelde et al., 2005). The reliability of the Vp/Vs-model will
thus depend on the validity of the underlying P-wave velocity
model, the data quality of the horizontal components and the un-
certainty of the travel-time picks.

We used linearly variable travel time picking uncertainty, which
was set to 75 ms for the arrivals closest to the instrument and
120 ms for arrivals at maximum offset (200 km). An uncertainty up
to 120 ms was also used for unclear arrivals. During the modeling
we attempted to use all coherent arrivals and minimize their >
values. The 2 values and the number of rays sampling each model
layer are given in Table 1.

The amount of modeled data may also be shown as the variation
of the ray density within the model. This allows assessment of the
spatial resolution of the model. We quantified the ray density by
computing and presenting illumination diagrams (Fig. 11). The di-
agrams were obtained by dividing the models into rectangular
10 x 2.5 km cells and computing the number of ray-hits in each cell
relative to all ray-hits, expressed as a percentage. If our models
were illuminated uniformly, each cell of Line 1 would contain 0.28%
of the total ray-hits. For Line 2, the corresponding number would
0.37%. These values were used as criteria to distinguish between
well and poorly illuminated model cells. Cells having more than
0.28% of ray-hits for Line 1 and 0.37% for Line 2 are considered well
resolved. Cells having fewer ray-hits are less well resolved, while
cells with no ray-hits are unresolved (shown as black areas in
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the S-waves. b) Calculated (thin solid lines) versus observed (gray shaded bars) travel time curves for the rays traced. The width of the bars reflects the picking uncertainty. Most
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Tertiary. c) Seismogram from the in-line horizontal channel. The inset is blown up in Fig. 8a.

Fig. 11). The illumination diagrams show that the shallow-to-
middle depth parts of both models are well resolved, and that the
resolution is decreasing to zero at the bottom and towards the ends
of the models. The error in the modeled Vp/Vs-ratios is estimated to
be +0.03 within the white areas of Fig. 11, +£0.05 in the orange/
yellow cells (in web version) and +0.07 in the red cells. Black
shading indicates unresolved model. These uncertainties are in

agreement with those estimated by Mjelde et al. (2007) further
southwards on the ridge.

5.5. Particle motion analysis

When a shear wave enters an anisotropic medium it will split
into two (or more) different waves polarized along and
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perpendicular to the structures causing the anisotropy (Crampin,
1990; Mjelde et al., 2002a,b,c; Stein and Wysession, 2003).
Crampin (1990) discusses five possible reasons for anisotropy in
the crust: 1) oriented crystals (crystalline anisotropy); 2) aligned
fabric, such as aligned grains (lithological anisotropy); 3) regular
sequences of isotropic bodies such as periodic thin layers or
dikes (long wave-length anisotropy); 4) direct stress-induced

anisotropy; 5) aligned micro-fractures (extensive-dilatancy
anisotropy, EDA). According to Crampin (1990), shear wave split-
ting is primarily caused by aligned crustal cracks/fractures. A shear
wave polarized along the cracks will travel faster than a wave
polarized perpendicular to the cracks. Accordingly, the two types of
polarized shear waves define the “fast” and “slow” directions of
anisotropy.
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Particle motion diagrams may be generated using unfiltered S-
wave amplitudes from the three mutually perpendicular geophone
channels (e.g. Stein and Wysession, 2003). These are called polar-
ization diagrams or hodograms (Crampin, 1990; Mjelde et al,
2002a,c). Possible anisotropy can be found by computing particle
motion diagrams over a time window trailing the onset of an

on the way up at the top of layer 3B. c¢) Seismogram from the in-line horizontal channel. The

identified S-wave. If anisotropy is present, the hodogram will show
particle motions in two preferred directions, corresponding to the
fast and slow directions.

Comparisons of hodogram analyses of PSS arrivals from raw and
filtered OBS data showed no significant differences, except that
filtered data provided smoother polarization diagrams. Examples
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S Vp/Vs model, Line 1 N
4—— Continental Crust —— > 4¢—— Cl)cclzrawﬁ:g gﬁ; ——»<«——— Oceanic Crust ————»

L L 1 L 1 L L L L |
CoB WJIMFZ
—

v.
5 10 11 o )

