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Abstract: As part of the JAPEX/JNOC/GSC Mallik 2L-38 field program, a vertical seismic profil-
ing(VSP) survey was carried out at zero and offset-source positions with multicomponent receiver tools and
multipolarized vibrators. The results will be integrated with downhole logs and regional seismic data to
evaluate the effect of gas hydrate on seismic velocity and to estimate gas hydrate concentrations. The excel-
lent data quality allows accurate compressional-and shear-velocity depth profiles. There are down-going
and up-going waves from numerous reflectors, and corridor stacks provide comparison with surface multi-
channel data. Velocities in the permafrost zone above 600 m are enhanced, to more than 2500 m/s. In the
largely unfrozen section from 600 m to 850 m, the velocities are lower, about 2000 m/s. The gas hydrate
zone is well defined below about 900 m, with velocities of 2500�2700 m/s. Poisson�s Ratio is ~0.39 in both
the permafrost and gas hydrate sections, compared to ~0.44 in the unfrozen sections.
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Résumé : Un profilage sismique vertical a été effectué à la position zéro et aux positions déportées de la
source à l�aide d�enregistreurs multicomposants et de vibrateurs multipolarisés dans le cadre de la cam-
pagne de terrain du projet JAPEX/JNOC/GSC Mallik 2L-38. Les résultats seront intégrés aux diagraphies
en sondage et aux données sismiques régionales afin d�évaluer l�incidence des hydrates de gaz sur la vitesse
des ondes sismiques et de faire l�estimation des concentrations des hydrates de gaz. Les excellentes données
permettent d�établir avec précision des profils de célérité pour les ondes de compression et les ondes de
cisaillement en fonction de la profondeur. De nombreux réflecteurs réfléchissent des ondes descendantes et
ascendantes; la sommation sismique le long d�un couloir centré sur les premières arrivées devrait permettre
d�établir une comparaison avec les données de sismique multicanal de surface. Les vitesses enregistrées
dans la zone de pergélisol au-dessus de 600 m augmentent au-delà de 2 500 m/s. Dans la section en grande
partie non gelée située entre 600 et 850 m, elles sont moins élevées, soit de l�ordre de 2 000 m/s. La zone des
hydrates de gaz est bien définie au-dessous de 900 m environ et les vitesses s�échelonnent de 2 500 à
2 700 m/s. Le coefficient de Poisson est d�environ 0,39 dans la section à pergélisol et dans la section à
hydrates de gaz et d�environ 0,44 dans les sections non gelées.



INTRODUCTION

The JAPEX/JNOC/GSC Mallik 2L-38 gas hydrate research
well was drilled in the Canadian Arctic to investigate gas
hydrate in a permafrost setting, in a collaborative research
project between the Japan National Oil Corporation (JNOC),
and the Geological Survey of Canada (GSC). Other principal
participants in the project included Japan Petroleum
Exploration Company Limited (JAPEX), and the United
States Geological Survey (USGS), along with a number of
other Japanese and North American institutes and companies.
The 1150 m deep well is located in the Mackenzie Delta,
Northwest Territories, Canada, at lat. 69°27′40.71″N, and
long. 134°39′30.37″W, elevation 1.1 m. The datum reference
(kelly bushing) is 8.31 m above mean sea level (Fig. 1). The
well was part of a Japanese government-industry program to
assess the potential of gas hydrate as an energy source. The
project was intended to evaluate drilling, coring, and
geophysical technologies prior to an offshore gas hydrate
research well planned for off southwest Japan by JNOC in
1999. The overall objectives, program management, and
operations were described by Dallimore et al. (1999) and
Dallimore (http://sts.gsc.nrcan.gc.ca/page1/hydrat/
fact_i.html, 1998). The multidisciplinary study included per-
mafrost and gas hydrate coring, comprehensive downhole

geophysical logging and measurement, and a deep sounding
electromagnetic survey. A high-resolution multichannel seis-
mic survey is planned. Laboratory studies on recovered cut-
tings and core included sedimentology, physical properties,
geochemistry, and reservoir characteristics of the Mallik
2L-38 gas accumulation.

