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S U M M A R Y
A 3-D tomographic analysis of seismic velocity and attenuation fields is presented with the
purpose to analyse the intimate relation of gas hydrates and free gas distribution with the fault
pattern. The 3-D, four-component seismic data have been acquired offshore western Svalbard.
The analysis of the subbottom topography of the base of the stability field of gas hydrates
(indicated by the bottom simulating reflector) and the thickness of the underlying free gas
bearing zone suggest a fault-induced compartmentalization of the gas reservoir. The proposed
fluid and gas circulation scheme assumes deep sourced warm fluids moving upwards mainly
along high permeability faults and fractures below the gas hydrate stability zone. Faults change
from being a pathway of fluid flow to being barriers to fluid flow in the hydrate stability zone.
Consequently, below the hydrate stability zone free gas is transferred from the permeable
faults to non-faulted (but fault-bounded) sediments, where it accumulates below the base of
the hydrate stability zone, producing a significantly thicker free gas layer. The tomographic
approach is therefore proposed as an effective procedure to provide detailed information on
3-D P- and S-wave velocity and attenuation distribution in marine sediments and specifically
to examine the details of the distribution of the gas hydrates and of the free gas, for which the
dependence on the Vp, Vs and Qp is now fairly well known.
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I N T RO D U C T I O N

Gas hydrates are ‘ice-like crystalline compounds in which gases are
trapped within a lattice of water molecules’ following Bohrmann
& Torres (2006). If there is a source of hydrocarbon gases (mostly
methane), hydrates are produced in the marine environment and in
the permafrost terrestrial environment due to the high ambient pres-
sure and low temperature, respectively (Pellenbarg & Max 2000).

Due to their widespread distribution in continental margins sed-
iments (see Milkov 2004) gas hydrates have attracted the interest
of the scientific community in the fields of geosciences, in both
academic and industrial sectors, for their potential as unconven-
tional energy resource (Booth et al. 1998; Collett 2002), for their
role in past climate change (Kennett et al. 2000; Dickens 2004) and
for having been recognized as submarine geo-hazard (Hovland &
Gudmestad 2001; Tréhu & Flueh 2001; Sultan et al. 2004).

Gas hydrate distribution in oceanic sediments depends, among
other factors, on the possibility that natural gases can migrate into
and within the gas hydrate stability zone (GHSZ). Such migra-
tion occurs primarily via faults, fractures and high permeability
stratigraphic horizons (Brooks et al. 1986; Rowe & Gettrust 1993;
Soloviev & Ginsburg 1994; Booth et al. 1998; Ben-Avraham et al.
2002; Hennes et al. 2004; Weinberger & Brown 2006). Fault zones,

joint and fracture systems, and other physical discontinuities in
rocks and sediments are known as potential pathways for upward
migration of methane or other gases. However, faults can also be-
come a barrier to fluid flow (Caine et al. 1996), so that the evaluation
of their sealing quality (probably locally discontinuous and variable
through time) is of great importance to understand where hydrocar-
bons have migrated or accumulated (Ligtenberg 2005).

In conventional marine seismic reflection data, the boundary be-
tween gas hydrate-bearing sediments (above) and free gas bearing
sediments (below) is detected qualitatively through a bottom simu-
lating reflector, or BSR (Pecher & Holbrook 2000), a reflection sub
parallel to the sea bottom, produced primarily by a negative acous-
tic impedance contrast (e.g. Stoll et al. 1971; Hyndman & Spence
1992).

With the support of adequate elastic velocity models, the analysis
of the compressional (P) wave velocity (Vp) field and the amplitude
versus offset (AVO) analysis across a BSR permits a quantitative
investigation of both free gas and hydrate concentration in sediments
(e.g. Andreassen et al. 1997; Carcione & Tinivella 2000; Chand
et al. 2004, 2006).

The analysis of the P-wave component of the seismic signal alone,
however, is strongly biased towards the free gas component of the
bulk sediment (Carcione & Tinivella 2000; Chand et al. 2004).
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The use of simultaneous recording of both shear (S) and compres-
sional (P) waves with multicomponent Ocean Bottom Seismographs
(OBS) on the seafloor, permits the analysis to focus on the hydrate
(solid phase) component of the sediments. Because free gas does
not transmit shear energy, the S-wave velocity (Vs) is relatively un-
affected by gas occupying the pore space, while it is sensitive to
changes in the sediment frame stiffness resulting from gas hydrates
nucleated in the form of additional grains or cement between the
sediment grains. Therefore, the analysis and comparison of Vp and
Vs fields on gas hydrates bearing sediments enables a better in-
terpretation of the structure, distribution and quantification of gas
hydrates (Tinivella & Accaino 2000; Andreassen et al. 2003; Bünz
et al. 2005). It is also important to derive information on P- and S-
wave attenuation, namely on their Quality factors (Q), since the four
parameters Vp and Vs and Qp and Qs respond differently to the con-
stituents of the hydrate- or gas-bearing sediment (e.g. Wood et al.
2000; Tréhu & Flueh 2001; Guerin & Goldberg 2002; Matsushima
2005, 2006; Rossi et al. 2007).

This work is aimed at verifying the role of faults as possible
barriers or pathways for fluid flow, and, as a consequence, as a
controlling factor for the gas hydrate and free gas accumulation
on the West Svalbard continental margin. The approach is through
an analysis of a 3-D seismic data set for: (1) seismic tomographic
velocity and attenuation changes and (2) geometry and thickness of
the gas hydrate and free gas bearing zones.

G E O L O G I C A L S E T T I N G A N D G A S
H Y D R AT E D I S T R I B U T I O N

The West Svalbard passive margin formed following early Eocene
break-up and seafloor spreading between the Greenland and
Fennoscandian continental blocks (Praeg et al. 2005). During the
Oligocene, the direction of plate divergence changed from nearly
orthogonal to highly oblique to the ridge, so that the rifting be-
tween the Barents Sea and Greenland continued along the Molloy
transform fault system driven by the activity of the Knipovich slow
spreading ridge to the south and the Molloy Ridge to the north
(Fig. 1; Crane et al. 2001; Okino et al. 2002; Ritzmann et al. 2004).
The reduced orthogonal component of spreading along the Molloy
ridge is the cause of the present-day short distance between the
conjugate margins of Svalbard and Greenland and the formation of
the oceanic gateway of the Fram Strait, separating the Arctic Ocean
from the Northern Atlantic.

