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Abstract

A Bottom Simulating Reflector (BSR) on the South Shetland Margin (Antarctic Peninsula) was surveyed, within the Progetto
Nazionale di Ricerche in Antartide (PNRA). High resolution multichannel (MCS) reflection profiles were acquired, and a three-
component Ocean Bottom Seismograph (OBS) was deployed where the BSR was particularly strong.

The compressional velocity field associated to the BSR was determined by the inversion of travel times of reflected (MCS
data) and refracted (OBS data) events. Information on shear wave velocities was extracted from the horizontal components of
the OBS records. The analysis indicates the presence of velocity anomalies both above and below the BSR that are not related to
the lithologic characteristics of the sedimentary column, but can be associated to gas hydrate and free gas presence in pore
space.

Amplitude Versus Offset (AVO) analysis was performed on Common Depth Point gathers, which correspond to the OBS
position. The study determined reflection coefficient trends that provided qualitative information about gas hydrate and free gas
abundance.

A theoretical model for elastic porous media was applied to quantify amounts of gas hydrate and free gas. The resulting
theoretical velocity curves were compared to interval velocity obtained by seismic inversion. A quantitative estimation of free
gas and gas hydrates trapped in the sediment pore spaces was made by interpreting velocity anomalies with respect to referenc
velocity curves (normally consolidated marine terrigenous sediments).

The comparison of the results obtained by these independent methods (seismic inversion, AVO analysis, and theoretical
model) gives consistent values of Poisson’s ratio and gas hydrate and free gas esti;ma000. Elsevier Science B.V. All
rights reserved.

Keywords Gas hydrate; Bottom simulating reflector; Ocean bottom seismograph data; Compressional velocity; Poisson’s ratio; Amplitude
versus offset studies

1. Introduction in areas where direct measurements are not available
to reveal the presence of gas hydrate-bearing layers
Information about the velocity field is indispensable and/or free gas-bearing layers. In fact, the hydrated
sediments have an anomalously high compressional
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reference curve is known (Tinivella, 1999). However, single channel seismic reflection data were acquired
a low compressional velocity zone can indicate the during the cruise on the Austral summer 1996/1997
presence of free gas in pore spaces. The effect ofacross the South Shetland margin (Fig. 1). The MCS
strong acoustic impedance contrast between sedi-profiles were conducted using two Gl-guns with a
ments containing gas hydrates and sediments with total volume of 4 | firing every 25 m. The acquisition
free gas is evident in marine seismic profiles as system consisted of a 3000 m long 120-channel
Bottom Simulating Reflectors (BSRs, e.g. Shipley et analogue streamer, with hydrophone group interval
al., 1979). In presence of gas hydrate and free gas,of 25 m. The sampling interval was 2 ms. The con-
models indicate that shear wave velocity increases ventional seismic processing applied to the data
and Poisson’s ratio decreases (e.g. Hyndman andincluded common depth point (CDP) sorting, spheri-
Spence, 1992; Katzman et al., 1994; Minshull et al., cal divergence amplitude correction, bandpass filter
1994; Andreassen et al.,, 1997). For this reason, 10—220 Hz, and multiple reduction. After reconstruc-
studies of both compressional and shear waves tion of the velocity field from seismic inversion (see
provide information about the presence of clathrates Section 4), we applied the pre-stack depth migration
and free gas in the marine sediments. to raw field data, in order to enhance the seismic
We analysed the BSR identified on the South image of the structures associated with the BSR.
Shetland continental margin (Antarctic Peninsula). A three-component OBS station was also deployed
The South Shetland margin is an accretionary prism along a seismic profile where the BSR signature was
related to the former subduction of the extinct Phoenix particularly evident (MCS line 197206; see Fig. 1).
plate beneath the continental South Shetland Island The OBS is constituted by an acquisition system
platform (see Barker, 1982; Later and Barker, 1991, (SEDIS Il), and a three-component geophone floating
for a comprehensive review). The BSR is present in in high-density oil is present at the bottom of the
the accreted and fore arc sedimentary units along the sphere. So, apart from the seabed topography, there
continental slope of the margin. It is a well defined, are two horizontal components and a vertical one.
high-amplitude, reverse-polarity and nearly continuous Another problem concerning this type of acquisition
reflector located between 500 and 900 ms below the is the coupling between the instrument and the
seafloor: it crosses seismic horizons that reflect the seafloor. In order to reduce its effects, we coupled
position and the orientation of sedimentary layers. the OBS with the ballast as well as possible. The
The BSR is younger than them and is superimposed energy source was two Gl-guns, with shot spacing
on their acoustic structure (Tinivella et al., 1998a,b). 50 m; the frequency of sampling was 512 Hz. The
Inversion of reflected and refracted arrivals is shot spacing was used to avoid generation of bands
applied to multichannel seismic (MCS) and to a of previous shot noise (water wave and other low-
three-component Ocean Bottom Seismograph (OBS) velocity arrivals) that interfere with wide-angle reflec-
data acquired on the South Shetland margin, in order tion and refraction at large offset. We determined the
to obtain a local compressional and shear velocity horizontal distance of the OBS from the shot points
field associated to the presence of gas hydrates and/considering the picked time of the water wave in the
or free gas in the sedimentary layers. OBS data and the related arrival time evaluated in
Amplitude Versus Offset (AVO) analysis of MCS function of the unknown OBS location. A bandpass
data is also performed at OBS location to obtain filter 10—75 Hz was used to increase the S/N ratio.
Poisson’s ratio in the gas hydrate-bearing sediments.
Finally, a theoretical model is applied to estimate the
amount of these components in the pore space from 3. Inversion of travel times
velocity fields.
Reflection seismic profiles are useful to reconstruct
theV, field and to explore its possible lateral variation
2. Acquisition and processing of seismic data applying inversion techniques (e.g. inversion of travel
times). OBS data are necessary to investigate layers
About 750 km of high resolution multichannel and that are deeper than the BSR (from refracted waves)
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Fig. 1. Location of multichannel seismic profiles acquired on austral summer 1996/1997 (solid line) and OBS position. The dashed lines indsraie lthesacquired on 1989/
1990. The thick solid segments indicate the parts of lines studied in this paper (Line 197206) and in the previous studies (Lines IT90A43 and |ni9@Ad4t al., 1998a,b).
Bathymetric data after Klepeis and Lowver (1996).
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Fig. 2. Vertical component of OBS data; the time is reduced with a velocity of 3 km/s. A bandpass filter (L0—75 Hz) was used to increase the S/N
ratio The arrows indicate the inverted refracted events. The insert shows the BSR at not reduced time.