0 20 40 60 80 100 120 140 160 180 200 220
Distance along the line km

[CoCsEEEE EEEEEEENEEEEEEEEEEEE T [ T \p/Vs
1.65 1.70 1.75 1.80 1.85 1.90 1.95 2.00 2.2 2.4 2.6 2.8 3.0 3.2

Fig. 9. Vp/Vs-model along Line 1 and the locations of the modeled instruments. The patterned, grey areas show the parts of the model without ray penetration.
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Fig. 10. Vp/Vs-model along Line 2 and the locations of the modeled instruments. The patterned, grey areas show the parts of the model without ray penetration.

from the hodogram analysis are shown in Figs. 12—13. We derived
two sets of results; the azimuth of the fast and slow anisotropy
directions and the percentage of anisotropy in the medium, ANI,
which was calculated using the following formula: (Stein and

Wysession, 2003)
Vfast — V Vfgst + V
ANI = 100 x S5t = 5I0Wer - verage = w )
Vaverage

where v is the average shear wave velocity along the fast di-
rection and vgjow along the slow direction. After substituting for
Vaverage i Eq. (1) we obtain

ANI = 200 x st~ Uslowe,
Vfast T Vslow

(2)

Table 1
Number of data points used to constrain the model parameters in each layer and the
calculated RMS and 7 values.

Layer No Number of data points RMS 2
Line 1

Layer 7 1404 0.141 1.756
Layer 6 4384 0.130 2.157
Layer 5 2853 0.149 1.868
Layer 4 1302 0.086 1.163
Layer 3 249 0.120 3.125
Layer 2 20 0.054 0.539
Layer 1 N/A N/A N/A
Total: 10,212 0.135 1.880
Line 2

Layer 7 3328 0.147 1.855
Layer 6 3649 0.129 1.429
Layer 5 1232 0.073 0.882
Layer 4 780 0.110 2.154
Layer 3 237 0.104 2.294
Layer 2 12 0.169 3.132
Layer 1

Total 9238 0.126 1.584

The average vgs and vgew may be expressed as
Vst = “:%, Vgiow = 3¢, and substituted in Eq. (2) we get:
Sfa.st _ S5 low
f .
ANI = 200 x Sf”“—s"’w% 3)
fast Sstow
tfus[ tslaw

Because the shear waves polarized along the fast and slow
anisotropy directions will travel with different velocities, they will
necessarily have different ray-paths. If the arrival times of the fast
and slow phases are close, we may assume that Sy = Sgjo, and then
Eq. (3) becomes

ANI = 200 x stow ~ Gasto,
Estow + tfast

(4)

This equation may be used to calculate the anisotropy from the
onsets of the fast and slow shear wave phases interpreted from the
hodogram analysis.

6. Results and discussion
6.1. Sedimentary sequences

The sequences of Oligocene and younger sediments along the
two lines (model layer 1, 0—110 km along Line 1 and 0—80 km on
Line 2) have high Vp/Vs-ratios, ranging from 3.2 to 8.0 along Line 1
and 4.0 to 8.0 along Line 2 (Figs. 3 and 9 and Figs. 4 and 10). The
Paleocene/Eocene sediments along Line 1 (model layer 2,
0—110 km) have Vp/Vs-ratios in the range 2.45—2.6, while along
Line 2 (model layer 2, 0—80 km) the ratio is estimated to be 2.6—3.0.
The modeled Vp/Vs-values in the Cretaceous sediments (model
layer 3, 0—90 km on Line 1 and 0—30 km on Line 2) are 2.15—-2.2,
while the pre-Cretaceous sediments (model layer 4, 0—90 km, Line
1 and 0—30 km, Line 2) have a Vp/Vs-value of 1.9.

The high Vp/Vs ratios in the Oligocene and younger sediments
along both lines are indicative of a low degree of consolidation and
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Fig. 11. Illumination diagram of the Vp/Vs-model along Line 1 (a) and Line 2 (b). White area is best resolved, while black indicated unresolved part. See text for details.

high porosity in these formations (Figs. 9 and 10). These results are
in line with Mjelde et al. (2007), who observed similar Vp/Vs-ratios
(2.3-7.9) further south on the ridge (Fig. 2). High porosity also
dominates the post-opening sediments along the conjugate Nor-
wegian Margin, where the Vp/Vs-ratios are modeled at 2.0—4.5
(Mjelde et al., 2009).

