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Abstract: Three international research well programs, in 1998, 2002, and 2007–2008, studied the Mallik gas hydrate accumu-
lation in the Mackenzie Delta and identified three distinct gas hydrate intervals in the crest of an anticline structure. The gas 
hydrate intervals are up to 40 m thick and have high saturation, sometimes exceeding 80% of pore volume in unconsolidated 
clastic sediments with porosities ranging from 25 to 40%. Here, we present a summary of the seismic work done to understand 
the distribution and characteristics of the Mallik gas hydrate. Results are based on a detailed analysis of the upper two seconds 
of a 3-D seismic-reflection data set provided to the JAPEX/JNOC/GSC et al. Mallik 5L-38 science program through partnership 
with the BP–ChevronTexaco–Burlington joint-venture parties. We applied an acoustic-impedance inversion to the 3-D seismic 
data to determine high-velocity areas associated with the gas hydrate and to help define its spatial extent away from well con-
trol. The extent and geometry of the two lower gas hydrate zones show a distribution controlled by local geology. Correlation 
between the uppermost gas hydrate zone and the 3-D seismic data could not be established with confidence. We investigated 
further the heterogeneous distribution of gas hydrate using multivariate, conditional, stochastic simulation of well-logging data. 
The volume of natural gas estimated from acoustic-impedance inversion and conditional simulation ranges from 112 x 106 to 
4.7 x 109 m3/km2. These estimates are for a small volume of rocks centred on the Mallik wells and demonstrate the complexity 
of assessing gas hydrate resources from logging and seismic data.

Résumé : Trois programmes internationaux de puits de recherche entrepris en 1998, 2002 et 2007-2008 ont porté sur l’étude 
de l’accumulation d’hydrates de gaz Mallik dans le delta du Mackenzie et ont identifié trois intervalles distincts d’hydrates de 
gaz dans la charnière d’une structure anticlinale. Les intervalles d’hydrates de gaz atteignent 40 m d’épaisseur et un degré de 
saturation des pores élevé, parfois plus de 80 %, dans les sédiments clastiques non consolidés dont la porosité varie de 25 à 40 %. 
Nous présentons ici un sommaire du travail de nature sismique entrepris en vue de mieux comprendre la répartition et les cara-
ctéristiques des hydrates de gaz Mallik. Les résultats sont basés sur une analyse approfondie des deux premières secondes d’un 
ensemble de données provenant de levés de sismique-réflexion tridimensionnels mis à la disposition du programme scientifique 
JAPEX/JNOC/GSC et al. Mallik 5L-38 par le biais d’une entente avec les partenaires de la coentreprise BP-ChevronTexaco-
Burlington. Nous avons appliqué l’inversion d’impédance acoustique aux données de levé sismique tridimensionnel en vue 
d’identifier les zones de haute vélocité associées aux hydrates de gaz et pour aider à délimiter leur étendue hors de la zone 
contrôlée par le puits. L’étendue et la géométrie des deux zones inférieures d’hydrates de gaz révèlent une répartition contrôlée 
par la géologie locale. Une corrélation entre la zone supérieure d’hydrates de gaz et les données provenant de levés sismiques 
tridimensionnels n’a pu être établie avec suffisamment de certitude. Nous avons poussé les recherches portant sur la répartition 
hétérogène des hydrates de gaz au moyen de la simulation, selon des approches multivariée, conditionnelle et stochastique, des 
données de diagraphie des puits. Le volume de gaz naturel estimé à partir de l’inversion d’impédance acoustique et de la simula-
tion conditionnelle varie entre 112 x 106 et 4,7 x 109 m3/km2. Ces estimés correspondent à un petit volume de roches localisé à 
proximité des puits de production Mallik et démontrent à quel point il est difficile d’estimer les ressources en hydrates de gaz 
à partir de données provenant de diagraphes des puits et de levés sismiques.
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INTRODUCTION

Most known gas hydrate occurrences in the Mackenzie 
Delta and submarine permafrost areas of the Beaufort Sea were 
discovered or inferred indirectly in wells drilled for conven-
tional hydrocarbon exploration. One of these occurrences, the 
Mallik gas hydrate field (Fig. 1), has received particular atten-
tion during the last 13 years. Three international research well 
programs have intersected three intervals of gas hydrate and 
enabled successful extraction of subpermafrost core samples 
containing a significant amount of gas hydrate (Dallimore and 
Collett, 1999, 2005b). The gas hydrate intervals are up to 40 m 
thick and have high gas hydrate saturation, sometimes exceed-
ing 80% of pore volume in unconsolidated clastic sediments 
with average porosities ranging from 25 to 40%. The three gas 
hydrate intervals are located between 890 and 1100 m, and 
appear localized in the crest of a faulted anticline structure 
(Brent et al., 2005). In 2002, a suite of short-term depres-
surization and thermal stimulations of targeted gas hydrate 

layers produced expected fluctuations in natural gas flow 
rates (Dallimore and Collett, 2005b). A longer term produc-
tion test in 2007–2008 successfully demonstrated proof of 
concept for gas hydrate production by depressurization. The 
controlled production experiments were complemented by 
surface, borehole, and laboratory measurements undertaken 
to quantify in situ rock and evolving reservoir properties.