and to investigate th¥; structure. In fact, the deeper
layers are difficult to explore using conventional
reflection profiling, because a horizon that is strongly
reflective, and high in the stratigraphic column (in this
case the BSR) masks the underlying structure effec-
tively (Jarchow et al., 1994). A travel time table for
both MCS and OBS data was obtained by using semi-
automatic picking in order to study the coherence of
the signal (Tinivella, 1998). We inverted only the part
of MCS line 197206 near the OBS location (see thick
segment in Fig. 1).

3.1. MCS data

We identified six reflectors in the MCS data: the
seafloor, the BSR, three reflectors between the two,
and a more continuous reflector below the BSR. A
tomographic method (Carrion et al., 1993) was used
to determine the shallow compressional velocity
structures by the reflected arrival in the MCS data.
We inverted the arrival times of 21 contiguous hydro-
phone groups (seismic traces) with spacing of 25 m,
providing a minimum offset of 1375 m. These traces
have been selected for two reasons: (1) the trace
spacing must be constant within a shot gather (it is
essential in our method); and (2) the selected traces
provided the optimum reflectivity and amplitude
response in contiguous shot gathers.

3.2. Vertical component of OBS data

In the vertical component of the OBS data we
picked the BSR, a reflector between the seafloor and
the BSR (also observed in the MCS data), and
refracted event (Fig. 2). The picked times were
inverted following the Zelt and Smith (1992)