As part of the Mallik 2L-38 field program, a vertical seis-
mic profiling survey (VSP) was carried out at zero and
offset-source positions with multicomponent receiver tools
and multipolarized vibrator sources. The survey was carried
out with by Schlumberger Ltd. in March 1998, with field-
operation planning and direction by A. Sakai of JAPEX
(Sakai, 1998, 1999). A special effort was made to record
high-quality shear-wave data as well as compressional-wave
data. Results from this work will be integrated with downhole
logs and regional seismic data. The data will also be used to
determine the effect of gas hydrate on formation velocities
and to estimate gas hydrate concentrations as a function of
depth in the formation penetrated by the well. Two research
teams were involved in the analysis of the VSP data, one in
Japan (Sakai, 1998, 1999) and one in Canada. This report
gives a description of the processing and initial results from
the Canadian team. The analysis used the ITA-Insight proc-
essing package. Hardage (1983) and Toksoz and Stewart
(1983) discussed some of the processing principles.

342

GSC Bulletin 544

Figure 1. Location map of the Mackenzie Delta region in the Canadian Arctic
showing the location of the Mallik 2L-38 well. The inset shows the geometry of the VSP
vertical and offset recording for the Mallik well.



VSP SURVEY AND DATA

Sakai (1998, 1999) described the VSP survey parameters.
The two sources were IVI MiniVibrators for compressional
and shear modes (transverse to the well). The zero-offset
recording was from 500 to 1145 m depth at intervals of 5 m
for the compressional source, and 15 m for the shear source in
transverse mode. For the offset VSP, recording was from 240
to 1145 m, and the compressional source was recorded at 5 m
intervals. The source was a 12 s linear sweep with frequency
band 10�200 Hz for the zero-offset compressional source,
10�100 Hz for the offset compressional source, and 10�50 Hz
for the zero-offset shear source. The low pass allowed more
energy in the frequency band found to have the least noise.
The listen time was 3 s and the sampling rate was 1 ms. The
zero-offset source was 40 m from the well head. The offset
source was 401 m from the well, approximately on the line of
a previous surface seismic survey. This was found to be the
maximum distance for a good signal. Sakai (1998, 1999)
described the special efforts to optimize the coupling of the
vibrator to the ground and to reduce ambient noise in the per-
mafrost environment. Wind noise was an important problem
affecting the data quality, especially for the lower frequency
shear-wave data.

Downhole recording employed two directly connected
Schlumberger three-component Combined Seismic Imager
(CSI) tools, with a 300 Hz low-pass filter. The hole was cased
above 676 m; in the upper 250 m the casing contact with the
formation was poor and the recorded signals were weak. In
the open-hole portion, the previously collected downhole
logs were used to select the optimal receiver positions and to
avoid caved zones. Vertical- and horizontal-vibration data
were recorded alternately. There were nominally five
recorded traces for each receiver depth, but more vibrator
shots were carried out if the data quality was poor. There were
several test shots at irregular receiver depths; they were
included in the data reorganization and sorting, but excluded
in further processing, especially in wavefield separation.

The VSP data initially processed in this study are listed in
Table 1.

DATA PROCESSING

The processing completed so far in this study was mainly for
the zero-offset vertical-vibration Z-component data and off-
set vertical-vibration Z-component data. Zero-offset

horizontal-vibration X-component data has also been proc-
essed in an effort to recover shear-wave sections, but there
were hardly any events that could be seen in this component.
Preliminary processing has been done on other zero-offset
and offset data; however, it has been very difficult to separate
the P- and S-wavefields without distortion. First arrivals were
picked for the zero-offset vertical-vibration Z-component
data (P-wave), horizontal-vibration X-component data
(S-wave), and offset Z-component data (P-wave). Interval P-
and S-wave velocities were calculated. For higher resolution
in first-arrival picking, the vertical-vibration Z-component
data were resampled to 125 µsfrom the recorded 1 ms sample
rate. The horizontal-vibration X-component data were
resampled to 250 µs sample rate.