Although successfully used for short-term production 
testing and determining in situ properties of gas hydrates, 
borehole investigations alone were not capable of establish-
ing reliable lateral continuity of a gas hydrate zone more 
than a few metres away from the well. Still, this informa-
tion remains critical in providing reliable estimates of the 
resource present at reservoir scale. The study reported here 
presents results from detailed seismic characterization of the 
three gas hydrate zones based on seismic-to-well correla-
tion and acoustic-impedance inversion of 3-D seismic data. 
A fundamental but realistic assumption of this approach 
is that high acoustic impedances indicate gas hydrates in 

Figure 1. Location of the Aurora/JOGMEC/NRCan Mallik gas hydrate research wells in the 
Mackenzie Delta (modified from Dallimore and Collett, 2005b). The red polygon outlines 
the area covered by the 3-D seismic survey used in this study. Small circles indicate well 
locations and larger circles with ticks show wells that intersected gas hydrate. Contours 
represent the base of the gas hydrate stability field, as determined by Majorowicz and 
Smith (1999).
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poorly consolidated sediments. At Mallik, this assumption 
is supported by well-log analyses and core studies showing 
high P- and S-wave velocities for sediments with high con-
centrations of gas hydrates in discrete sand-rich formations. 
Our main objective is to use the continuity of seismic- 
characteristic amplitude in the gas hydrate intervals at Mallik 
to map their lateral extent away from the wells and to assess 
the influence of the local geology on their distribution.

This is accomplished by applying an acoustic-impedance 
inversion to the Mallik 3-D data and by further extracting 
velocity information that can be linked to gas hydrate sat-
uration. The influence of geological heterogeneity on the 
distribution of gas hydrates is further investigated using a 
method based on multivariate, conditional, stochastic simu-
lation of well-logging data. The heterogeneity referred to 
in this paper specifically relates to lateral variations in gas 
hydrate saturation due to varying porosity and lithology. 
The heterogeneity of gas-hydrate-bearing sediments is 
captured in multidimensional models of petrophysical prop-
erties (V

p
, V

s
, and density) that match the data at borehole 

locations and simulate heterogeneities at the level of detail 
provided by borehole-logging data elsewhere in the model 
space. When combined with finite-difference modelling, the 
models provide a practical approach to assess the effects of  
heterogeneity on the propagation of seismic waves.

A significant amount of work has been done on surface, 
borehole, and crosshole seismic data from the Mallik site. 
The intent of the paper is not to provide a detailed overview 
of all seismic work done at Mallik, but rather to review 
progress made with the 3-D seismic data set since 2002 
and, more importantly, highlight the lessons learned from 
this work. More details about any parts of this paper can be 
found in the many references cited in the text. Additional 
information about geophysical work done at Mallik can 
also be found in Dallimore et al. (1999) and Dallimore and 
Collett (2005a).

SEISMIC DATA AT MALLIK

In this analysis, we use the upper two seconds of a 3-D 
seismic-reflection data set acquired and processed by Veritas 
DGC Land in 2002. This data set was made available to the 
Mallik 5L-38 science program through partnership with the 
BP–ChevronTexaco–Burlington joint-venture parties. The 
area covered by the Mallik 3-D data set includes four wells 
that targeted gas hydrates (Aurora/JOGMEC/NRCan Mallik 
2L-38 and 3L-38, JAPEX/JNOC/GSC et al. Mallik 4L-38 
and 5L-38) and four industry wells drilled by Imperial Oil 
Limited in the 1970s (Fig. 2). The acquisition geometry 
for the 3-D data set was designed to image conventional 

Figure 2. Extent of the Mallik 3-D seismic volume (shown is a time slice of the 
3-D data at 900 ms two-way traveltime). The JAPEX/JNOC/GSC et al. Mallik 
5L-38 well is at the intersection of crossline 520 and inline 618. L1, L2, and L3 
indicate low seismic amplitudes associated with lakes. A-06, J-37, and P-59 are 
the locations of the Imperial Oil Mallik A-06, Mallik J-37, and Mallik P-59 wells. 
Data on this figure were processed to maintain the relative-amplitude character 
of the data.
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hydrocarbon accumulations located beneath the gas hydrate 
zones (deeper than 1100 m). The original processing also 
focused on imaging of the conventional gas-bearing struc-
tures rather than gas hydrates, so the resulting 3-D volumes 
provide poor images of the permafrost (<600 m) and low-
CDP (common depth point) fold in the gas hydrate depth 
range (900–1100 m). Low fold results from strong mutes 
applied to remove surface waves that cover and dominate 
useful seismic signal. The seismic data were acquired with 
a combination of vibroseis and dynamite sources oriented 
northwest-southeast with 60 m spacing. Receiver lines were 
oriented perpendicular to the source lines with identical spa-
cing of 60 m. In total, 788 inlines and 711 crosslines were 
acquired with a nominal bin spacing of 30 m. The max-
imum CDP fold was 185, and the nominal CDP fold was 
84. A description of the acquisition parameters and struc-
tural interpretation of the Mallik 3-D data set is given in  
Brent et al. (2005).