approach, starting from the velocity model obtained
by tomographic inversion of MCS data. The inversion
of travel times of Zelt and Smith employs a forward
ray-tracing step and damped least-squares inversion
step to modify the model parameters (velocities and/
or depth of layers) by minimising the difference
between the observed and predicted travel times.
This procedure allowed us to identify the base of the
free gas layer (BGR), to obtain information about
velocity field below the free gas zone, and to test
the goodness of the velocity field obtained from
MCS data by the tomographic inversion. The final
velocity model (Fig. 3) indicates an increase of
velocity in the layer above the BSR (from 2 to
2.3 km/s), that can be associated with the presence
of gas hydrate in the pore spaces. Below it, a low
velocity layer (1.2—1.5 km/s with a variable thickness
of 100-400 m) is observed, which indicates the
presence of free gas in the sedimentary sequence.
The velocity in the free gas zone was confirmed by
a satisfactory result of pre-stack depth migration (see
Section 4). Moreover, we observed energy below the
BSR in the OBS data at about 2 s at minimum offset,
which could correspond with the BGR. The picking of
this reflector was particularly uncertain, so that these
arrivals are not considered in the inversion procedure.
However, the arrival times of this energy are quite
consistent with the BGR depth in the final velocity
model. The compressional velocity field above the
BGR is in agreement with a previous study in the
area (see thick segments in Fig. 1; Tinivella et al.,
1998a,b), where the tomographic analysis indicates
a velocity field, from the seafloor to the BSR, increas-
ing approximately from 1.6 to 2.3 km/s, and, from the
BSR to the BGR, it shows a drop of the interval
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Fig. 3. Compressional velocity field after MCS and OBS data inversion. The dashed lines indicate the zone where the shear wave arrivals aréssorisedtiBs, indicated as
v, are those obtained by AVO inversion above the BSR and by OBS data inversion below it (see text).
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Fig. 4. Top: ray diagram modelled on OBS data. Bottom: comparison of predicted (solid lines) and observed (short vertical lines) travel times.
The time is reduced with a velocity of 3 km/s.

velocity to 1.2—1.7 km/s. Below the BGR, we found a 3.3. Horizontal components of OBS data
velocity of 2.6—2.7 km/s by modelling the refracted
waves of the OBS data. Finally, the comparison In the horizontal components three strong arrivals
between the observed and the calculated travel timesat about 2.5, 2.8, and 3 s at minimum offset are
shows a very good agreement (Fig. 4). We found a evident (Fig. 5). Particle motion plots performed
normalizedy? (Chi-square; e.g. Zelt and Smith, 1992) here indicate that the energy is mainly transversal
and a root-mean square (rms) travel time residual (Fig. 5b—d). For comparison, we also showed the
equal to 1.225 and 0.025 s, respectively, considering particle motion plot at the BSR (Fig. 5a), where
the pick error equal to 0.025s. In particular, the compressional energy is mainly present. We can
reflected events at the BSR havgaof 1.160 and a  observe that the horizontal energy increases versus
rms travel time residual of 0.026 s, and the refracted offset and disappears at high incidence angles, as it
events by the BGR have the’ and rms travel time  should be. Note that the minimum horizontal offset is
residual of 1.341 and 0.029 s, respectively. not equal to zero, because the OBS was not in-line
In order to obtain an estimate of uncertainty for with the shot positions. These events can be asso-
each parameter, we perturbed the related value fromciated with the converted reflected P wave at the
that of the final model, hold it fixed, inverted from all BSR (at 2.5 s at minimum offset), with the converted
the other parameters, and observed the resulting rmsreflected P wave at the BGR (at 2.8 s at minimum
travel time residuals (Katzman et al., 1994). We offset), and to the converted transmitted S wave at
concluded that the average velocity error is equal to the BSR and then reflected at the BGR (at 3.0 s at
about 3%. minimum offset), respectively. The inversion of the
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Fig. 5. A horizontal component of OBS data. The inserts indicate the particle motion plot at the BSR (a), at P-converted reflection at the BSR (b
and c), and at P-converted reflection at the BGR (d). The converted transmitted S wave at the BSR and then reflected at the BGR (see text) is also
shown.

shear wave arrivals allowed us to determine Poisson’s strongly sensitive to small variation of free gas
ratio of the sediments above the BSR using the Zelt amount. The value of 0.25 is in accordance with the
and Smith (1992) method. The inversion revealed, low value ofV, in the layer below the BSR obtained
near the OBS position (see dashed lines in Fig. 3), by travel time inversion.
an average Poisson’s ratio equal tel3b =+ 0.005
above the BSR and equal to28 = 0.02 in the free
gas zone (Fig. 3). If we compute the weighted average 4. Pre-stack depth migration
Poisson’s ratio by AVO inversion (see Section 5)
above the BSR, we obtain a value of 0.433, thatisin In order to improve the seismic image, we
good agreement with the value obtained by OBS data performed a pre-stack depth migration (the Kirchhoff
inversion. For testing our interpretation of S arrivals, method) with the obtained velocity field. Fig. 6 shows
we considered other hypotheses of P-conversion, butthe section, where bandpass filter (10-75 Hz) and
all of them gave unacceptable Poisson’s ratios. automatic gain control (500 m) were applied. The
Regarding the value we obtained in the free gas good result of migration confirms that the velocity
zone, the laboratory measurements indicated that structure is reliable (Kim et al., 1996), and underlines
Poisson’s ratio can quickly decrease (Domenico, the presence of geological structures such as faults
1976) versus free gas concentration which is higher and folds in the accreted sediments. In our case, the
than about 8% (Katzman et al., 1994). Our study indi- strongest BSR and the associated low velocity zone
cated that free gas in pore spaces is in the order of below it are coincident with the downslope side of a
magnitude of this value. Consequently, we found a faulted anticline, and both BSR and BGR cross the
free gas concentration where Poisson’s ratio is stratigraphic structures. The result of migration points
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Fig. 6. Pre-stack depth migration of MCS line 197206.