A 1–6-km-thick sedimentary section has covered the oceanic
basement since the Miocene, with local sedimentation rate exceed-
ing 30 cm ka−1 (Crane et al. 2001). Since the late Pliocene onset
of the orbital obliquity-driven glacial-interglacial climatic cycles
(Zachos et al. 2001; Ravelo et al. 2004) and the intensification
of the Northern Hemisphere glaciation (Moran et al. 2006) sed-
imentation on the margin has been dominated by the deposition
of glaciogenic debris flows primarily concentrated in trough-mouth
fans during glacials, and deposition of glaciomarine hemipelagites
and contourites during interglacials (Andersen et al. 1992; Faleide
et al. 1996; Solheim et al. 1996a; Vorren et al. 1998; Forsberg et al.
1999).

The well-stratified sedimentary section in which the hydrate
province under study resides correlates to seismic units YP-3 and
the upper part of YP-2 of Eiken & Hinz (1993), which are inter-
preted as glacio-marine and hemipelagic beds reworked by contour
currents. It is inferred that the sediments that host gas hydrates and
free gas on the NW Svalbard margin are younger than ∼0.78 Ma BP

Figure 1. Location of the study area (white square) on the West Svalbard
continental margin.

because they rest above regional unconformity R3 (Solheim et al.
1995, 1996b).

The area is characterized by a complex tectonic setting resulting
from the superposition of the NW trending Paleo Spitzbergen strike-
slip zone, the slow spreading N–S to NNW–SSE trending Knipovich
ridge, and the WNW–ESE trending Molloy dextral transform fault
(e.g. Crane et al. 2001; Peive & Chamov 2008). The margin is
moderately seismically active, with neotectonic activity revealed by
earthquakes lined up along the active plate boundary (Dehls et al.
2000; Vanneste et al. 2005a). The regional heat flow exceeds 75 m
Wm−2 and produces elevated geothermal gradients up to 115 ◦C
km−1 near the oceanic–continental crust transition (Sundvor et al.
2000; Vanneste et al. 2005a).

The West Svalbard continental margin can be considered ac-
tive also in terms of fluid circulation in shallow sediments, fluid
venting in pockmarks, methane hydrate accumulation and mud di-
apirism (Posewang & Mienert 1999; Vogt et al. 1999). The origin
of methane and consequent gas hydrate accumulation in shallow
sediments in this margin is explained by hydrothermal effects and
serpentinization of the crust (Dmitrievsky et al. 2003; Connelly
et al. 2007).

Gas hydrates bearing sediments overlying free gas are revealed
on the West Svalbard continental margin, north of the Knipovich
Ridge, by a widespread BSR in seismic reflection profiles (Mienert
1994; Posewang & Mienert 1999). The BSR cuts obliquely across
the reflectors produced by sediment bedding at a depth of about
200–250 ms below the seafloor. It is not always continuous
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laterally, being at times reduced to patchy bright-spots, especially
in the mud diapir province of the SW Svalbard margin (Posewang
& Mienert 1999). Also the strength of the BSR is highly variable
laterally, suggesting a strong dependence of free gas accumulation
on lithology and tectonic structures (Vanneste et al. 2005a).

Seismic data and tomographic inversion

Project framework and data acquisition

The EU Project HYDRATECH (Techniques for the quantifica-
tion of the methane hydrate in European continental margins)
(http://www.hydratech.bham.ac.uk/) was aimed at verifying the vi-
ability of seismic methods to locate and quantify gas hydrates and
free gas within the sediments on continental margins. One of the
tasks was the 3-D reconstruction of the P- and S-wave velocity and
attenuation fields, above and below a BSR, using the tomographic
inversion of traveltimes and the change in the frequency of the seis-
mic signal. For this purpose, two 3-D, 4-C data sets have been ac-
quired offshore Svalbard. Velocity models obtained independently
by ray tracing and inversion of traveltimes and waveform (see com-
parisons in Westbrook et al. 2008) were used for modelling and
quantification of gas hydrate and free gas content (Carcione et al.
2005) and applied to pre-stack depth-migration for seismic imaging
purposes (Zillmer et al. 2005).

Seismic data acquisition was performed with R/V Jan Mayen
from 2001 July 17 to 29. An array of 20 four-component OBSs,
defining a nearly regular grid with square 400 m size cells, was
laid on a gently sloping seafloor in water depth of about 1500 m
(Fig. 2). Thirty-six seismic lines, about 10 km long and spaced by
200 m, were shot using two sleeve guns (0.65 l each), towed at a
4 m depth, 20 m behind the ship. The data frequency content ranges
from 30 to over 400 Hz, with maximum energy centered at 95 Hz.
The shot rate was 10 s, providing a shot spacing between 21 and
25 m. The data were recorded both by a 6-m-long single channel

Figure 2. Seismic data acquisition pattern. The 3-D seismic survey was
conducted in 2001 within the EU HYDRATECH project with the R/V Jan
Mayen (see Vanneste et al. 2004; Westbrook et al. 2005). Contour lines rep-
resent bathymetry. Red dots indicate Ocean Bottom Seismometers (OBS).
Seismic Line-04 (Figs 3 and 9) is outlined by the bold blue line.

hydrophone array towed 4 m below the sea surface 50 m behind
the source, and by the OBSs. The sampling frequency of the OBSs
was 1 kHz (see Vanneste et al. 2004 for further details on data
acquisition). The single channel seismic reflection profiles show a
well stratified sequence of reflections down to about 400–500 ms
below the seabed, dipping to the southwest, offset by subvertical
normal faults (Vanneste et al. 2005a, 2005b; Fig. 3).

In particular, the sediments are affected by two nearly orthogonal
fault systems: (1) a NNW–SSE directed fault system produced
by the northwards propagation of the Knipovich Ridge and (2) a
WNW–ESE directed fault system produced by the Molloy dextral
transform fault (Vanneste et al. 2005a; Peive & Chamov 2008).

In most of the lines, and most clearly displayed on the dip profiles,
a BSR is present at about 200–250 ms below the seafloor reflection.
The BSR displays opposite polarity with respect to the seafloor
reflector and cross cuts low angle reflectors produced by sediment
bedding. These reflectors show the typical change in amplitude
and frequency content of the signal across the BSR due to wave
attenuation caused by the presence of free gas beneath the BSR. In
an area like this, the flexibility of seismic tomography in treating
complex geological models, with strong lateral velocity changes, is
of great importance.