Strategies for seismic-data reprocessing

The Mallik 3-D data set was reprocessed following two 
different strategies. The first of these focused on obtaining 
a volume suitable for stratigraphic interpretation and 
fault detection at depths where gas hydrate occurs (here-
after referred to as the structure reprocessing), whereas 
the second focused on preserving the relative-amplitude 
information in the data (hereafter referred to as the relative-
amplitude reprocessing). The main difference between the 
two approaches is the way amplitudes are handled during 
processing. Amplitudes in the structure reprocessing are 
scaled and equalized to bring up any structural details. In 
contrast, the amplitude-balancing approach used in the rela-
tive-amplitude reprocessing attempts to preserve contrasting 
amplitude effects related changes in velocity between softer 
sediments and gas-hydrate-bearing sediments. Analysis of 
core samples and well-logging data at Mallik indicate that 
the additional strength of gas-hydrate-bearing sediments 
also increases their P- and S-wave velocity sufficiently 
to augment the amplitude of reflections originating from 
them. In comparison, sediments without gas hydrates tend 
to have reduced strength, lower velocities, and reflection 
amplitudes typical of poorly consolidated material. Thus, 
data with properly balanced amplitudes help the identifica-
tion of bright reflections indicative of gas hydrate and also 
allow the extraction of additional meaningful quantitative  
properties. Table 1 summarizes the main steps applied for both  
reprocessing flows.

The original data and reprocessed data sets for inline 618, 
which crosses the Mallik 5L-38 well location, are compared 
on Figure 3. None of the reprocessed versions could pro-
duce useful information in the top 0.5 s of the data. This 
is explained by the acquisition parameters of the original 
survey, which was designed to image deeper conven-
tional oil and gas structures. Some relatively continuous  
reflections are observed in any of the 3-D volume starting 

from approximately 0.5 s, slightly above the shallowest gas 
hydrate occurrence located at 0.65 s. The structure repro-
cessing significantly improved the imaging of the Mallik 
anticline and some of the major faults in this area (Fig. 3b). 
This data set is more suitable for determining continuity of 
reflections associated with specific lithological units, analyz-
ing sedimentary facies, and locating faults. In comparison, 
the relative-amplitude processing provides a poor image of 
the anticline and faults, and reveals several areas with weak 
amplitudes (Fig. 3c). Although not optimal for structural inter-
pretation, the relative-amplitude–reprocessed version is used 
in the quantitative analysis presented below, as amplitude bal-
ancing in this processing approach attempts to remove effects 
from nongeological factors, yielding amplitudes closely 
related to changes in physical rock properties.

Figure 4 shows a detailed view of the relative-ampli-
tude data for inline 618 and crossline 520. The sonic log 
is overlain for easy identification of the three high-velocity 
gas hydrate zones (A, B, and C in Fig. 4a). Zone A is the 
shallowest and zone C marks the base of the gas hydrate 
occurrence in the Mallik 5L-38 well. The gas-hydrate-bear-
ing sediments between 0.65 s and 0.80 s two-way traveltime 
(TWT) and crosslines 510 to 540 are located on the crest of 
the anticline and do not exhibit large dips. A similar situa-
tion exists in the perpendicular orientation on crossline 520 
(Fig. 4b). The bright gas hydrate reflections occur between 
inlines 605 and 625, a distance of approximately 600 m. Not 
all strong reflections on Figure 4 are related to gas hydrate. 
Some deeper reflections on inline 618 are located below 
the gas hydrate stability field and are related to lithological 
changes. This shows a limitation in our approach to recover-
ing accurate relative-amplitude information for the entire 
volume. However, this is not unexpected in the shallow part 
of the data set, where fold usually increases with time until 
nominal fold is reached. The gas hydrate intervals are located 
precisely in such a time window, where fold is increasing 
and where amplitudes will generally increase with time, 
simply because more traces are contributing to amplitudes 
in the final 3-D volume. This suggests that caution is neces-
sary when comparing amplitudes at two different times, and 
indicates that lateral comparison of amplitudes is most suit-
able for distinguishing between reflections from gas hydrate 
and those related only to lithological changes. The analy-
sis of amplitudes was also restricted to the time window  
corresponding to the gas hydrate stability field.

Remaining challenges for  
seismic-data processing

The presence of thick permafrost is a major con-
straint on the effective detection and characterization of 
gas hydrate using conventional seismic data and standard 
seismic-processing techniques. Specifically, the heterogen-
eous temperature distribution within permafrost, related 
to the presence of thermokarst lakes and associated taliks, 
locally compromises seismic imaging of the geology within 
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Relative-amplitude processing Structure processing 

Geometry Geometry 

Amplitude recovery tv
2
 function Gain recovery 

Manual trace edits 
 

Surface-consistent deconvolution: 
- operator: 80 ms 
- prewhitening: 0.01% 

Coherent noise attenuation:  
- frequency: 1/2–12/15 Hz  
- velocity: 1400–1800 m/s 

Partial spectral balancing and equalization: 
- 0 m: 120–1620 ms 
- 4500 m: 1200–1960 ms 

Shot-ordered adaptive filter for coherent noise 
attenuation 

Elevation static: 
- datum 0 m 

Statics datum elevation: 
- 0 m (above sea level)  
- replacement velocity: 3600 m/s 

Ice-replacement static correction: 
-ice replacement velocity: 3000 m/s 

Statics automatic surface consistent:  
- 3 passes, 5 iterations 
- window: 600–2600 ms 