out the BGR, slightly evident in pre-stack and stack gas saturation causes an increase in the magnitude of
section, and displays levels that we interpreted as the near-offset reflection coefficient. However, for a
layer with different concentrations of gas that probably given gas saturation, it is difficult to evaluate the
decrease with depth in the free gas zone. In the MCS amount of gas hydrate at low concentration. Fig. 7
data, a reflector only, between BGR and the BSR (seerepresents the reflection coefficients at 25 Hz at the
Fig. 6), was picked and inverted by tomographic BSR for various concentrations in the pore space of
method. This horizon can thus be an internal reflector gas hydrate above and free gas below it. In Fig. 7a, the
within the entire gas-bearing layer with a interval hydrate concentration is fixed at 10%, and in Fig. 7b
velocity lower (MCS data inversion as pointed out) the free gas saturation is fixed to 10%. More details
than the velocity obtained below the BSR by refracted about the method for evaluating the reflection coeffi-
events. The gas levels mask the BGR in the reflection cients and the properties of the sediment and its indi-
data (Jarchow et al., 1994). Hence, the OBS data arevidual constituents, causing the BSR, are discussed in
indispensable to determine the real base of free gasCarcione and Tinivella (2000). In this case, the AVO
zone. anomalies can be of type Illl and IV according to the
classification given by Castagna and Swan (1997). We
recall that, for the type Ill anomalies, the reflection
5. AVO analysis coefficient is negative and its absolute value increases
with offset, and for type IV anomalies the coefficient
An alternative method to determine Poisson’s ratio is negative and its absolute value decreases with
is the AVO analysis of multichannel seismic data offset. In Fig. 7, the anomalies are class IV for very
from the horizons which have been inverted by the high concentrations of gas hydrate, and class Il for
tomographic method. Theoretical analysis (Carcione relatively low concentrations.
and Tinivella, 2000) indicates that the increase offree  In our analysis, we applied the AVO method to
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Fig. 7. Theoretical reflection coefficients versus incidence angle, calculated for sediments with 10% gas hydrate concentration (a) and 10% free
gas saturation (b).
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Fig. 9. Reflection coefficients at the BSR extracted from MCS line, uncorrected (stars) and corrected (dots) for hydrophone array directivity. The
solid line indicates the theoretical reflection coefficients after minimum search. See Section 5 for details.

picked amplitude within a window for the reflected
event—are scaled for evaluating the reflection coeffi-

selected CDP in three steps: (i) amplitude correction;
(ii) calibration of acquisition system; and (iii) AVO

inversion. The example of CDP gather (shown in
Fig. 8) indicates the general AVO behaviour of the
BSR reflection coefficients before hydrophone array

cients versus offset. The calibration was done by using
Warner's approach (Warner, 1990), where the reflec-
tion coefficient of the seafloor was evaluated by using

directivity correction. the far field signature. The reflection coefficient of the
The first step is the amplitude processing whose seafloor extracted from the MCS data, is equal to the
main purpose is to restore amplitude losses. In order value determined by the OBS data, i.e. by the ratio
to obtain true-amplitude-offset data, GI gun source between the maximum absolute amplitude of the
and hydrophone receiver attenuation are more impor- seafloor multiple and the seafloor primary (Katzman
tant (e.g. Hyndman and Spence, 1992; Ursin and et al., 1994). A spherical divergence correction was
Ekren, 1995). No directivity array correction was applied to the OBS data before this calculation.
applied to the data, because the source (two air gunsAnother relationship we needed, is the function
distributed cross-line) can be treated as a single point between the source—receiver offsg}t &nd the inci-
source. The hydrophone array is uniform and linear, dence angle §); we use the formula suggested by
because the elements are spaced at equal intervaldValden (1991):
along the seismic line. The hydrophone array attenua-
tion (F) is described by the following formula (Sheriff