Traveltime tomography

With respect to conventional velocity analysis, tomography allows a
better definition of the correct geometries and relationships between
the various formations, an easier correlation with well data eventu-
ally available, and provides an optimal input for a pre-stack depth
migration. In our case, seismic tomography was performed using
the CAT-3D software (http://www.3dtomography.com) (Böhm et al.
1999, 2000; Vesnaver & Böhm 2000; Rossi & Vesnaver 2001) based
on an iterative algorithm that minimizes the difference between the
traveltimes generated by ray tracing through an initial earth model
and the traveltimes measured from the data (Bishop et al. 1985).
The investigated volume is discretized into layers, separated by
curved interfaces defined by bicubic splines (Böhm et al. 1999) and
subdivided into voxels, the section of which may be a regular or
irregular polygon (Böhm et al. 2000). The ray tracing method is
modified from Böhm et al. (1999) and based on Fermat’s principle.
The simultaneous iterative reconstruction technique (SIRT) method
(Van der Sluis & Van der Vorst 1987; Stewart 1991) is adopted for
traveltimes inversion.

Starting from a set of interpreted and picked traveltimes, the
code inverts in sequence the velocity field and updates the reflec-
tor structure until their variations with respect to the previous step
become sufficiently small. The interface estimation follows the prin-
ciple of the minimum dispersion of the reflected or refracted points,
obtained by converting to depth the time residuals through the es-
timated velocities (e.g. Vesnaver et al. 2000). We jointly inverted
the OBS data and the single channel seismic reflection data. OBS
data contributed to constrain the velocity field, while the single
channel data contributed to constrain the reflector geometry outside
the area illuminated by the OBS rays. Within each single step of
the tomographic inversion, it is possible to optimize the velocity
grid by applying either staggering procedures or adaptive irregular
gridding in order to enhance the resolution of the velocity model
without decreasing the stability of the inversion (Böhm et al. 2000;
Vesnaver & Böhm 2000).

One of the problems of tomographic inversion is the uneven cov-
erage of the model, and the consequent noise and ambiguity of the
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Figure 3. Single-channel seismic reflection profile Line-04 (location in Fig. 2). Blue triangles indicate the OBS locations. Green dashed lines locate the
horizons picked for the tomographic inversion. The orange line is the bottom simulating reflector (BSR). Dashed blue lines locate the main faults recognizable
along the profile.

solution. To quantify and map the reliability of the inversion, it is
possible to use the singular value decomposition (SVD) of the to-
mographic matrix to calculate the null space energy (e.g. Vesnaver
1994) that is a measure not only of the ray number in each pixel,
but also of the independence of the tomographic matrix equations,
and therefore of the matrix rank. Null space energy values vary
from 0 to 1, with 1 related to undetermined matrices and to an in-
finite number of solutions that satisfy the system. We may retain
the model’s regions where the null space is low, and therefore the
reliability is high, and do not consider the regions where the relia-
bility is poor. Both the irregular and the staggered grid procedures
achieve equivalent results acting on the grid. In the first case, the
discretization of the model follows the rule of the null space en-
ergy distribution, producing finer and denser gridding where this
quantity is low, and coarser gridding in the other parts (Böhm et al.
2000). The staggered grid procedure, on the contrary, uses a coarse
grid, such that the coverage in each voxel is similar and high. Small
shifts are applied to the grid in x and y directions: averaging the
resulting velocity fields, a smoothed image is obtained, with higher
resolution than the base grid, without the unwanted effect of poor
coverage (Vesnaver & Böhm 2000). Fig. 4 shows the application of
the staggered grid procedure to our case.

Attenuation tomography

The tomographic analysis took into account not only traveltimes and
velocities, but also frequency content and wave attenuation. In fact,
while travelling through the earth, the seismic pulse loses the high
frequency components more rapidly than the lower ones, causing
a shift towards the low frequencies of the spectrum centroid. Two
possible methods may be used to analyse the changes in frequency
content: spectral ratio (e.g. Macrides & Kanasewich 1987) and
frequency shift method (Quan & Harris 1997). The latter, based on
the statistics of the spectrum, may be more robust than the spectral
ratio method, that requires a complete spectrum for the calculation
of the ratio. Moreover, it is particularly suitable to a tomographic
inversion. In fact, the centroid’s frequency shift is bound to the

seismic wave attenuation factor through a line integral along the
ray path, in the same way as traveltimes are bound to seismic wave
velocities, through the relation:

�t = tOBS − tCALC =
∑

j

�s j�u j

where tOBS is the observed ray traveltime, tCALC is the calculated ray
traveltime, �sj is the ray segment within the jth pixel, and �uj is
the slowness (inverse of the velocity) variation in it.

Introducing the quantity ξ = ( fS − fR)/.σ 2
S , where fS and fR

are the centroids of the source and receiver spectra, respectively,
whereas σ 2

S is the variance of the source spectrum, and replacing
the integral by a summation, we obtain the main equation of the
attenuation tomography

�ξ = ξ O BS − ξC ALC =
∑

j

�s j�α0 j ,

where �sj is the ray segment within the jth pixel and α0 is the
attenuation factor of the rocks, α0 = π /Qv where Q is the medium’s
quality factor, and v its velocity. Hence, the tomographic inversion
of the frequency shift provides a model of the seismic quality factor
(Q) and therefore of its inverse, the attenuation using the same
algorithms and models of the velocity analysis (Quan & Harris
1997; Rossi et al. 2007).

A frequency analysis is therefore done on the same reflection
points as the traveltime tomography, so the velocities previously
obtained are used both for the ray tracing and to convert attenuation
into Q values. The analysis is performed within time windows cen-
tred on the traveltime of the reference event and of the event to be
analysed, respectively. To minimize possible noise problems and to
make the analysis more robust, a sliding window of some traces is
used for the analysis, the relative spectra are averaged, and the value
is assigned to the central trace (Rossi et al. 2007). The shift with
respect to the reference spectral centroid constitutes the input of the
tomographic loop, similar to the one described above for seismic
traveltimes.
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Figure 4. Staggered grid procedure. (a) base grid of 1.2 km size. (b), (c) and (d) grids shifted in the direction indicated by the arrows; (e) finer grid of about
120 m size resulting from the average of the shifted ones.

Data analysis

The tomographic method above described was used for the analysis
of the traveltimes and frequency content of the seismic data acquired
offshore West Svalbard, using the records of both single channel and
OBS data.