In the Early Tertiary/Cretaceous sequences further south on the
ridge the observed Vp/Vs-values are estimated at 1.9—2.2 (Fig. 2,
Mjelde et al, 2007). Our somewhat higher values of 2.15-2.2

indicate higher shale content on the northernmost part of the ridge
(Figs. 9 and 10). Mjelde et al. (2007) modeled a Vp/Vs-value of 1.9 in
the pre-Cretaceous sedimentary sequences, which is in agreement
with our models. The lithology of the pre-Cretaceous units is
interpreted as shale dominated, with lower Vp/Vs-ratio than in the
Cretaceous sequence due to increased compaction and lower
porosities.

Along the conjugate Norwegian Margin the Vp/Vs-ratios in the
Cretaceous sedimentary sequences are generally lower (1.75—1.95)
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Fig. 12. Results from the hodogram analysis of OBS 21, Line 2. a) Horizontal seismogram used in the Vp/Vs-modelling. The white arrow shows the location of the analyzed PSS
arrival. b) Vertical (V), horizontal inline (HI) and horizontal cross-line (HC) traces of the analyzed PSS arrival. The left end of the red window marks the onset of the shear wave
polarized along the fast anisotropy direction, and the width of the window is the time interval used to calculate the particle diagrams. The blue window shows the same for the
shear wave polarized along the slow anisotropy direction. c) Polarization diagram of the fast shear wave calculated over the red time window shown in b). d) Polarization diagram of
the slow shear wave calculated over the blue time window shown in b). e) Polarization diagram over the entire time interval from the onset of the fast wave to the end of the slow
wave. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

than those found in our models (Figs. 9 and 10, Mjelde et al., 2009).
Similarly, the pre-Cretaceous sequences along the Norwegian
Margin have lower Vp/Vs-ratios (1.7—1.85) compared with our
models. This difference may partly be explained by the fact that the
Cretaceous and pre-Cretaceous sequences along the Norwegian
Margin are buried significantly deeper (2—8 km for Cretaceous and
5—12 for pre-Cretaceous units) compared with our study area
(1—2 km for Cretaceous and 1.5—5 km for pre-Cretaceous units). It
is likely that these sequences were subject to smaller maximum
burial depth on the (proto) Jan Mayen Ridge, and the ridge has been
subject to later uplift. Both these factors imply a higher degree of
porosity and increased Vp/Vs-ratio on the Jan Mayen Ridge.
Furthermore, it is likely that the modeled differences imply that the
shale content in the Cretaceous and pre-Cretaceous sequences on
the Jan Mayen Ridge is higher compared with the Norwegian
Margin.

6.2. Oceanic crust

The Vp/Vs-ratio in oceanic layer 2 is modeled at 1.9 along Line 1
(140—220 km, model layer 4) and 1.85—2.2 along Line 2
(90—170 km, model layers 3, 4 and 5, Figs. 9 and 10). These values
compares well with the values found for the area west of the Jan
Mayen Ridge and on the Mgre Marginal High (Mjelde et al., 2002c,
2003; 2007, 2009). The modeled variability may be explained by
differences in crack quantity and porosity.

For Line 1 the modeled oceanic layer 3A Vp/Vs-value is 1.9
(model layer 5, 140—220 km), and for oceanic layer 3B (model layer
6) it is estimated at 1.85. The model of line 2 reveals no sub-division
of oceanic layer 3, for which a Vp/Vs-ratio of 1.85 is estimated.
Kandilarov et al. (2012) interpreted the elevated P-wave velocities
found in oceanic 3 as indicative of elevated mantle temperatures,
which increases the Mg component in the melt. This interpretation
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Fig. 13. Results from the hodogram analysis of OBS 20, Line 1. a) Horizontal seismogram used in the Vp/Vs-modeling. The white arrow shows the location of the analyzed PSS
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the slow shear wave calculated over the blue time window shown in b). e) Polarization diagram over the entire time interval from the onset of the fast wave to the end of the slow
wave. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

would imply the presence of lower than normal Vp/Vs-ratios, since
increasing the Mg content at the expense of Fe will reduce the Vp/
Vs-ratio (Christensen, 1996). Such a model is valid for the area west
of the Jan Mayen Ridge and on the Mgre Marginal High, where Vp/
Vs-ratios of 1.80 have been inferred in oceanic layer 3 (Mjelde et al.,
2002c, 2003; 2007). However, our modeled average Vp/Vs-ratio for
oceanic layer 3 is 1.85, which is indicative of normal temperature
gabbroic composition. The presence of some amounts of serpenti-
nized peridotites in the lower crust would increase both the P-wave
velocities and the Vp/Vs-ratio (Carson and Miller, 1997), explaining
the observations in our study area.

