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ABSTRACT
This work presents results of the tomographic analysis of 3D-3C seismic data acquired within
the Hydratech EU Project off shore NW-Svalbard, to detect and quantify gas-hydrate and free-
gas amount within the sediments. The data have been acquired using an array of 20 Ocean
Bottom Seismographs (OBS) 400 m spaced, shooting 36 seismic lines, typically 10 km long,
implying offsets of 5-6 km for the OBS instruments, and spanning a relevant azimuth interval.
The use of OBSs allowed the recording of both P as well as of PS converted waves. As known,
P wave velocity (Vp) is particularly sensitive to changes in even small amount of gas in the pore
spaces, while S wave velocity (Vs) is not, and therefore from the analysis of their ratio and of its
variations with depth important information about fluid content in the sediments may be
retrieved. The travel-times and frequency content of the 3D seismic data (P and S) have been
object of the tomographic inversion, so to retrieve information not only on Vp and Vs velocities,
but also on the relative quality factors (Qp and Qs) and therefore on their attenuation. The
analysis of the so obtained multi-parameter 3D cube, therefore, enables to study the spatial
distribution of the gas-hydrates and free-gas bearing sediments, the former indicated by high Vp
and high Qp, the latter by low Vp and low  Qp. In agreement with the theory, S waves show a
constant velocity increase with depth. What is interesting, is the correlation of the shape of the
velocity and attenuation anomalies, i.e. of the gas-hydrate and free-gas bearing lenses, with the
fault pattern present in the survey area, to confirm that the faults control the fluid propagation
within the sediments.
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INTRODUCTION
The mapping and quantification of the gas-
hydrate and free-gas bearing lenses within the
sediments on the continental margins is
historically bound to the use of seismic
prospecting, for the use of the seismic marker, the

BSR (Bottom simulating reflector) that marks the
boundary between the two phases. Surface
seismic surveys provided and provide useful
information about the location of the BSR, and
the distribution of seismic velocities across it, and
are at the basis of the studies, aimed to quantify
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the concentration and saturation of gas-hydrate
and free-gas in the sediments (e.g. Tinivella et al.
[1]). If the P-wave velocity (Vp) is particularly
sensitive to small amounts of gas in the pore
space of the sediments, because of the low Vp of
gases, on the contrary, since the pore fill (gas or
fluids) do not transmit shear energy, the S-wave
velocity (Vs) is relatively unaffected by gas, being
particularly sensitive to changes in the frame
“stiffness”, due to adding gas hydrates into the
frame as additional grains, or as cement between
the sediment grains. The comparison between the
two velocity fields is therefore important to
evaluate the amount and kind of distribution of
free-gas and gas-hydrates within the sediments.
Therefore, in the last years, the use of four
components Ocean Bottom instruments as
Seismographs (OBSs), or Cables (OBCs) have
been widely used to provide information not only
on the P-waves but also on the S- waves  velocity
distribution and properties, both in the
hydrocarbon industrial surveys and in the surveys,
aimed to individuate gas-hydrate bodies on the
continental margins.
To analyse these data, it is important to have at
disposal a method that enables the easy
comparison of the information brought by the
different kind of waves about the formations
crossed in their paths in the Earth, or better, their
joint analysis. Seismic tomography is such a
technique, and in spite of its bottle-neck, the
picking time, it is gaining an increasing success,
in different fields, from industrial, to
environmental (e.g. Rossi et al. [2], Vesnaver et
al. [3]). This is due to its capability of treating
different kind of waves and of providing a reliable
velocity field in depth, optimal input for a
migration or as a link between conventional
surface seismic information and the information
from wells or VSPs. In particular, it is possible to
jointly invert P, S and PS converted waves,
creating so a multiparameter model, the cells of
which contain information both on Vp and
Vs (Rossi and Vesnaver [4]; Böhm et al. [5]). If,
together with traveltimes, other characteristics of
the seismic wavelet, as the frequency content, are
analysed, other properties as attenuation, may be
object of a tomographic inversion, adding new
parameters to the model, and new information for

a more complete and correct interpretation, since
the four parameters (Vp and Vs and Qp and Qs)
respond differently to the constituents of the
hydrate- or gas-bearing sediment.
This velocity and attenuation tomographic
analysis has been applied on the 3D 4C data
acquired offshore NW-Svalbard within the EC
Hydratech Project  (Techniques for the
quantification of methane hydrate in European
continental margins). The project was aimed to
examine the viability of seismic methods in the
detection and quantification of methane hydrate
within the sediments on the continental margins
(e.g. Westbrook et al. [6]). The main objective of
our study is to determine the 3D spatial variation
of the seismic velocities and attenuation, and
therefore of the gas-phases.