The impact of the survey design on the tomographic inversion
was tested also before the acquisition. Different acquisition patterns
were evaluated by considering the null space energy distribution
(NSE). The physical model used for the simulation of data acqui-
sition was taken from Posewang & Mienert (1999) and a coarse
irregular grid, slightly denser in the central part, where OBSs were
supposed to be located, was chosen to define the velocity field.
The different acquisition patterns were tested by analysing the null
space energy within the model. The final pattern was chosen, to
satisfy the requirements of data density, offset range, and azimuth
range for the subsequent 3-D tomographic traveltime inversion, 3-
D pre-stack depth migration, 1-D waveform inversion, 2-D and
3-D ray trace modelling of traveltimes, amplitudes and waveforms
and analysis and modelling of seismic anisotropy (Westbrook et al.
2005, 2008; Haacke et al. 2009). Fig. 5 shows the NSE for the
layer where the presence of gas hydrates was simulated, consider-

ing (1) the traveltimes recorded by the OBSs only and (2) also the
arrivals of the single channel data set. It may be seen how in the
latter case the wider angular coverage implies a wider area with
low NSE, that is, high reliability of the inversion. The final tomo-
graphic model for the layer across the BSR, together with the real
acquisition geometry is displayed in Fig. 5(c). Note that towards the
borders of the area illuminated by the seismic rays in the real case,
the reliability is slightly lower than for the theoretical case. This is
a consequence of the different path of the rays between a theoreti-
cal, laterally homogeneous model and a real complex sedimentary
sequence.

Vp field

In order to define the velocity changes above and below the BSR
of the NW Svalbard margin, we identified 10 layers by choosing
and picking 10 reflectors from sedimentary beds, including the
seafloor (no. 1 in Fig. 3). In addition, we picked the BSR (no. 11 in
Fig. 3), which cuts across the other picked reflectors. This choice was
agreed with the project partners in order to try to obtain a velocity
model in depth as detailed as possible. Picking of reflectors was
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6 G. Madrussani, G. Rossi and A. Camerlenghi

Figure 5. Study of the null space energy (NSE), which is used as an index of the reliability of the inversion (see text for details). (a) Pre-acquisition: NSE
map at one of the layers of the synthetic model of the area, calculated on the basis of the OBS data only. (b) Pre-acquisition: same as a), considering also the
traveltimes of the single channel lines. (c) Real-acquisition: NSE map of the final tomographic model at the BSR depth using both OBS and single channel
data. Blue lines locate the limits of the pixels. Orange dashed lines locate shot lines; green rhombes locate the OBSs.

performed both on the single channel seismic reflection data and on
the OBS data. Some horizons are very close to each other, but still
distinguishable. In order to facilitate the identification of the target
seismic events on the OBS data, we first created an initial model
from the traveltimes picked on single channel seismic reflection
data. These were converted to depth using a 1-D velocity function,
based on the results of Posewang & Mienert (1999). Then, we picked
the OBS traveltimes guided by the synthetic traveltimes obtained
for this model. The inversion was limited to the direct arrivals and
to the above mentioned reflections, because the refracted arrivals
were not detectable in the range of the available offsets, being too
close to the direct water wave.

An example of the picking on the single channel (a) and on one
OBS (b) data for Line 04 is displayed in Fig. 6. Insets (c) and (d)
enable the comparison among the picked horizons and the location
of the analysed OBS, respectively. The traveltimes predicted on the
basis of the final tomographic model for horizon 8 are shown in (c).

To allow for a better comprehension of the spatial variability
of the structure of the sedimentary sequence, we cut the seismic
volume along three intersecting lines (Fig. 7). Traveltimes related
to horizon 3, recorded by all OBSs, are displayed in Fig. 8.

An iterative procedure among picking, tomographic joint inver-
sion of OBS and single channel data and P-wave traveltime cal-
culation was used to obtain a 3-D Vp model. OBS data provided
constraints on the velocity field, while the single channel data pro-
vided constraints on the geometry in a wider volume with respect
to the area covered by the OBSs.

We started the inversion on an initial model, given by a hor-
izontal interface at some arbitrary depth, overlaid by a homoge-
neous medium. A 2-D bicubic spline function was fitted through
the nearest-offset points and became the new reflecting interface
for the next ray tracing and tomographic inversion, while the dis-
persion of the farther offset points was used to stop the process
(e.g. Vesnaver et al. 2000). As a result, about 60 iterations were
necessary to resolve each layer.

We adopted the staggered grid procedure, with base grids of
1.2 km cell size, shifted along x- and y-axis, for which we obtained
15 different models. From their average, an additional final model
was obtained with an effective cell size of 120 m in the central
region of the surveyed area. Fig. 4 shows the base grid (a), some of
the resulting shifted ones (b, c, d) and the final one (e). The number
of rays per cell in the base grid varies between about 1600 to more
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Hydrates and faults: a 3-D tomographic model 7

Figure 6. Picking of the single channel (a) and OBS data (b). (c) Correlation between the picked traveltimes within two zoomed parts of (a) and (b) (yellow
squares); red squares: traveltimes predicted on the basis of the final tomographic velocity model for horizon 8. (d) Location of the analysed OBS (green dot)
and single channel line (blue line) on a zoom of Fig. 2.

than 18 000. From an error analysis, assuming an uncertainty in
our picking of 6 ms (the average distance between two adjacent
distinguishable reflectors in our record) the model uncertainty in
velocity resulted in the range of about 5–6 m s−1 as a maximum,
while the uncertainty in depth is about 5 m (Rossi et al. 2007;
Westbrook et al. 2008).

The resulting P-wave velocity cube is shown in Fig. 9 (Rossi et al.
2007; Westbrook et al. 2008). The figure displays only the part of the
seismic volume where the tomographic analysis is reliable because
the null space energy is low, six km for both x and y directions,
starting from x = 325 km E, y = 8740 km N. The obtained Vp
structure reflects the stratigraphic setting, with a velocity increase
with depth due to increasing sediment compaction. An inversion
of this trend outlining a negative Vp anomaly is obvious below the
BSR as a consequence of free gas accumulation.

The observed vertical Vp profiles deviate positively from a refer-
ence velocity–depth function for fine-grained sediments (Hamilton
1979) above the BSR and deviate negatively below it (Fig. 10a).
This is typically due to gas hydrates and free gas occupying part of
the pore space respectively. The anomaly is reduced to zero at the
depth of about 150 m below the BSR, corresponding to the base of
the free gas zone (see also Haacke et al. 2008). In the layer imme-
diately above the BSR Vp reaches nearly 1800 m s−1 with respect
to about 1750 ms−1 of the reference curve. The lowest Vp is found
in the layer immediately below the BSR, with velocity even lower
than 1600 ms−1. Independent velocity analysis in the same area
produced similar vertical velocity profiles (Westbrook et al. 2008).