6.3. Continental crust

The upper continental crust is well illuminated along Line 1
(model layer 5, 0—90 km, Figs. 11 and 13a), but only to about 20 km

distance southwards from the COB along Line 2 (model layer 5,
10—30 km, Figs. 10 and 11b). Along Line 1 the upper continental
crust is found to have a Vp/Vs-ratio in the range 1.8—1.85, while
along Line 2 we modeled a value of 1.85.

The lower continental crust along Line 2 is not illuminated
(model layer 6, 0—30 km). Along Line 1 only the two extremities of
this layer were illuminated (model layer 6, 0—90 km). The southern
part is modeled to a Vp/Vs-value of 1.75 and the northern part
expresses a value of 1.85.

The average Vp/Vs-value of 1.85 modeled in the upper (crys-
talline) continental crust (Figs. 9 and 10) is in accordance with the
results of Kodaira et al. (1998) and Mjelde et al. (2007) further south
on the ridge. The same applies to the relatively low P-wave velocity
modeled for the uppermost part of the crust (about 5.8 km/s;
Kandilarov et al., 2012). We are in line with the interpretation of
Kodaira et al. (1998) and Mjelde et al. (2007), which suggests that
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the relatively low P-wave velocity and high Vp/Vs-ratio, down to
about 10 km depth, may be explained by an intermediate rock
composition and increased quantity of cracks.

Along the western side further south along the ridge, Mjelde
et al. (2002c) modeled a Vp/Vs-ratio of 1.75 in the lower crust.
We observe the same value along the southernmost part of line
1, and interpret this part of the crust as consisting of interme-
diate/felsic rocks. Further north close to the COB, the Vp/Vs-ratio
increases to 1.85, which is indicative of mafic rock composition.
A similar interpretation was made on the eastern side further
south of the ridge, were Vp/Vs-ratios as high as 1.9 was modeled
above an inferred Early Tertiary mafic, lower crustal body
(Mjelde et al., 2002c). In our study area, it is likely that the mafic
component, at least partly, results from igneous intrusions
emplaced during the Early Oligocene rifting episode
(Gudlaugsson et al., 1988).

6.4. Icelandic type oceanic crust

The Icelandic type crustal layer 2 has Vp/Vs-ratios in the range
1.9-2.2 along Line 1 (model layers 3 and 4, 90—140 km) and
1.9—-2.15 along Line 2 (model layers 3 and 4, 30—90 km, Figs. 9 and
10), which is similar to the values found for this crustal layer further
to the north.

Along Line 1 the modeled Vp/Vs-ratio in the Icelandic crustal
layer 3A (model layer 5, 90—140 km) is 1.85—1.9 and along Line 2 it
is ~1.85 (layer 5, 30—90 km). The Icelandic crustal layer 3B has an
almost constant Vp/Vs-ratio of around 1.85 along Line 1 (model
layer 6, 90—140 km), whereas a value as low as 1.75 is estimated for
Line 2 (model layer 6, 30—90 km, Figs. 11 and 12).

Controlled source experiments on Iceland have revealed Vp/Vs-
ratios in oceanic layer 3 in the range 1.75—1.80 (Bjarnason et al.,
1993; Brandsdottir et al., 1997; Staples et al., 1997; Darbyshire
et al,, 1998; Menke et al., 1998). These values are consistent with
gabbro well below the solidus (Kampfmann and Berckhemer, 1985).
An exception to this is a Vp/Vs-ratio estimate of 1.88 in the
Northern Neo-volcanic Zone, interpreted to result from higher
present-day temperatures (Brandsdottir et al., 1997). By combining
surface- and body wave constraints, Allen et al. (2002) obtained a
3D S-velocity model for Iceland. The average of this model indicates
Vp/Vs-ratios of 1.82 and 1.84 at 10 and 15 km depth, respectively.

Our modeling suggests Vp/Vs-ratios of 1.85—1.9 in oceanic layer
3A, which is similar to the values obtained from the high-
temperature neo-volcanic zone in Iceland (Brandsdottir et al.,
1997). The presence of the active Beerenberg volcano on the is-
land of Jan Mayen supports the interpretation of oceanic layer 3A as
gabbros subject to higher than normal present-day temperatures.

In oceanic layer 3B, our modeling of line 1 indicates Vp/Vs-ratios
of 1.85. This value is slightly higher than the Vp/Vs-ratios modeled
on Iceland, indicating that the shallow, present-day temperature
anomaly extends to lower crustal depths along line 1. The slight
decrease in the Vp/Vs-ratio with depth from oceanic layer 3A to 3B
is similar to observations nearby, and may be related to reduced
porosity with depth (e.g. Mjelde et al., 2002c).