and Geldart, 1995):

s . . , whereV, is the interval velocity of the medium above
F = [sinlmn(Ax/A) sin(@)/{ n sin[m(Ax/A) sin(O)1} | the inteFr)face,\/rmS the root-mean-square velocity, and
wheren is the number of hydrophones (in our case 32) t(x) the picked time ak offset. In our AVO analysis,
separated byAx = 0.806 m A the wavelength, and we considered CDP gathers where the structure dips
the incidence angle. This correction is important for are less than®2and no dip corrections are required to
high offset, as illustrated by Hyndman and Spence determine the incidence angles (Hyndman and
(1992) and is shown in Fig. 9 at the BSR in our case. Spence, 1992).

In the second step, the observed amplitude varia- The final step relates the experimental coefficients
tions in CDP gathers—we considered the maximum to the physical parameters that caused the reflection:

SIN(B) = XVy/[Vimel (X1
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accordance with Minshull et al. (1994).

the V, andV,, the density and the quality factors of obtained from seismic data and those obtained from
compressional wave})) and shear wave),) for both the theory. The theoretical reflection coefficients are
upper and lower media. The algorithm for determin- obtained for a viscoelastic isotropic media (single-

ing these parameters is the least-squares method. At gphase model, that includes attenuation effects; e.g.
selected reflection, we estimate the physical para- Carcione, 1997). In order to decrease the number of
meters minimising the function that represents the parameters that must be minimised, we fix the para-
square difference between the reflection coefficients meters of the seawater. TMg and the density of the
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0.5 I tested with the OBS data inversion, as discussed in
1 1 Section 3.2. In the two layers above the BSR, a value
0.25 | Seafloor _| of 0.423 and 0.405 are obtained, respectively (Fig. 3).

These values indicate that the sediments are not
cemented by gas hydrate, as Katzman et al. (1994)
pointed out. In fact, cemented sediments—hydrate
concentration more than about 50% considering
percolation theory; see Section 6—are expected to
have high shear wave velocity (Tinivella, 1999). So
that Poisson’s ratio will decrease slowly when the
concentration is low and rapidly when the concentra-
tion is high (Fig. 10) with respect to normally con-
solidated marine sediments (Hamilton, 1979).
Katzman et al. (1994) observed that a value of 0.38
Fig. 11. Theoretical reflection coefficients versus incidence angle iS characteristic of strongly hydrated sediments, and
that better fit the data at the seafloor, the BSR, and the three horizonsfor smaller concentration, a value of 0.41 is expected,
(1,2, and 3) between the two. while the reference value for nonhydrated sediments
above and below the BSR is about 0.44 (Hamilton,
seawater are obtained by inversion analysis and 1979).
empirical relationship between velocity/density, e.g.  Fig. 9 shows an example of minimum search
Fofonoff and Millard (1983), respectively. So, we results: the reflection coefficients at the BSR extracted
minimise iteratively only the parameter of the lower fromthe MCS data (stars, uncorrected data; dots, after

Reflection Coefficients

40
Angle (degree)

layer of each reflection (layer stripping approach).
Note that we considered as initial values of the
inversion procedure: thé, obtained by the inversion,

the Vi and the densities that are consistent with

directivity correction) and the theoretical reflection
coefficients (solid line) that fit the data the best. The
theoretical reflection coefficients versus incidence
angle after AVO analysis at all the selected horizons

Hamilton’s data set (Hamilton, 1976, 1979). In isshownin Fig.11. As in the free gas zone thin layers
particular, the densities are less perturbed during (see Fig. 6) could be present, the analysis requires a
the minimisation. The error in assuming that velocity more complex AVO study taking into account the
is constant in each layer, is negligible. In fact, layer thickness that we have not included in this
the result we obtained minimising the parameters work. Therefore, at the BSR, only qualitative informa-
contemporarily of both upper and lower layers tion can be extracted from the behaviour of reflection
is comparable with the result obtained by mini- coefficients. In fact, the AVO trend is similar to the
mising only the parameters of the lower lay€), case of varying layer thickness for the considered
and Qs were assumed to be constant in the sedi- range of incidence angles (Carcione, 1998). We can
ment and equal to 200 and 100, respectively, accord- observe that the trend of reflection coefficients
ing to Pecher et al. (1998). In fact, the lithologic and indicates that the amount of gas hydrate is not enough
tectonic characteristics in their studying area are to cement the sediments because an AVO type llI
similar to those of the South Shetland margin. The anomaly is present (Fig. 11).

algorithm we use to determine the minimum is
the direction set (Powell's) method (Press et al.,
1989).