A relatively high lateral variability of Vp is evident in the hor-
izontal slice of the cube at a depth of 1.55 km below sea level

(b.s.l.) (Fig. 10b). In particular, there is a nearly subcircular posi-
tive Vp anomaly above the BSR (here marked with a thick white
line), whereas a low velocity patch occurs in the NE sector of
the slice. The faults appear to constrain the lateral changes of
Vp as well as the geometry of the BSR. The comparison with
the corresponding horizontal slice of the NSE cube at the same
depth enables to see how all the above mentioned patterns are
within the areas of high reliability of the tomographic inversion
(Fig. 10c).

Vs field

The S-wave traveltimes (PS converted waves at the reflection points)
were recorded by the horizontal components of the OBSs and cor-
related to the corresponding P-wave traveltimes. For this purpose,
assuming that the PS conversion occurs in correspondence of the
reflection point, we calculated the PS traveltimes on a sample line
(Line 04) and on sample OBS, using the final Vp model and varying
Poisson’s ratio for each layer to obtain the best fit with recognizable
reflections in the transversal horizontal component. The validity
of correlations between P and PS reflections was assessed by ex-
amining the PS residuals for systematic variation, by checking for
improbable values of Poisson’s ratio, and by polarization analysis.
Fig. 11(a) shows an example of the three-component OBS data,
with the relative P and PS picked reflections. In Fig. 11(b) we il-
lustrate how the PS converted arrival from horizon 3 is polarized in
a direction normal to the source–receiver direction for the chosen
sample trace.
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8 G. Madrussani, G. Rossi and A. Camerlenghi

Figure 7. (a) 3-D view of three intersecting near trace sections showing the picked horizons. (b) Seismic data acquisition pattern, with in orange the parts of
the seismic lines shown in (a): part of Line 04, of Line 14 and of Line 30, respectively.

Figure 8. 3-D view of the traveltimes related to the horizon 3 recorded by
all the 20 OBSs. The southwesternmost corner is at x = 326 km E, y =
8741 km N. The colour is function of the offset: the darker the colour, the
larger is the offset.

With the geometric model obtained from P-wave inversion in
hand, the tomographic inversion was limited to the up-going ray
segments. Due to the reduced spatial coverage, the size of the reliable
3-D Vs model was further reduced. The boundary between the
uppermost two sediment layers in the Vp model did not give clear PS

arrivals, so that these two layers could not be modelled separately
for Vs, and their velocity is constrained only by the arrivals from
the boundary between the second and third model layer. This leads
to a greater imprecision in the obtained values with respect to the
underlying part of the model.

The Vs increase with depth (Fig. 12a) is more gradual than the Vp
increase (Fig. 10a), even if a slightly increased gradient in the 50 m
above the BSR and an increased velocity gradient in the lower part of
the profile, approximately below the base of the GHSZ are observed.
As a consequence, the Vs vertical profiles show little deviations
from the reference velocity–depth profile (Fig. 12a), apart the higher
velocity gradient below BSR. Also in this case independent analyses
gave similar results (Westbrook et al. 2008). The lateral velocity
changes (Fig. 12b) are less evident than in the Vp cube, even if a
certain influence of the fault pattern is recognizable, even if less
marked than in the Vp cube.

Attenuation

The P- and S-wave frequency shift analysis was done on the ten
reflections used for the traveltime inversion, and we performed
the attenuation tomographic inversion using the velocity model of
Fig. 10 both for the ray tracing and for the conversion of attenuation
to Q (according to the relation α0 = π /Qv). In order to assure the
solution reliability, we used a coarser base grid, since there are fewer
lines analysed related to the traveltime inversion, and consequently
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Hydrates and faults: a 3-D tomographic model 9

Figure 9. 3-D P-wave velocity (Vp) tomographic model in depth (starting from 1.2 km below sea level (b.s.l.). The horizontal dimension of the cube is 6 km ×
6 km, being limited to the subvolume with high reliability (low null space energy). The southwesternmost corner is at x = 325 km E, y = 8740 km N. Two
vertical cuts outline the subseafloor Vp distribution. The white line locates the BSR (modified after Rossi et al. 2007; Westbrook et al. 2008).

the ray number per cell is between 300 and 7000. From an analysis
of the errors, assuming an uncertainty of 5 Hz in the measure of the
frequency shift, the consequent uncertainty in Q is about 5.5 (Rossi
et al. 2007), or 6.5, if we add the uncertainty in Q (max equal to 1.),
due to the uncertainty in velocity due to picking errors.

The Qp values obtained vary between 200 and 25, in agreement
with the ones observed for fine sediments (e.g. Hamilton 1972;
Leurer 1997; Tréhu & Flueh 2001).

The vertical variability of Qp (Fig. 13a) is higher compared with
Vp. Qp between 150 and 200 is found in the 30-m-thick layer
immediately above the BSR, corresponding to a 30 per cent positive
anomaly with respect to the overlying layers. Below the BSR Qp is
reduced to 25–40 in response to the free gas induced attenuation. In
the 3-D distribution of Qp (Fig. 13b) there is a subcircular positive
anomaly in the centre of the 1.55 km b.s.l. horizontal slice of the
cube that resembles, although less continuous, the Vp anomaly of
Fig. 10(b). The Qp positive anomaly is superimposed on a general
decrease of Qp towards the SW, while high values are found near a
small isolated fault. The Qp anomaly is evident in spite of the fact
that the Qp model is coarser than the corresponding velocity model
(Rossi et al. 2007). As already observed for Vp, therefore, it appears
that the faults present in the area constrain the lateral changes of
Qp.

The same analysis was done also on the PS converted waves.
Due to the geometry of converted waves, and the limited number of
lines analysed, we obtained average information about the vertical

variation of Qs in the central part of the model (dashed black bold
line in Fig. 13a). The Qs values vary very little with depth below
1440 m b.s.l., being in the range 46–58 at 1670 m b.s.l., from
where they increase progressively with depth to about 80. Hence,
the increase in Qp above the BSR is not accompanied by an increase
in Qs (Westbrook et al. 2008).

D I S C U S S I O N

Seismic velocity structure

In the sediments of the West Svalbard continental margin the Vp
anomalies with respect to a reference curve for gas-free sediments
(Fig. 10a) reflect what should be expected in a situation where the
base of the gas hydrate stability field separates an accumulation
of free gas below from gas hydrate-bearing sediments above (e.g.
Minshull et al. 1994). Such structure has been found via independent
approaches like 3-D tomographic inversion (this study), 2-D ray
tracing and waveform inversion (Westbrook et al. 2008).