Significantly lower Vp/Vs-ratios of around 1.75 are modeled in
oceanic layer 3B along Line 2. This value falls at the lower end of the
measurements on Iceland (e.g. Bjarnason et al., 1993), and may be
interpreted as gabbros derived from high temperature melt, thus
increasing the Mg content, subject to normal present-day tem-
peratures. Such lower temperatures would be expected for this
profile, being primarily located to the east of the main ridge crest.
However, a Vp/Vs-ratio of 1.75 may also be interpreted as indicative
of intermediate/felsic rocks. Thus, we cannot rule out the presence
of slices of continental crust in this NE-most part of the ridge,
although we find such an interpretation unlikely since it is not

consistent with models for the area's plate tectonic evolution
(Mjelde et al., 2008a).

6.5. Mantle

The most poorly illuminated part in both models is the layer
beneath the Moho, interpreted as the upper mantle (model layer
7). Based on our ray-path modeling, the seismic energy did not
penetrate deeper than 5—7 km below the Moho. The Vp/Vs-ratio
in this uppermost part of the mantle has been modeled at 1.7
along Line 1 and 1.65—1.7 along Line 2 (Figs. 9 and 10), which
agrees well with values found for the mantle further south on the
ridge (Mjelde et al, 2007). These mantle Vp/Vs-ratios are
consistent with peridotitic (un-serpentinized) upper mantle
composition of normal present-day temperature (Holbrook et al.,
1992).

6.6. Hodogram analysis

In order to assure reliable interpretations, the hodogram anal-
ysis was restricted to the clearest S-wave arrivals observed on 8
instruments. Examples from the hodogram analysis are shown in
Figs. 12—13. The analysis confirmed that the Vp/Vs-ratios presented
in Figs. 9—10 are derived from the fast shear wave phases. The re-
sults from the hodogram analysis are summarized in Table 2, which
presents the average azimuths of both the fast and slow directions,
as well as the average anisotropy (ANI). The average azimuth of the
fast direction is 348° N, while that of the slow is 248° N, with mean
error of ~10°. The azimuths estimated for the individual

Table 2
Summary of the results from the particle diagram analysis.

Instrument Arrival Converting Anisotropy, Particle motion
interfaces ANI, % azimuth
OBS 1 PSSyc  down L1/L2 8 fast 342°
up L1/L2 slow 209°
OBS 5 PSSyc down Seabed/L1 5 fast 337°
up Seabed|/L1 slow 226°
OBS 20 PSSy down Seabed/L1 1 fast 336°
up L4/L3 slow 249°
OBS 21 PSS;c down L2/L3 2 fast 352°
up L2/L3 slow 267°
OBS 23 PSSic  down L2/L3 2 fast 348°
up Seabed|/L1 slow 259°
OBS 25 PSSic down L2/L3 2 fast 7°
up Seabed/L1 slow 246°
OBS 28 PSS;c  down L1/L2 3 fast 359°
up L1/L2 slow 265°
OBS 35 PSS;c  down Seabed/L1 1 fast 341°
up L2/L3 slow 261°
all PSS 3 fast 348°
slow 248°
PSSx Converted refracted wave penetrating down

to layer X and traveling with apparent
S-wave velocity

PSSx Converted head wave propagating on top of layer
X and traveling with apparent S-wave velocity

PSSxP; Converted wave reflected on top of layer
X and traveling with apparent S-wave velocity
PPSx Converted refracted wave penetrating down to layer
X and traveling with apparent P-wave velocity
PPSx Converted head wave propagating on top of layer
X and traveling with apparent P-wave velocity
PPSxP, Converted wave reflected on top of layer
X and traveling with apparent P-wave velocity
X,i= Interpretation
M Upper mantle
LC Lower crust
ucC Upper crust
S Sediments
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instruments are plotted in Fig. 14. The figure does not provide the
anisotropy directions exactly at the instrument locations, since the
shear wave phases studied sample a large section of the profile. This
implies that the OBSs located to the north of the WJMFZ to a large
extent provide anisotropy estimates of the Icelandic type crust
south of the WJMFZ.