Velocity analysis (every 2 km) and normal 
moveout corrections 

Surface-consistent scaling: solve for line, source, 
receiver, and offset components; application of line, 
source receiver 

First break mutes: 
- distance: 360/540/1140/1440/1740/2760/4000 m 
- time: 100/295/860/1143/1455/1682/1823 ms 

Velocity analysis  Automatic gain control: 500 ms window 

FXY: deconvolution–cross-spread domain: 
- frequency range: 5-80 Hz  
- window: 0–5000 ms  
- noise threshold: 0.0 

Phase-rotation adjustment for dynamite shots 

Surface-consistent scaling: solve for line, source, 
receiver, and offset components; application of line, 
source receiver 

Residual static corrections: 
- window: 600–1800 ms 

Five-component minimum-phase surface-consistent 
deconvolution:  
- operator length: 100 ms 
- prewhitening: 0.1% 

Final stacking velocity analysis 

First-break mutes: 
- distance: 360/600/2040/3000 m 
- time: 0/404/1566/2512 ms 

Trim statics 

Trim statics: 
- window: 600–2600 ms 
- maximum shift: ± 12 ms 

Pre-stack time-migration velocity analysis 

Surface-consistent scaling: solve for line, source, 
receiver, and offset components; application of 
offset component 

Pre-stack FXY-eigen noise attenuation 

Kirchhoff pre-stack time migration (gathers) Automatic gain control window: 500 ms 

Stack: equal weighting Pre-migration filter: 
- frequency. 8/12–55/65 Hz 

Time-variant bandpass filter: 
- frequency: 10/15–55/65 Hz application gate: 0–2 s 
- frequency: 10/15–40/50 Hz application gate: 2–5 s 

Kirchhoff pre-stack time migration 
 

Mean scaling length 500 ms with 50 ms overlap for 
display purpose 

Post-stack FX-Y projection filter and 500 ms 
automatic gain control 

Table 1. Steps used for the structure and relative-amplitude processing of the Mallik 3-D  
seismic data. Abbreviation: tv, time velocity.
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and below the permafrost, and masks any reflections pot-
entially related to the presence of gas hydrate. This effect 
can be significant, as lakes can occupy up to 30 to 50% of 
the surface in the Mackenzie Delta (Mackay, 1963). Effects 
from heterogeneous permafrost are clearly observed on a 
time slice from the relative-amplitude 3-D volume located 
at 900 ms, approximately 100 ms below the base of the gas 
hydrate stability field (Fig. 2). On this slice, areas of seismic 
circular blanking or reduced seismic amplitude are coinci-
dent with the location of large lakes or the Mallik channel. 
This is particularly evident near the Mallik channel and near 
lakes located in the southeastern part of the time slice (L1, 
L2 and L3 on Fig. 2). The low amplitudes were interpreted 
to be the result of acquisition geometry combined with pro-
cessing artifacts from improperly corrected static shifts and 
strongly attenuative material beneath the lakes (Riedel et al., 
2006). Sediments beneath large and deep lakes will have a 
larger proportion of unfrozen water in the pore space and will 
be characterized by lower P-wave velocities. The unfrozen 
or partially unfrozen areas also attenuate more severely any 
seismic waves propagating through them.

Lower velocities beneath large lakes have been confirmed 
on the 3-D velocity map of the upper part of the permafrost, 
obtained from direct P-wave traveltime tomography (Fig. 5). 
The lower velocities found beneath lakes and the drainage 
system likely correspond to areas of unfrozen permafrost. 
The deeper slice at 250 m is more homogeneous but still 
shows lower velocities beneath some lakes and the Mallik 

channel (Fig. 5). At that depth, velocities beneath most lakes 
are slightly higher and may indicate the presence of a greater 
proportion of ice in the pore space of sediments, possibly 
related to a thermal gradient within some taliks. Some of the 
low-velocity areas beneath the lakes extend down to approxi-
mately 300 m and have an inverted-cone shape (Fig. 5). 
More details on the tomography method used to generate 
the results in Figure 5 can be found in Ramachandran et al. 
(2005, 2008).

The traveltime delays and wave attenuation caused by 
taliks, because they occur at shallow depths, must be taken 
into account during data processing to produce the most 
accurate images of deeper geological reflections poten-
tially related to gas hydrate. Yet, this remains challenging 
because properties of the entire permafrost layer must be 
established before any corrections can be applied. First-
arrival traveltime tomography samples only the upper part 
of the permafrost layer and therefore cannot provide infor-
mation on the lower part of the layer, which is generally 
characterized by decreasing velocities. The reason for this 
is that traveltime tomography finds the fastest paths that can 
explain the measured time of the first arrivals, and those 
paths will not sample the lower velocity areas of the deeper 
permafrost. Thus, alternative methods are still required to 
properly correct for the effect of permafrost. In this study, 
the areas of the 3-D volume showing these low-amplitude 
surface-lake effects were excluded from any quantitative gas 
hydrate interpretations.