THE METHOD
As known, at the basis of the tomographic
method, there is the fact that the time observed at
the surface, is bound through a line integral along
the ray path to the velocity of the materials
crossed by the ray itself. Therefore, the main
equation of the tomographic method is the (1),
where the line integral has been substituted by a
summation over the j voxels, since usually a
discrete blocky model is adopted.

The tomographic inversion of travel-times namely
consists in exploiting the time difference between
the observed time and the one calculated on a
reference model to improve it, obtaining the
distribution of velocities in depth. In addition to
the velocity, other properties as attenuation are
important to characterise the lithology, the
porosity, and the fluid content within the
sediments. Due to seismic attenuation, the high-
frequency part of the spectrum of the seismic
pulse decreases faster than its low-frequency part,
as the wave propagates within the Earth, so that a
pulse broadening of the events that crossed an
attenuating material may be observed.
A relationship similar to (1) bounds the wavelet
spectral content and the
attenuation of the rock formations
crossed by the ray in its path (2).
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To quantify the change in frequency content of the
wavelets, we chose the approach of Quan and
Harris [7], based on the shift of the spectral
centroid due to the above mentioned pulse
broadening. This appears to be more robust with
respect to the methods based on amplitude decay,
since amplitudes may be affected by many
different factors, that may mask the change due
uniquely to attenuation variations. On the
contrary, the pulse broadening, or frequency shift,
is not affected by far-field geometrical spreading
and transmission/reflection losses. The measure of
the frequency shift therefore is given by the
equation (3), where fs and fr are respectively the
spectral centroid of the source and
receiver, and is the source spectral variance

In Figure 1 an example of frequency shift of a
wavelet after crossing an attenuating medium.

Figure 1: The spectra of a wavelet before (black)
and after (grey) crossing an attenuating medium.
The two barycenters are indicated.

The technique is therefore relatively simple and
fast, since the times picked for the travel-times
analysis may be used as reference for the
frequency analysis, so to provide information on
the attenuation on the same events analyzed to
retrieve the seismic velocities.
Both for velocity and attenuation inversion, the
tomographic method adopted uses adaptive and
staggered grids to enhance the resolution of the

velocity model without decreasing the stability of
the inversion (Vesnaver and Böhm [8]).

THE DATA
Within Hydratech project two acquisition cruises
took place in 2001 and 2002 respectively,
inquiring three sites. In all the sites the acquisition
pattern was given by an array of about 20 closely
spaced 4 component OBSs crossed by a dense
pattern of shot lines, spanning a relevant azimuth
interval, and about 10 km long, implying offsets
of 5-6 km for the OBS instruments. The data here
analysed have been acquired on the western
continental margin of Svalbard, in the lower part
of the continental slope, in a water depth of about
1500m, close to the intersection of the Knipovich
Ridge, an active mid-ocean ridge, and the Molloy
transform (Figure 2). At the site, a NNW-SSE
directed fault system is related to the northwards
propagation of the Knipovich Ridge. A WNW-
ESE directed fault system relates to the dextral
transform motion along the Molloy fault system
(Vanneste et al [9]).

Figure 2: Location map of the seismic lines
acquired offshore NW-Svalbard in 2001
Hydratech survey. The dots are the OBS. The
thick dashed line is relative to the shot line 4.

The seismic profiles show a well-stratified
sequence of reflections down to about 400-500 ms
below the seabed, dipping southwestwards. A set
of antithetic faults border the central area, where
the OBSs were placed. The BSR is mostly evident
on the down slope profiles at about 250 ms below
sea-bed, being parallel to the sea floor reflection,
with opposite polarity, and causing a change in
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amplitude and frequency content, and sometimes
also in polarity (Figure 3).

Figure 3: Single channel seismic section from shot
line 4 (dashed thick line in Figure 2). The BSR is
indicated.

THE RESULTS

Figure 4 – 3D Vp cube, cut, to evidence the BSR
(white thick line) shape.

In order to define the velocity changes above and
below the BSR, and therefore to identify the
presence of gas hydrates and free gas below them,
a total number of ten events were chosen (4 above
the BSR and 6 below it). S waves generated by P-
to–S conversion on reflection are shown clearly
on the records from the horizontal seismometers,
so the corresponding horizons were picked also on
the horizontal components. Due to the different
ray-paths, the volumes where it is possible to map

the 3D seismic P and S velocities in depth are
different, being the S information limited to the S
segments of the PS converted waves.
In Figure 4 the 3D Vp cube. It appears the
interference pattern between the general
downwards velocity increase with depth of the
sedimentary sequence with the increase and
decrease in velocity due to the gas-hydrate and
free-gas across the BSR (white thick line).