The anisotropy value ANI depends on which model layers the
analyzed PSS waves have propagated in. Most PSS arrivals have
penetrated as deep as the lower crust (OBS 21, 23, 25, 28 and 35),
and in one case the modeled PSS arrival has propagated into the
upper the mantle (OBS 20). In two cases, the analyzed PSS phases
did not penetrate below the upper continental crust (OBS 1 and 5).
The PSS phases from the upper crust demonstrate anisotropy of
5—8 %, while the phases sampling the lower crust and mantle infer
lower anisotropy - between 1 and 3%. This implies an average
crustal anisotropy of about 3%.
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A significant portion of the phases used in the hodogram anal-
ysis have propagated through the continental crust (OBS 1, 5, 35;
Fig. 14). The results suggest the presence of S-wave anisotropy with
the fast component along the Jan Mayen Ridge. This pattern of
anisotropy is most readily interpreted as dikes striking along the
ridge. This trend of dyke formation may to a large extent be
controlled by pre-existing along-ridge zones of weakness. This
interpretation is supported by the high Vp/Vs-ratios observed along
this portion of the ridge, indicating the presence of mafic
intrusions.

The majority of the phases used in the hodogram analysis have
propagated dominantly through the Icelandic type oceanic crust
(OBS 20, 21, 23, 25, 28; Fig. 14). The results are also within this ridge
segment consistent with dikes intruded along the ridge, supporting
the leaky transform hypothesis described by Gernigon et al. (2009)
and Kandilarov et al. (2012).
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Fig. 14. Map of the surveyed area with the azimuths of the fast (red lines) and slow (blue lines) anisotropy directions determined from the particle diagram analysis of 8 OBSs. OBS
numbers are indicated along the lines. Note that the anisotropy directions are not obtained vertically below the instruments, but along the ray-paths studied (see text and Table 2
for details). The average fast and slow anisotropy directions are shown in the lower right corner of the map. WJMFZ: West Jan Mayen Fracture Zone. COB: Continent-Ocean-
Boundary. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The largest anisotropy is inferred from the hodograms of PSS
waves propagating in the upper crust. This indicates that the major
contribution to the crustal anisotropy comes from dikes in the
upper crust, which is in agreement with general models for oceanic
crustal formation (e.g. White et al., 1992).

An alternative interpretation invoking the presence of prefer-
entially aligned micro-cracks related to the present-day stress field
(e.g. Crampin, 1990), is not supported by the focal mechanisms of
local earthquakes, as these dominantly result from strike-slip
movements along the WJMFZ (Havskov and Atakan, 1991;
Serensen et al., 2007).

7. Conclusions

Controlled source OBS-data from the northern Jan Mayen Ridge
have been modeled with regard to S-wave travel-times observed on
the horizontal channels. The modeling was based on previous
models derived from integrated use of MCS-data, OBS P-waves
(vertical channel), and gravity data (Kandilarov et al., 2012). The
main findings are as follows:

- The high Vp/Vs-ratios of 2.5—8.0 in the Cenozoic sediments
along both lines are indicative of a low degree of consolidation
and high porosity.

The Vp/Vs-ratios of 1.9—2.2 in the Mesozoic and Paleozoic se-
quences on the continental part of the ridge are indicative of
shale dominated lithology. The shale content on the ridge is
higher than along the conjugate mid-Norwegian margin, and
the shale content appears to increase northwards on the ridge.
The S-wave modeling confirms that the northernmost part of
the Jan Mayen Ridge most readily can be interpreted as an Ice-
landic type oceanic plateau, bordered to the north by thicker
than normal oceanic crust derived from the Mohns ridge
spreading system.

- The relatively high Vp/Vs-ratios of 1.85 modeled for oceanic
layer 3 formed at the Mohns Ridge might indicate the presence
of some amounts of serpentinized peridotites in the lower crust.
On the northernmost part of the ridge, Vp/Vs-ratios of 1.85—1.9
are modeled in oceanic layer 3A. These values are similar to
those obtained from the high-temperature neo-volcanic zone in
northern Iceland.

Significantly lower Vp/Vs-ratios of around 1.75 are modeled in
oceanic layer 3B along the eastern flank of the ridge. This value
may be interpreted as high Mg gabbros derived from elevated
temperature melt, subject to normal present-day
temperatures.

Analyzes of particle diagrams suggests the presence of S-wave
anisotropy with the fast component along the Jan Mayen Ridge.
This pattern of anisotropy is most readily interpreted as dikes
intruded along the ridge, supporting the leaky transform hy-
pothesis (e.g. Gernigon et al., 2009).
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