Extensive trace editing was done before processing. First
arrivals in traces with high noise or irregular depths were
removed. An advantage of VSP data processing is that the
embedded wavelet can be estimated from the down-going
wavefield and an inverse filter can be derived and applied to
the up-going wavefield. We applied deterministic wavelet
deconvolution on the zero-offset and offset-source vertical-
vibration Z-component data. However, strong harmonic
noise prevented us from estimating a reliable wavelet so that
zero-phase spiking deconvolution was also tested. The result
of spiking deconvolution appears clearer. The wavelet-
processing flow is shown in Table 2: a) wavelet-processing
flow and b) spiking-deconvolution flow. For phase interpre-
tation, we also generated a Rieber mixing section by passing
the horizontal events in the F-K (frequency-wavenumber)
domain for the aligned up-going wavefield after application
of spiking deconvolution.

The horizontal-vibration X-component data had both 5 m
and 15 m depth-receiver intervals, and the survey geometry
was not uniform between the shallower part (<675 m) and the
deeper part (>675 m) of the well. Dummy traces were there-
fore inserted to form a regular depth interval of 5 m. However,
wavefield separation in F-K domain was not successful
because of the number of dummy traces. The shear-wave
velocity profile derived from the first arrivals is the main
result from this component.
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Table 1. Files dedicated to different components.



ANALYSIS RESULTS

Wavefield plots
Figure 2 shows a series of plots representing progressive
processing steps. The left column of displays is from zero-
phase, spiking-deconvolution processing flow while the right
column of displays is from wavelet-processing flow. Figure 2
shows a) the raw data after sorting and initial editing, only the
first trace in each common-depth-receiver gather is shown;
b) processed full wavefield, the section for following wavelet
processing does not have zero-phase spiking deconvolution
applied; c) down-going wavefield; d) up-going wavefield;
e) aligned up-going wavefield; f) corridor selected for corri-
dor stack and (at right) the stacking result in positive and
negative polarity; g) aligned up-going wavefield after Rieber

mixing; and h) wavelet extracted from down-going wavefield
and its inverse filter. There are very clear down-going and
up-going arrivals in the full-wavefield section. These stack
traces may be compared with surface seismic data.

For the zero-offset horizontal-vibration X-component
data, only the common-receiver-depth stack section is plotted
(Fig. 3). Inserted dummy traces are also shown. There were
very few events after the first arrivals. The main result from
this component data is the shear-wave arrival times as a func-
tion of depth.

Figure 4 shows sections for the other zero-offset source
and receiver combinations: a) zero-offset vertical-vibration
X-component data, b) zero-offset vertical-vibration
Y-component data, c) zero-offset horizontal-vibration
Y-component data and d) zero-offset horizontal-vibration
Z-component data.

Velocity-depth plots
An important application of VSP data is to provide accurate
velocity-depth data for the formation penetrated by the well.
Downhole sonic logs provide substantially greater depth
resolution, but the VSP results are much less subject to bore-
hole conditions. They average over a much larger volume of
the formation, so that they provide much more accurate abso-
lute velocities. Figure 5 shows the compressional and shear-
interval velocity versus depth based on the first-arrival picks
of the X- and Z-component data. Figure 6 and Table 3 show
the first-arrival picks.

The shear-wave interval velocities from the X-component
data have much greater uncertainties than the compressional-
wave velocities. Abnormally high shear-wave velocities
from 950 to 1000 m may be due to the large uncertainties in
first-arrival picks in this depth range. To examine the vertical
resolution of the VSP velocity data, the calculated interval
velocities were successively averaged over depth intervals
ranging from 5 to 35 m. Figure 5 shows a comparison of 35 m
and 15 m average P-wave interval velocities. Based upon the
estimated accuracy of first-arrival picking, intervals of about
35 m appear to be the minimum for reliable velocities, but
some of the rapid vertical changes of 200�500 m/s in the 15 m
data may represent real velocity variations. Uncertainties of
~1 sample give ~3% or ~70 m/s velocity uncertainty for 35 m
intervals. This is similar to the amplitudes of the high-
frequency variability in the velocity-depth data, indicating
that this is about the smallest spatial interval that can be
resolved with the data.

The compressional velocities calculated from the first
arrivals of offset vertical-vibration Z-component (Fig. 5) data
have excellent agreement with those from the zero-offset
data.

The compressional velocity-depth profile shows high
velocities of 3000�3500 m/s decreasing downward to a depth
of about 550 m. The velocities then decrease rapidly down-
ward to about 2000 m/s at the base of permafrost near 600 m
depth. From 640 to about 920 m, the velocities increase
slowly as expected for simple loading sediment compaction,
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Table 2a. Wavelet-processing flow.