Figure 5 – Four vertical Vp (left) and Vs (right)
profiles (below four OBSs) from the 3D cubes
(thin lines). Thick lines: empirical reference
curves for fine grained sediments, as continuous
function and as interval velocities in the same
depth intervals as tomographic model.

Figure 6 – Four vertical Qp-profiles extracted
from the 3D cube below the OBS stations
(continuous lines) compared with the average Qs
vertical profile (dashed thick line).
Figure 5 shows the comparison the vertical
profiles extracted from the cubes and the reference



curves for fine grained sediments. Regarding the
Vp, we observe a positive P-wave velocity
anomaly above the BSR, and a marked negative
velocity anomaly below it, within an interval
about 100-150 m thick. The velocity values vary
from 1470 – 1760 m/s above the BSR to 1560 –
1900 m/s below it. On the contrary, S-wave
velocity increases with depth without marked
increases or decreases above and below the BSR,
although the rate on increase with depth is
reduced in the section immediately beneath it.
The Q factors for P and S waves have been
calculated as described above, using the first
arrivals to estimate the reference source spectrum.
Four vertical profiles extracted from the Qp 3D
cube are shown in Figure 6, together with one of
the vertical profiles form the 3D Qs cube: due to
the limitation of the illuminated volume, the
variations of the different profiles are almost
irrelevant. From Figure 6, Qp shows a strong
decrease in correspondence of the free-gas, and
relatively high values where hydrates should be
present. The boundary appears however slightly
shallower than from Vp variations.
Qs does not show strong changes, showing low
values already where Qp is high, and beginning to
increase again in the lowest part of the sequence.
In addition to the vertical velocity and attenuation
distribution, 3D tomography enables the analysis
of the lateral spatial variations of these
parameters. For example the spatial variability of
the P-wave velocity and attenuation fields appears
correlated with the distribution of the two sets of
faults dissecting the continental slope with an
evident normal component in the seismic profiles,
a NNW-SSE fault system related to the northward
propagation of the Knipovich Ridge, and a WNW-
ESE fault system related to the Molloy transform-
fault system (Vanneste et al., [9]). Interestingly,
below the central part of the survey, a graben
structure is identified by a closed system of
antithetic faults. A horizontal slice through the
tomographic 3D P-velocity, Qp and Vs cubes at
the depth of 1.558 km (i.e. about 160 m below
seafloor in the centre of the cube) shows that the
boundary between the sediments characterised by
high Vp and Qp and the ones characterised by low
Vp and Qp, across the BSR ,shows a sub-circular
pattern that roughly correlates with the fault-

bounded graben. In general, lineations in the
distribution of the P-wave velocity follow the
fault directions, while, as said above, the
correspondent slice of Vs cube shows an almost
linear velocity increase downslope.

Figure 7 - Plane view of the horizontal slice of the
multiparameters cubes at a depth of 1.55 m (about
150 m b.s.f.). a) Vp, b) Qp, c )Vs. The pattern of
the main faults is shown, as well as the projection
of the BSR (dashed thick line).
DISCUSSION AND CONCLUSIONS
The application of 3D tomographic inversion of
both traveltimes and frequency properties of the
seismic events revealed successful, and provided
the input for the partners of the project involved in
waveform inversion, 3D pre-stack migration of
the data, and modelling (Westbrook et al., [6]).
The possibility of directly comparing Vp, Vs Qp
and Qs vertical and horizontal distributions is of
great importance in understanding the
mechanisms that rule the origin and migration of
free-gas and of gas-hydrates within the sediments.
It is interesting the good agreement of the Qp and
Vp variations, with higher values in the gas-
hydrate bearing zone. This is in agreement with
the data reported by Wood et al. [10] and with
theories that hypothesise a strengthening of the
solid frame for the presence of hydrate (Gei and
Carcione [11]). However, the Qp begins to
decrease apparently just above BSR, in the layer
where the Vp values are high (Figures 5 and 6).



Even if there is still a vivid debate about the effect
of hydrates on seismic wave attenuation (e.g.
Chand et al., [12]) we think that this may be due
to the interference of the different phases across
the BSR, that may affect the frequency shift
calculus. The use of a shorter time-window for the
calculus of the spectrum will be adopted for a
more detailed analysis Q variations, to solve this
doubt.
It is also noteworthy, the apparent correlation of
the velocity and attenuation anomalies with the
faults present in the area, and in particular, with
the antithetic faults creating the small graben in
the centre of the surveyed area. The faults locally
deform the strata, including the seabed, and,
hence, affect the subsurface distribution of
temperature, which controls the depth of the BSR.
They may also act as fluid flow pathways,
producing localised thermal anomalies and
influencing the distribution of hydrate.
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