Figure 3. Examples from the 3-D data set, showing inline 618 intersecting the JAPEX/JNOC/GSC et al. Mallik 
5L-38 well: a) original data, b) structure-reprocessed version, and c) relative-amplitude–reprocessed version 
(see text for details).
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Figure 4. Examples of the relative-amplitude-reprocessed 3-D data from 
inline 618 (a) and crossline 520 (b), which intersect at the JAPEX/JNOC/GSC 
et al. Mallik 5L-38 well. The P-wave sonic log is overlain to better identify the 
zone of gas hydrate occurrence between 0.65 s and 0.8 s two-way traveltime 
in the Mallik 5L-38 well. F1, F2, and F3 are regional faults (see Brent et al., 
2005 for details). Abbreviation: BGHS, base of the gas hydrate stability field.
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SEISMIC-TO-WELL CORRELATION

A first attempt to establish lateral continuity of gas 
hydrate layers was done with logs from the JAPEX/JNOC/
GSC et al. Mallik L-38, 2L-38 and 5L-38 wells by Dallimore 
and Collett (2005b). Their results showed that the top and 
thickness of zone A are quite variable and difficult to cor-
relate from well to well. Zone B shows lateral variations 
in thickness and gas hydrate concentration, but its base 
occurs at approximately the same depth in the three wells. 
The base of zone C is easily correlated from well to well at 
about 1100 m and corresponds to the termination of a highly  
concentrated, thick gas hydrate occurrence.

Sonic and density logs acquired in the Mallik 5L-38 well 
were used to assess seismic ties at well locations (Fig. 6). 
Strong correlation at the well is fundamental to the evalua-
tion of the spatial extent of the gas hydrate horizons around 
the Mallik wells based on seismic data. Synthetic traces 
from Mallik 5L-38 logs were compared to traces from the 
3-D data set. A time-to-depth conversion curve was obtained 

from direct-arrival traveltimes measured on a zero-offset 
vertical seismic profile (VSP) acquired in the Mallik 2L-38 
well (Sakai, 1999). Synthetic seismic traces for verti-
cal incidence were calculated by convolving the reflection 
coefficients obtained from the sonic and density logs with a 
wavelet extracted from the 3-D data set using a frequency-
matching approach. The 3-D data set produced a zero-phase 
wavelet with frequencies ranging between 20 and 75 Hz.

In general, synthetic traces from the 3-D survey show 
amplitude peaks at the top and troughs at the base of gas 
hydrate zones A, B, and C (Fig. 6). The synthetic traces also 
predict a reflection in the middle of zone B corresponding 
to the change in velocity (gas hydrate concentration) within 
this interval. The seismic traces extracted from the 3-D data 
set close to the Mallik 5L-38 well reveal strong and con-
tinuous troughs at the base of zones B and C. These two 
reflections would be excellent markers to determine the spa-
tial extent of the gas hydrate zones around the Mallik wells. 
These traces also show a second peak within zone B that 
could correspond to the middle reflection on the synthetic 
traces; however, correlation with the synthetic traces for that 

Figure 5. Plunge view to the northeast, showing three velocity slices (at 25, 100, and 
200 m), the natural drainage system, and isosurfaces set at 2.4 km/s. The 3-D velocity 
volume was obtained from first-arrival tomography. The isosurfaces have an inverted-cone 
shape and are located beneath lakes and the Mallik water channel. L1, L2, and L3 are 
low-velocity areas in the permafrost associated with taliks.
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reflection is less convincing. The 3-D data and the synthetic 
traces do not correlate well in the time range corresponding 
to zone A.

ACOUSTIC-IMPEDANCE INVERSION

We applied acoustic-impedance inversion, using a com-
mercial software package, to the Mallik relative-amplitude 
3-D data to determine the extent of the gas hydrate horizons 
around the Mallik 5L-38 well and to provide a first-order 
estimate of the saturation and volume of solid gas hydrate 
(Bellefleur et al., 2006; Riedel et al., 2009). The seismic 
inversion produced acoustic impedances by matching a 
reflectivity model to the seismic data. We extracted P-wave 
velocities from the impedances assuming no lateral vari-
ability in the sediment density. Density is relatively constant 
throughout the entire gas hydrate interval, averaging 
2100 kg/m3. The requirements for stable and quantitatively 
meaningful results are a wavelet that best represents the 
seismic data and excellent log-to-seismic correlation at the 
well site. The zero-phase wavelet previously extracted for 
seismic-to-well correlation was used in the inversion. We 
also expected accurate inversion results for zones B and C, 
where log-to-seismic correlations are most convincing. The 
initial model used for the inversion was a very low frequency 

(<10 Hz) representation of the detailed impedance log at the 
Mallik 5L-38 well. An empirical relationship was used to 
relate velocities from acoustic-impedance inversion to gas 
hydrate saturations. Gas hydrate saturations previously 
estimated from electrical-resistivity logs (Collett and Lee, 
2005) were simply correlated with P- and S-wave velocity 
logs (Fig. 7). With this empirical relationship, we were not 
making any assumption about the underlying rock-physics 
model and specific interactions between gas hydrate and 
sediment grains, but rather relying on correlation between 
well-logging data. The empirical relationship reveals greater 
sensitivity to higher gas hydrate concentrations (above 50%) 
with P-wave velocities exceeding 2600 m/s. The reported 
gas hydrate saturation values, especially the lower values, 
are therefore only approximate.