Table 2b. Zero-phase spiking-deconvolution flow.
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Figure 2. Progressive steps in processing of the offset VSP Z-component data. a) Raw data of
zero-offset vertical-vibration Z-component data. b) Common-depth stack section after F-X noise
reduction. c) Down-going wavefield, no AGC (automatic gain control) applied. d) Up-going
wavefield. e) Up-going wavefield aligned with first arrival. f) Corridor stack, Reiber mixing was not
applied. g) Up-going wavefield after Reiber mixing. h) Wavelet estimated from down-going
wavefield and its inverse filter.
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Figure 2. (cont.)
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Figure 2. (cont.)

Figure 3. Zero-offset horizontal-vibration X-component data. Dummy traces were
inserted to form a regular depth interval.
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Figure 4. Common-receiver-depth stack sections of the other components. a) Zero-offset
vertical-vibration X-component. b) Zero-offset vertical-vibration Y-component. c) Zero-offset
horizontal-vibration Y-component data. d) Zero-offset horizontal-vibration Z-component data.
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Figure 5.

Compressional- and shear-wave velocities calculated
from first arrivals.

Figure 6.

a) Time versus depth VSP data, (top) zero-offset P-wave;
(bottom) zero-offset S-wave. b) Time versus depth VSP
data from offset vertical-vibration P wave.
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Table 3a. First-arrival pairs picked from zero-offset vertical-vibration
Z-component data.

Table 3b. First-arrival pairs picked from zero-offset horizontal-vibration X-component data.



until higher and irregular velocities are reached in the gas
hydrate layer below about 900 m. Higher velocity layers are
observed at about 925 m, 975 m, and 1100 m. The general
high-velocity zone below about 900 m, averaging 2600 m/s,
corresponds to the zone of gas hydrate layers cored or
inferred from other data. The especially high velocity layer
centred at about 925 m corresponds to the 37 m gas hydrate
core collected between 890 and 952 m. One especially high
velocity peak is located at about 1100 m depth, just above the
base of the hole. There are lower velocities at the very bottom
of the hole near the base of hydrate stability, but they are not
well resolved. Comparison with the downhole sonic-log
velocity profile shows good correspondence, both in absolute
velocities and in the location of high-velocity layers that are
interpreted to represent high gas hydrate concentrations
(Sakai, 1998, 1999).

Shear wave and Poisson�s Ratio
The zero-offset shear-wave velocities (Fig. 5) have lower
resolution than the compressional velocities, but give impor-
tant constraints on the effect of gas hydrate on elastic parame-
ters. The different dependence of P- and S-wave velocities on
hydrate concentration provides constraint on the location of
the gas hydrate, i.e. whether it is located mainly at grain
boundary contacts and increases frame stiffness, or is mainly
in pore spaces and does not affect cementing grain contacts.
The effect of gas hydrate on Poisson�s Ratio is also important
for amplitude-versus-offset (AVO) and full-waveform mod-
elling (e.g. Yuan et al., 1999). In the unfrozen section
between about 640 and 920 m, Poisson�s Ratio is a nearly
constant 0.44, nearly independent of the downward increase
in velocity. In both the permafrost section above about 600 m,

351

R. Walia et al.

Table 3c. First-arrival pairs picked from offset horizontal-vibration Z-component data.



and the gas hydrate section below about 920 m, Poisson�s
Ratio is about 0.39 (Fig. 7). Thus the effect on elastic moduli
of the gas hydrate is similar to that of the permafrost ice.

The Poisson�s Ratio (Fig. 7) average of 0.44 in the unfro-
zen section is in good agreement with the general relation of
Castagna et al. (1985) for clastic sediments (�mud rocks�).
The Castagna et al. relation predicts Poisson�s Ratios of
0.43�0.45 for the compressional velocities of 2000�2300 m/s
measured in this section (Fig. 8). The Poisson�s Ratio is much
lower, about 0.39 in both the permafrost zone and the zone of
gas hydrate. The Poisson�s Ratio agreement between the lat-
ter two sections indicates that ice and gas hydrate have a simi-
lar affect on the sediment elastic modulii. The Poisson�s
Ratio of 0.39 in the frozen sections is also in agreement with
that of about 0.39, predicted by the Castagna et al. relation for

the observed velocities of about 2600 m/s. Thus, the effect of
both gas hydrate and ice on the Poisson�s Ratio is similar to
that from reduction in porosity by simple compaction.