The AVO analysis was applied simultaneously to
three selected adjacent CDP gathers, in order to The concentration of gas hydrate and free gas in the
increase the input values for the minimum search. pore space of marine sediments can be estimated by
The largest offset traces were rejected because duringseismic velocity anomalies applying theoretical
the acquisition there was very rough sea. The values models (Tinivella, 1999). The theoretical model we
of Poisson’s ratio from the AVO inversions were used, is based on Gassmann’'s equations with an

6. Estimation of gas hydrate and free gas quantities
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are the gas hydrate and solid proportion, respec-

007 | L tively. This equation models the increasing stiffness
7 B of marine sediments with increasing gas hydrate

i i concentration. The theory indicates an increase of
-0.25— both compressional and shear wave velocities in

the presence of gas hydrate, and shows a sudden
decrease o¥/, and an increase 0¥, in presence of
the free gas (Fig. 10). To quantify free gas and gas
hydrate concentrations, we compared positeand

Vs anomalies with reference curves (e.g. normally
compacted terrigenous sediments; Hamilton, 1979).
The procedure used to estimate the amount of these
components was successfully tested against sonic log
data and indirect estimation of gas hydrate concen-
tration from chloride content in core logs (Tinivella,
1999).

The parameters used to evaluate the velocities are
those given for a normally compacted terrigenous
Fig. 12. Comparison between reference velocity curves (without gas Sequence (Hamilton, 1976), that is almost consistent
hydrate and free gas; solid lines) and seismic velocity profiles after with the velocity profile in the area where the BSR is
inversion of data (dotted lines). The anomalies can be interpreted as not present (Tinivella et al., 1998a,b). Poisson’s ratio
abundgnce of gas hydrate and free gas in the sediments. The watelis fixed—we considered the values obtained by AVO
depthis 1.78 km. inversion above the BSR and the value obtained by

OBS data inversion in the free gas zone—and it is
explicit dependence on differential pressure and used to obtain information about the rigidity of the
depth, and it is valid for three different situations: (i) sediments in each layer. In order to get the amount
full water saturation; (ii) water and gas hydrate in the of clathrates and a preliminary estimation of free gas,
pore spaces; and (iii) water and gas in the pore spaceswe progressively increased the parameters in the
In order to take into account the effects due to the theoretical formula related to the concentrations of
cementation of grains at high concentrations of gas these components, until we fitted the trend of the
hydrate, we assume that the rigidity modulus of the seismic velocity curves\{, and Vg, Fig. 12). The
solid matrix () is affected by cementation of the results indicate that the highest gas hydrate concen-
solid grains by hydrate, using a percolation model tration near the OBS location is 23% of pore spaces.
(Leclaire, 1992). Percolation theory describes the The theoretical approach gives a free gas amount
transition of a system from the continuous state of 6% of pore space. We underline that thfg is
(completely cemented grains) to the discontinuous very sensitive to small amounts of free gas in the
state (uncemented grains). During this process, sediments, and to free gas distribution in the pore
connections appear or disappear between the elementspaces (Domenico, 1977); so, the estimation of free
of the system. The induced modifications of the gas from seismic velocity is extremely approximate.
system configuration are governed by a general This estimation of both gas hydrate and free gas abun-
power law so that the shear modulus of the matrix dance is consistent with the results of Poisson’s ratio
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takes the form obtained by the AVO and OBS data inversion in the
gas hydrate zone. The uncertainty of estimation of
Hsm = (temkt — Memoldn/(1 — d)I1*® + pemo these components depends on the errors of the physi-

cal parameters used to evaluate the theoretical velo-
where usnkr is Kuster and Tok&ds shear modulus  cities. Detailed information derived by well data or
(Kuster and Toksp, 1974),u4y is the shear modulus  more refined analysis of seismic data (e.g. full wave-
without cementation (no gas hydratep,, and ¢ form inversion) could allow more accurate evaluation
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of gas hydrate and free gas concentration in pore Progetto Nazionale di Ricerche in Antartide (PNRA)
spaces. supports this work.
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