In contrast, the lack of a clear-cut Vs anomaly (Fig. 12a) above the
BSR qualitatively implies that the hydrate concentration in the pore
space is not enough to change the frame’s rigidity, so that we may
suppose that gas hydrates crystals occupy mainly the pore space,
not cementing the grain contacts (Carcione & Tinivella 2000). The
only apparent anomaly in Vs distribution in relation with BSR is an
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10 G. Madrussani, G. Rossi and A. Camerlenghi

Figure 10. (a) Vertical Vp profiles below four of the 20-OBS array (triangles in Fig. 10b). The two green thick lines are empirical reference Vp curves for
fine-grained sediments following Hamilton (1979) displayed as continuous function and as interval velocities in the same depth intervals as the tomographic
model. (b) Horizontal slice of the Vp cube of Fig. 9 at a depth of 1.55 km (about 160 m b.s.f.). The white line displays the projection of the BSR. Red dots
locate the intersection of the main faults with picked horizon 2 in Fig. 3. Black dots locate the intersection of the main faults with picked horizon 10 in Fig. 3.
Yellow triangles locate the four OBSs below which the vertical velocity profiles of Fig. 10(a) have been extracted. (c) Horizontal slice of the NSE cube at the
same depth as (b).

increased velocity gradient below the base of the GHSZ, which is
most likely due to a lithological change.

Below the OBS array, gas hydrate concentrations in the pore space
varying from 5 to 11 per cent have been quantified using different
models and approaches, using both Vp and Vs, by Carcione et al.
(2005) and Westbrook et al. (2008). The free gas concentration
below the BSR estimated by the same authors ranges from 0.4 to
9 per cent of the pore space.

Seismic attenuation structure

The Qp structure resulting from attenuation tomography on the
West Svalbard continental margin demonstrates that the gas hydrate-
bearing sediments above the BSR are characterized by low attenu-

ation (Qp values varying from 150 to 200) in contrast to the high
attenuation (Qp values between 25 and 40) of the gas-bearing sed-
iments below the BSR. This result supports the hypothesis that
gas hydrates replace water in the sediment pore space, causing a
strengthening of the solid frame (Gei & Carcione 2003; Carcione
et al. 2005).

This seismic attenuation structure contradicts observations for
which Qp is inversely dependent upon hydrate content at sonic fre-
quencies (10–25 kHz) (Guerin et al. 1999; Guerin & Goldberg 2002;
Matsushima 2005), while it is consistent with the positive correla-
tion between Qp and hydrate content obtained at seismic frequencies
(30–110 Hz) from vertical seismic profiles offshore Tokai, Japan
(Matsushima 2006). The explanation for such a discrepancy has
been proposed according to the model of Pride et al. (2004), which
predicts that wave attenuation at seismic frequencies is governed
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Figure 11. Picking of the P (vertical component) and S data (transversal component) of one OBS for Line 04. (b) hodogram of one sample trace. In the two
inner squares: top right-hand panel: azimuth of the related shot-receiver direction; bottom left-hand panel: location of the analysed OBS (green dot) and shot
line (blue line).

Figure 12. (a) Vertical Vs profiles below four OBS of the 20-OBS array (triangles in Fig. 12b). The two green thick lines are empirical reference Vs curves for
fine-grained sediments following Hamilton (1979) displayed as continuous function and as interval velocities in the same depth intervals as the tomographic
model. (b) Horizontal slice of the Vs cube at a depth of 1.55 km (about 160 m b.s.f.). The white line displays the projection of the BSR. Symbols as in Fig. 10.
The horizontal dimension of the slice is 4 km × 4 km. The south-westernmost corner is at x = 326 km E, y = 8741 km N.

by the effects of mesoscale features, larger than pores but smaller
than the seismic wavelength (Westbrook et al. 2008). Moreover, the
differences may be due to the different sediment composition: fine
grained and clay rich sediments with hydrate mainly fracture-filling
in the Svalbard case, and silty/sandy sediments elsewhere (Forsberg
et al. 1999; Rossi et al. 2007; Westbrook et al. 2008). This hypoth-
esis is confirmed also by the relatively high Qp values in the free
gas bearing zone (25–40) compared with the values lower than 15

found in the free gas zone on the Oregon continental margin by
Tréhu & Flueh (2001).

Role of faults

In order to understand the spatial variability of Vp and Qp in relation
to the geological structure, we have superimposed the tomographic
results on the depth migrated seismic Line 04, considered as a type
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Figure 13. (a) Coloured lines: vertical P-wave quality factor (Qp) profiles below four OBS of the 20-OBS array (triangles in Fig. 8b). Black dashed line:
average Qs values below the same OBSs. (b) Horizontal slice of the Qp cube at a depth of 1.55 km (about 160 m b.s.f.). Symbols as in Figs 10 and 12. The
horizontal dimension of the cube is 6 km × 6 km, being limited to the subvolume with high reliability (low null space energy). The south-westernmost corner
is at x = 325 km E and y = 8740 km N.

section across the seismic cube. Depth-migration has been applied
to the nearest trace using the tomographic Vp field. The display
of the null space energy (Fig. 14c) should be used a guide to the
interpretation of the results. The NSE depends not only on the ray
coverage, which is higher in the central part of the section (the part
of the seismic line resting approximately below the OBS array) but
also on the layer thickness, and therefore on the ray segment length.
Therefore, the tomographic result should be considered as reliable
only where the null space energy is lower (approximately 0.3 or
less).

The free gas layer below the BSR is associated with a laterally
continuous layer of low Vp and Qp (Figs 14a and b). Above the
BSR, a fairly thin layer is characterized by a drastic increase of
Qp (up to about 200) across the NE dipping normal fault (left-
hand part of the figure), accompanied by a moderate increase in
Vp (150–200 m s−1) (Rossi et al. 2007). There is a Qp anomaly
in the layer immediately above the BSR across the antithetic fault
on the right-hand side. Qp is notably higher across the two faults
delimiting the central graben in the hydrate-bearing sediments above
the BSR. The Qp anomaly is not mirrored by the Vp anomaly, which
is constrained by a laterally continuous layer irrespective of the
faults.

Therefore, seismic attenuation seems to be more sensitive than
Vp, and, to an even lesser extent Vs, to small-scale physical property
changes, such as permeability, porosity or to the state of fracturing,
along fault planes and in their immediate surrounding (Best et al.
1994; Dasgupta & Clark 1998).