The section of the inverted P-wave velocity for inline 618 
is shown in Figure 8a. In general, there is a very good correl-
ation between the Mallik 5L-38 P-wave velocity logs and the 
inverted P-wave section for zones B and C. The inversion did 
not recover exactly the high velocities measured on borehole 
logging data, but it does show higher P-wave velocities over 
the gas hydrate zones. The top of the gas hydrate occurrence 
(zone A) is not observed at all in the inverted seismic section 
due to complex interference patterns caused by the highly 
variable stratigraphy and/or inappropriate seismic imaging. 

Figure 6. Synthetic modelling using the 3-D 
wavelet and the density and P-wave sonic logs 
from the JAPEX/JNOC/GSC et al. Mallik 5L-38 
well. Obvious data spikes were removed manu-
ally from the logs. Traces were extracted from 
an east-west section of the 3-D data set through 
Mallik 5L-38. The time/depth conversion curve 
was derived from first-arrival traveltimes from 
a zero-offset vertical seismic profile (VSP) at 
Mallik 2L-38 (Sakai, 1999). Reflection coeffi-
cients (RC) were calculated from the density 
and P-wave velocity (V

p) logs. The synthetic col-
umn shows a near-vertical-incidence synthetic 
seismic trace produced by convolving a wave-
let extracted from the 3-D seismic data and the 
reflection coefficients. A, B, and C are the gas 
hydrate zones.
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Zone B appears as a discontinuous interval with slightly 
lower velocities. Although zone B can be imaged with some 
confidence, it is laterally less well defined than zone C. 
Zone C shows P-wave velocities exceeding 3000 m/s over 
a distance of approximately 400 m. Prominent characteris-
tics of the inverted P-wave sections are the two low-velocity 
layers beneath gas hydrate zones B and C. Some veloci-
ties measured between these layers are less than 2000 m/s, 
suggesting water-saturated sediments. At Mallik 5L-38, vel-
ocities from logs are near 2000 m/s and suggest that these 
lower velocities (<2000 m/s) in these two layers could have 
been underestimated by the inversion process. A low-velocity 
zone (arrow in Fig. 8a) beneath zone C coincides with a low-
velocity layer in the sonic logging data (~1750 m/s) from 
the Imperial Oil Mallik L-38 well, suggesting the presence 
of free gas. Underestimation of the velocity by the inversion 
process is also a possibility for this zone. Figure 8b shows 
a horizon map of the inverted P-wave velocity for zone C. 
Zone C is the most continuous and extends over a large area 
(~900 000 m2) characterized by P-wave velocity higher than 
2900 m/s. Zone C also reveals a complex pattern with large 
variation in P-wave velocity over distances less than a few 
hundred metres. This complex pattern can be explained by 
lateral sediment heterogeneity and by spatial limitations of 
small-scale faults and other discontinuities.

HETEROGENEITY OF THE MALLIK 
GAS HYDRATE ACCUMULATION

The spatial distribution of gas hydrate in sediments 
greatly influences the ability to detect it with seismic- 
reflection methods. At the reservoir scale, the distribution of 

gas hydrate depends on the spatial variability of porosity and 
permeability, which is often caused by heterogeneity within 
sedimentary facies. Such heterogeneity is not unexpected 
in a geologically evolving deltaic environment like the 
Mackenzie Delta (Medioli et al., 2005). At the Mallik site, 
correlation between three boreholes demonstrated that sev-
eral gas hydrate zones are laterally heterogeneous (Dallimore 
and Collett, 2005b). Such heterogeneity and its effects on 
seismic-wave propagation are seldom studied, mainly due to 
difficulties related to the estimation and modelling of the key 
characteristics of heterogeneous sediments. We parameter-
ized the heterogeneity of the Mallik gas hydrates following a 
method developed by Huang et al. (2009, in press) and based 
on multivariate stochastic simulation of well-logging data. 
Data points at borehole locations were honoured by apply-
ing a kriging operation. Using this method, we constructed 
multidimensional heterogeneous models of petrophysical 
properties (V

p
, V

s
, and density) of gas-hydrate-bearing 

sediments (Fig. 9). The models match the data at borehole 
locations and simulate heterogeneities at the level of detail 
provided by borehole-logging data elsewhere in the model 
space, and simultaneously honour the correlations among 
multiple rock properties.

Seismic attenuation due to heterogeneity

Seismic-wave attenuation has been used as a character-
ization tool for gas-hydrate-bearing sediments at Mallik. 
However, estimates of Q-factor (inverse of attenuation) 
from seismic data usually neglect effects from scattering 
and assume that attenuation is entirely due to intrinsic rock 
properties (e.g. Bellefleur et al., 2007; Guerin and Goldberg, 
2002, 2005). The heterogeneous petrophysical models were 