Both the frozen and unfrozen sections agree well with the
relation for clastic rocks between Vp and Poisson�s Ratio
given by Castagna et al. (1985) for simple compaction. This
suggests that the effect of the ice and gas hydrate is approxi-
mately the same as that for simple addition to the sediment-
grain matrix and porosity reduction. This was the approxima-
tion used by Hyndman and Spence (1992) for estimating
marine gas hydrate concentrations from velocity increase
relative to a no-hydrate reference velocity. The time-average
relation gives a similar result (summary by Yuan et al., 1996).
Small amounts of gas hydrate would impose a much larger
effect on velocity if the gas hydrate cemented grain
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Figure 7.

Vp/Vs and Poisson�s Ratio as a function of depth
from zero-offset data.

Figure 8.

Poisson�s Ratio as a function of Vp from
Castagna et al. (1985).
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Figure 9. Wavelet-processing steps of the offset Z-component data. a) Common-receiver-depth stack.
b) Down-going wavefield. c) Up-going wavefield before inverse filter. d) Up-going wavefield after
inverse filter. e) VSP-CDP transformation, 1 m CDP interval. f) VSP-CDP transformation, 2 m CDP
interval.



boundaries, rather than being located in the pore spaces.
Sakai (1999) gave a further analysis of the implications for
the effect of gas hydrate on elastic modulii and different theo-
retical models.

Offset data
Both wavelet-processing and zero-phase spiking-
deconvolution methods have been applied to offset vertical-
vibration Z-component data. Figure 9 shows the progressive
processing steps in the wavelet-processing flow. VSP-CDP
transformation using 1 m and 2 m CDP (common depth point)

interval are also shown. Such VSP-CDP transformation sec-
tions can be directly compared with the surface seismic data.
The X and Y components have been stacked (Fig. 10). How-
ever, we have not yet been able to successfully separate the P
and S wavefields, especially the up-going P and S wavefields.

CONCLUSIONS

Initial analyses of the VSP data from the Mallik gas hydrate
well show high-quality signals with good signal-to-noise
ratios. There are numerous strong arrivals in the up-going and
down-going wavefields for the compressional data that were
readily separated in the processing. The corridor stack pro-
vides a good comparison with surface seismic-reflection
data, allowing accurate depth determination and, using the
well data, reliable identification of reflectors in the surface-
reflection data. The compressional-wave velocity-depth pro-
file from the VSP appears to be very accurately determined,
with a vertical resolution of at least 35 m. Initial analysis of
the offset compressional-wave data gives a velocity-depth
profile that is in excellent agreement with that from the zero-
offset data. The shear-wave velocity-depth profile is less well
determined, but it is sufficiently accurate to give very useful
estimates of Poisson�s Ratio with depth. A zone of uncertain
shear velocities is also noted.

Poisson�s Ratio (Fig. 7) averages about 0.44 in the unfro-
zen section, which is in good agreement with the general rela-
tion of Castagna et al. (1985) for clastic sediments. The
Castagna et al. relation predicts Poisson�s Ratios of
0.43�0.45 for the compressional velocities of 2000�2300 m/s
measured in this section. The Poisson�s Ratio is much lower,
about 0.39, in both the permafrost zone and the zone of gas
hydrate. The Poisson�s Ratio agreement between the perma-
frost and gas hydrate sections suggests that ice and gas
hydrate have a similar affect on the sediment elastic moduli.
The Poisson�s Ratio of 0.39 in the frozen sections is also in
agreement with that of about 0.39 predicted by the Castagna
et al. (1985) relation for the observed velocities of about
2600 m/s. Thus, the effect of both gas hydrate and ice on the
Poisson�s Ratio is similar to that from reduction in porosity
by simple compaction. The frozen material must be primarily
in the sediment pores, rather than concentrated at the grain
boundary contacts.
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Figure 10. Common-depth-receiver stack of offset X- and
Y-component data. a) Offset source, X-component stack.
b) Offset source, Y-component stack.
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