The observed variations in seismic attenuation suggest differ-
ences in permeability along the faults, which in turn may reflect
differences in fluid circulation. In order to clarify the implication of
the observed velocity and attenuation fields, we analysed in more
detail the lateral variations of the base of GHSZ and of the underly-
ing free gas volume in relation to the fault pattern. The dip direction

and the spatial distribution of the faults is extracted from the pick-
ing of the intersection of the fault with horizons no. 2 and no. 10
of the single channel data (Fig. 3; red and black dots, respectively,
in Figs 10b, 12b and 13b, 15 and 16). Two main fault trends, ap-
proximately N–S and WNW–ESE directed define a closed graben
structure in the centre of the survey area.

The seafloor morphology obtained from the Vp traveltime to-
mographic inversion (Fig. 15a) reflects at this scale the presence
of the faults with slight changes in the otherwise smooth gradi-
ent deepening to the SW. The strongest morphological evidence is
for the N–S trending faults. Very subdued fault-controlled ridges
and troughs oriented in NW–SW direction could be the result of
sediment transport towards the base of the slope.

From the Vp cube we extracted the surface delimiting the base
of the free gas zone, selected as the null Vp anomaly below the
BSR with respect to the reference curve of Hamilton (1979). The
sampling of the data displayed in Fig. 15 is every 240 m. Both
the BSR and the base of free gas (Figs 15c and e, respectively)
displayed as depth below the seafloor, reflect the fault-control that
also affects the seafloor morphology. As for Fig. 14, the robustness
of the tomographic inversion is higher in the central part of the
survey, that in the case of Fig. 15 is outlined by an irregular shape,
based on the contour of the NSE values lower than 0.4 at the relative
depth (black line in Figs 15d and f, respectively). The less reliable
part of the tomographic inversion, where null space energy is higher,
is outlined by a transparent mask (Figs 15c and e).

The topography of the BSR below the seafloor (Fig. 15c) differs
substantially from the seafloor topography. The BSR is deepest
(up to 210 m b.s.f.) within the closed graben, and shallows (up to
135 m b.s.f.) along the main fault trends, and in particular at fault
intersections (e.g. around x = 5, y = 3 and x = 1.75, y = 3.5).
Overall, the BSR subbottom topography describes a marked fault-
controlled NE–SW trend. The deepening of the BSR in deeper
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Figure 14. Depth migration of seismic Line 04 (see Figs 2 and 3) with superimposed: (a) Vertical section of the Vp field; (b) Qp field; and (c) null space
energy (NSE). The yellow line locates the BSR. Black lines locate the main faults. See text for further details.

water depth (as should be expected from the increasing hydrostatic
gradient) is not notable.

The subbottom depth of the base of the free gas zone varies
from 365 to 235 m and mimics the topography of the BSR, with a
pronounced depo-centre in the central graben. However, in contrast
to the BSR the depth of the base of free gas is even better constrained
by the fault intersections that identify the graben structure. Along
the faults and at fault intersections (see around x = 5, y = 3) the
base of free gas is shallowest. The fault controlled NE–SW trend
is preserved. The consequent thickness of the free gas zone (Fig.
16a) outlines an increased thickness of free gas within the central
graben (ranging from 145 to 160 m) and in other minor fault-
bounded areas. In order to outline the less reliable areas in Fig. 16(a),
we superimposed the two masks of Figs 15(d) and (f), based on
the NSE values respectively at the BSR and at the base of the free
gas, both constraining the evaluation of the free gas thickness. The
obtained pattern determines a difference in thickness of the free gas

zone in the low NSE part of the survey from 185 m to about 105 m.
The free gas reservoir calculated with 3-D traveltime tomography is
therefore generally thicker than the one reported by Vanneste et al.
(2005a).

With the known depth of the BSR, and using the seafloor tem-
perature reported in Vanneste et al. (2005a), we calculated the
geothermal gradient in the cube using the formula of Dickens &
Quinby-Hunt (1994) assuming sea water salinity of 33.5 ppt and
pure methane. Again, the less reliable part of the inferred values
is outlined in Fig. 16(b) by a transparent mask based on the NSE
values at the BSR (Fig. 15d). The calculated geothermal gradient
varies between 80 and 125 ◦C km−1 and is generally higher than
the one calculated by Vanneste et al. (2005a). As a reflection of
the BSR subbottom topography, the calculated apparent geother-
mal gradient results higher along the faults, especially the N–S and
NE–SW trending ones and higher in the SW, deeper water part of
the survey area.
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Figure 15. Maps obtained from the 3-D Vp traveltimes tomographic inversion: (a) seafloor topography in metres below the sea level; (b) the NSE of the
tomographic inversion at the seafloor level; (c) base of the gas hydrates stability field topography (from the picked BSR) in metres below the seafloor; (d) the
NSE of the tomographic inversion at the BSR level; (e) base of the free gas zone topography in metres below the seafloor; (f) the NSE of the tomographic
inversion at the level of the free gas base; Red dots locate the intersection of the main faults with picked horizon 2 in Fig. 3. Black dots locate the intersection
of the main faults with picked horizon 10 in Fig. 3. The outer area with high null space energy (poor reliability of the inversion) is indicated in (c) and (e) by a
semi-transparent yellow mask, based on the contour of the NSE values lower than 0.4 (black thick lines in (d) and (f)).
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Figure 16. Maps derived from Fig. 15: (a) thickness of the free gas bearing sediments zone in kilometres; (b) thermal gradient calculated from the BSR depth
using the formula of Dickens & Quinby-Hunt (1994). As in Fig. 15, red dots locate the intersection of the main faults with picked horizon 2 in Fig. 3. Black
dots locate the intersection of the main faults with picked horizon 10 in Fig. 3. The outer area with high null space energy (poor reliability of the inversion) is
indicated by semi-transparent yellow masks: for the thermal gradient the mask is the same as in Fig. 15(d); for the free gas-thickness the two masks of Figs
15(d) and (f) are overlapped, to put in evidence the different reliability degree.

Normally the higher hydrostatic load on the pore fluids causes a
deepening of the BSR in two-way traveltime sections in the deeper
water parts. In our single channel seismic reflection profiles dis-
played in TWT (e.g. Fig. 3), the BSR is slightly deeper below the
seafloor in the deeper water SW part of the survey than in the
shallow water NE part, although such deepening is not marked.
Posewang & Mienert (1999) also observed a shallowing of the BSR
downslope in the same area. Accordingly, the conversion to depth
with the 3-D Vp field found by our inversion produces a shallowing
subbottom depth of the BSR in the SW, deeper water part of our
model. Even if the high tomographic Vp found above the BSR in this
area (Fig. 14a) may be partially an artefact induced by the effects
of poorer coverage towards the model boundaries on the reliability
of the inversion, the SW shallowing of the BSR in deeper water
seems reliable and in agreement with a higher conductive heat flow
in the SW part of the survey area induced by the proximity of the
Knipovich ridge (see also Posewang & Mienert 1999).