Figure 7. Relation between P- and S-wave 
velocities and estimates of gas hydrate con-
centration (Sh) based on electrical resistivity 
logs. The thick lines represent the least-square 
curves fit to the data.
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Figure 8. a) Results of acoustic-impedance inversion for inline 622. P-wave velocities 
were extracted from the impedances assuming no lateral variability in the density of 
the sediments. Density is relatively constant throughout the entire gas hydrate interval, 
averaging 2100 kg/m3. We have attempted to convert P-wave velocity to gas hydrate sat-
uration (Sh) in pore space by using the empirical relationship derived from log data shown 
in Figure 7. In general, a very good correlation between the JAPEX/JNOC/GSC et al. 
Mallik 5L-38 P-wave velocity logs and the inverted P-wave velocity section is found for 
zones B and C. b) Inverted P-wave velocity for zone C (horizon map). Zone C, the most 
laterally continuous gas hydrate zone at the Mallik site, reveals a complex pattern with 
large variation in P-wave velocity over distances less than a few hundred metres. This 
complex pattern could certainly be explained by lateral sediment heterogeneity and by 
spatial limitations of small-scale faults and other discontinuities.
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introduced into a 3-D finite-difference modelling program to 
study the impact of multiscale heterogeneous distribution of 
gas hydrate on seismic-wave behaviours, and particularly on 
the attenuation of seismic waves. The cross-borehole geom-
etry used for the simulation allowed attenuation analysis for 
transmitted waves travelling mostly horizontally between 
the boreholes. The synthetic cross-borehole seismic data 
reproduce direct-arrival traveltimes and relative amplitudes 
of field data (Bauer et al., 2005). A synthetic common-angle 
gather, simulated with a lateral correlation length of 50 m, 
gives arrival times and relative amplitudes close to those 
observed in the field data (Fig. 10).

It is important to note that our model does not include any 
intrinsic attenuation and that amplitude changes from trace 
to trace are the result of scattering. To study attenuation, we 
simulated synthetic seismograms for a series of horizontal 
receivers located in two areas of the model (areas 1 and 2 
on Fig. 10). We used the first arrivals on synthetic gathers 
to quantify the attenuation with the spectral-ratio method 
(Gladwin and Stacey, 1974; Molyneux and Schmitt, 1999). 
Following this approach, the first arrivals from the synthetic 
gathers were transformed to the frequency domain and used 
to estimate Q at different frequencies. Using the energy at 
the primary frequency of 750 Hz, we obtained Q = 10 in the 
region with continuous distribution of gas hydrate (region 1, 
with large-scale heterogeneity; Fig. 10b) compared to 
Q = 20 in the region with sporadic distribution of gas hydrate 
(region 2; Fig. 10b). This quality factor is similar to others 
obtained from VSP data (Bellefleur et al., 2007), from sonic 
logs in Mallik 2L-38 and 5L-38 (Guerin and Goldberg, 
2002, 2005), and from a cross-borehole survey (Pratt et al., 
2005). All quality-factor estimates for gas-hydrate-bearing 
sediments at the Mallik site range from 5 to 20.

This experiment demonstrates that the scattering effect 
alone can produce the same level of energy loss as observed 
in the field data, and further suggests that the attenuation 
attributes extracted from seismic data (Bauer et al., 2005; 
Pratt et al., 2005; Bellefleur et al., 2007) can be severely 
influenced by heterogeneous distribution of gas hydrate in 
sediments. The synthetic data demonstrate that attenuation 
of seismic energy may be largely attributed to scatter-
ing from small-scale heterogeneities (10–30 m range) and 
highly attenuative, leaky-mode propagation of seismic 
waves through larger scale heterogeneities in sediments  
(Zanoth et al., 2007). Such heterogeneity can have a signifi-
cant impact on the imaging of gas hydrate within a reservoir. 
It is important to note that high energy loss observed for 
horizontally propagating seismic waves does not contra-
dict the strong reflections observed on the 3-D seismic data. 
Reflections are generated by strong acoustic-impedance 
contrasts, whereas scattering attenuation is due to irregular 
spatial distribution of high P-wave velocity associated with 
gas hydrate.

ESTIMATES OF GAS  
HYDRATE VOLUME

One of the ultimate goals of any seismic characterization 
is to provide an indication of the in situ resource. This is 
also true for the work presented in this paper. Results from 
the acoustic-impedance inversion were used to provide an 
estimate of the in situ and continuous gas hydrate resource 
at the Mallik site (Riedel et al., 2009). Using empirical 
relationships between velocity and gas hydrate concentra-
tion, the inverted impedance volume was converted to gas 

Figure 9. Conditional simulation 
of 3-D heterogeneous P-wave 
velocity. The JAPEX/JNOC/GSC 
et al. Mallik 5L-38 well is located 
at the centre. The conditionally 
simulated logs perfectly match 
the field logs. High velocities 
represent gas hydrate with high 
saturation.
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Figure 10. High-resolution 2-D elastic heterogeneous model with cross-borehole acquisition 
geometry and comparison of synthetic with field data: a) Synthetic cross-borehole data gener-
ated by a plane wave propagating from the source borehole. The amplitudes are trace normalized.  
b) The model has a 5 cm grid interval and two vertical boreholes separated by 80 m. The bore-
holes with circles and rectangles denote the source and receiver boreholes, respectively. To 
quantify the attenuation due to leaky mode, two horizontal receiver arrays are located inside the 
model (yellow circles and green triangles). c) Field cross-borehole data in common-angle gather 
(i.e. all traces from the cross-borehole survey with the same source and receiver depths). The 
amplitudes are trace normalized. Red lines in (a) and (c) are well-log P-wave velocities.

Assessment of gas in 
hydrates 

Area of 
gas hydrate 

accumulation (km2) 

Volume of gas 
within hydrate 

per km2 

(×106 m3) 

Total volume 
of gas within 

hydrate 
(×106 m3) 

Collett et al. (1999)*(1) 10.27    4835 49 656*(3) 
Bellefleur et al. 

(2006)*(2) 
1.44 113.9 164*(3) 

Riedel et al. (2009)* (2) 1.44 1138.9 1640*(3) 

Huang et al. (2011)*(1) 0.25 445 ± 334 111 ± 84*(4) 
(1)*Includes zone A 
(2)*Excludes zone A.  

(3)*1 m3 solid methane hydrate can release up to 164 m3 methane at standard   
   temperature-pressure conditions (Kvenvolden, 1993). 

The range with 99.7% confidence limit, and lateral correlation length of 500 m. 

Table 2. Comparison of estimates of the volume of gas contained within gas 
hydrates at the Mallik site (modified from Huang et al., 2009). Comparable 
values are in “m3 of gas per km2” (after normalizing the volume of natural gas 
by the size of the respective study area).
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hydrate concentration. The total volume of gas hydrate in 
place in an area of 1.44 km2 around the Mallik 5L-38 well 
site was calculated to be approximately 45 x 106 m3 (equiva-
lently to 6.6 x 109 m3 of gas or 4.7 x 109 m3/km2) with a 
combined uncertainty of 10% from the underlying assump-
tions of constant density and porosity (Table 2). This value is 
considered conservative because it includes only gas hydrate 
zones B and C; zone A is excluded because it could not be 
imaged with confidence.

Similarly, the 3-D heterogeneous models of Huang et 
al. (in press) were used to provide an estimate of the gas 
hydrate resource around the Mallik wells. In this case, the 
relationship between the gas hydrate concentration, the 
formation density, and the ratio of the formation velocity 
is given by the modified Biot-Gassmann theory of Lee 
(2002). Huang et al. (in press) based their estimate on the 
modified Biot-Gassmann theory, statistical parameters 
estimated from well logs, and the horizontal correlation 
length (estimated to range between 100 and 500 m from the 
above acoustic-impedance inversion of seismic data). They 
showed that gas hydrate accumulations in the vicinity of 
the Mallik wells contain free-gas volumes ranging between  
28 x 106 m3 and 195 x 106 m3 for a block of sediments measuring  
500 m x 500 m x 226 m and centred on the Mallik 5L-38 
well (or between 112 and 780 x 106 m3/km2). The range 
of volume estimates is for conditional models with hori-
zontal correlation lengths above 100 m but no larger than 
500 m, and includes the effect of small-scale heterogeneities 
(Table 2). These volumes are nearly an order of magnitude 
lower than those obtained from a regional interpretation of 
2-D seismic profiles (Collett et al., 1999).

The studies and calculations presented in Riedel et al. 
(2009) and Huang et al. (in press) illustrate the complexity 
of assessing the gas hydrate potential of the Mallik accumu-
lation specifically, or any accumulation in general. Estimates 
of gas hydrate volume from both approaches are restricted to 
a very small area centred on the Mallik wells, where satis-
factory seismic-to-well correlation could be established. 
Furthermore, the volume estimates have the limitations 
imposed by the seismic data used for the acoustic-impedance 
inversion and for the determination of the lateral correlation 
length used to construct the 3-D heterogeneous models. The 
greatest uncertainty here may not be related to the methods 
of volume estimation themselves, but rather to the imaging 
limitations within the gas hydrate stability field of a survey 
designed for deeper conventional oil and gas target, rather 
than shallow gas hydrate accumulations. We advocate the 
preparation of more accurate gas hydrate saturation esti-
mates and improved geology and heterogeneity maps, based 
on high-resolution seismic surveys designed for gas hydrate 
imaging (i.e. surveys with tighter source and receiver  
spacing and higher source-frequency content).

CONCLUSIONS

The 3-D Mallik seismic data set was reprocessed using 
two different strategies, one focusing on the stratigraphic 
interpretation and fault detection at depths where gas 
hydrate occurs and the other focused on preserving the rela-
tive-amplitude information in the data. Synthetic modelling 
using the sonic and density logs revealed that the base of 
gas hydrate zones B and C can be identified on the indus-
try 3-D seismic data as prominent isolated reflections. The 
uppermost gas hydrate occurrence (zone A) and potentially 
other smaller scale layers do not have a clear signature in 
this seismic data set. Thus, no correlation can be established 
between logs and 3-D seismic data for the shallowest gas 
hydrate interval (zone A).

We applied an acoustic-impedance inversion technique 
to 3-D relative-amplitude seismic-reflection data acquired 
over the Mallik area to characterize gas hydrate occurrences 
and to help define their spatial extent away from the wells. 
Results of the acoustic-impedance inversion indicate that the 
deeper gas hydrate zone C, located directly above the base 
of the stability field, is the largest zone and covers an area of 
approximately 900 000 m2. The inversion results also sug-
gest that local heterogeneity within sedimentary rocks plays 
a significant role in the distribution of gas hydrate at Mallik. 
Such heterogeneity is confirmed by a detailed analysis of 
logging data and the construction of P- and S-wave velocity 
and density heterogeneous 3-D models using a multivariate, 
conditional, stochastic-simulation approach. The volume of 
natural gas estimated from acoustic-impedance inversion 
and conditional simulation ranges from 112 x 106 m3/km2 to 
4.7 x 109 m3/km2. These estimates were obtained for a small 
volume of rocks centred on the Mallik wells and demon-
strate the complexity of assessing the gas hydrate resources 
from both seismic and logging data.
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