The prominent N–S trending structure in the SE sector of the
study area, characterized by shallow BSR and high geothermal gra-
dient, and coinciding with a major N–S trending fault, is interpreted
as the expression of the conductive heat of a northward continuation
of the Knipovich ridge.

The marked NE–SW trends of the depth of the BSR below
seafloor and consequently of high geothermal gradient could be
explained in terms of fault-controlled sequences of depressions sep-
arated by en-echelon NE-trending narrow linear ridges evidenced
by the seismic survey reported by Peive & Chamov (2008) in the
same area. The relation between seafloor topography and depth of
the BSR with respect to the NE–SW structurally controlled bathy-
metric trends allows to think that the distribution of the calculated
geothermal gradient is congruent with the up-ward migration of
deep fluids, including gas, along faults, and with the proximity of
the active Knipovich Ridge located at the base of the continental
slope of West Svalbard (Sundvor et al. 2000). In fact topographic
ridges match with deepening of the BSR, which is the opposite of
one should expect as a consequence of heat flow refraction.

Therefore (Fig. 17), faults appear to be the pathways of migration
of deep warm fluids that push up locally the BSR and narrow the

thickness of the free gas layer. Because the gas layer is thicker in
fault-bounded sediments, we infer that the rising gas moves laterally
from the faults to charge a reservoir below the BSR in non-faulted
sediments. The gas hydrates above the BSR probably act as traps
by reducing permeability both along faults and in non-faulted sedi-
ments. Because Qp has been found to be consistently higher along
the SE and SW bounding faults of the graben (Fig. 14b), which
means a lower seismic attenuation, we conclude that the part of the
faults resting in hydrate-bearing sediments behaves as a barrier to
fluid flow. The intersection between the WNW–ESE trending faults
creating the graben and the structures oriented in directions vary-
ing from N–S to NE–SW determine a compartmentalization of the
gas-reservoir.

It is matter of discussion and of possible future researches,
whether gas hydrates play: (1) an active role in sealing the fault
walls (Taylor et al. 2000; Ben-Avraham et al. 2002), and causing
the pooling of gas beneath or (2) a passive role, being formed later,
due to the depression of the geothermal gradient in an area where
sealed faults favoured free gas accumulation (Hennes et al. 2004).

Our data do not allow us to give a definite answer to this question.
There are different mechanisms that may reduce the permeability
along a fault, as shale smear in the fault zone or juxtaposition
across the fault of reservoir against non-reservoir lithologies (e.g.
Davies & Handshy 2003). The small throws observed and the rel-
atively homogeneity of the sediments involved, suggest that the
juxtaposition in our case is not the most significant factor for fault
sealing. On the contrary, it is known that fault planes parallel or
subparallel to the main horizontal stress axis may present locally
dilatational zones, whereas sealing faults are oriented normal to it
(e.g. Ligtenberg 2005). In the area considered, the stress field ap-
pears to be very complex: in fact curved and en-echelon faulting
have been interpreted by Crane et al. (2001) as the response to the
curved stresses trajectories and pull apart components associated
with the same interaction between the strike slip shears inherited
from the Spitzbergen shear zone (Crane et al. 2001). Structures like
the graben here analysed could have formed between the strike-slip
faults and becoming regions where stress is transferred from one
pull apart regime to another. In this context, the NE–SW trending

C© 2009 The Authors, GJI

Journal compilation C© 2009 RAS



16 G. Madrussani, G. Rossi and A. Camerlenghi

Figure 17. Vertically exaggerated and not to scale dip cross-section of the survey area illustrating the inferred relation between upwards fluid migration, gas
hydrate stability field and faults. We propose that faults act as pathways for fluid migration in their deeper part located below the gas hydrate stability zone,
while they become barriers to fluid flow in their shallower part within the gas hydrate stability zone. Note that heat flow (HF) increases to the southwest. See
text for further details.

shear stress evidenced by the work of Peive & Chamov (2008) could
favour the sealing of the faults bordering our graben structure, that
are normal to it.

Hence, variation in fault geometry and of their sealing efficiency
could be at the origin of the compartmentalization of the gas-
reservoir, suggested by the pattern of the free gas zone thickness
and of the thermal gradient evidenced by our analysis.

C O N C LU S I O N S

The tomographic approach was confirmed to be an effective pro-
cedure that provides a detailed information on 3-D P-and S-wave
velocity and attenuation distribution in marine sediments. Conse-
quently, given the known dependence of free gas- and gas hydrate-
bearing sediments on the Vp, Vs and Qp, the same method is useful
to study the details of the distribution of the gas hydrates and of the
free gas in sediments.

In the West Svalbard continental slope, the subbottom topogra-
phy of the BSR is found to be far from simulating the seafloor
topography. We have demonstrated a strong structural control on
the base of the stability field of gas hydrates (for which the BSR
is an indicator) and on the base of the underlying free gas zone. In
particular, the BSR shoals along fault lines, and it shoals even more
at fault intersections. The free gas layer is thinner along faults and
is thickest in fault-bounded sediments.

Higher seismic wave attenuation is found to characterize free
gas bearing sediments in contrast to the low attenuation of the gas
hydrate-bearing sediments. In addition Qp was found to be higher
(lower attenuation) along the parts of the faults that lay within the gas
hydrate-bearing sediments. We conclude that seismic attenuation
seems to be more sensitive than Vp, and, to an even lesser extent,
Vs, to small-scale physical properties changes, such as permeability,
porosity, or to the state of fracturing, along fault planes and in their
immediate surrounding.

Based on the calculated geothermal gradients, influenced by the
active Knipovich Ridge buried below the lower continental slope, we
infer a fluid and gas circulation scheme that assumes deep sourced
warm fluids moving upwards mainly along high permeability faults
and fractures. Faults change from being pathways of fluid flow
(below the hydrate stability zone) to being barriers to fluid flow in
the hydrate stability zone. Consequently, below the hydrate stability
zone, free gas is transferred from the permeable faults to non-faulted
(but fault-bounded) sediments, where it accumulates below the base
of the hydrate stability zone, producing a significantly thicker free
gas layer. Faults sealed by gas hydrate formation may act in favour
of a compartmentalization of the gas-reservoir.
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