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ABSTRACT : Gas hydrates were discovered in a mud diapir in the leased block Mississippi Canyon 798 - Gulf of Mexico,
through piston coring. Subsequently, a seismic experiment was set up to investigate the dynamics behind the hydrate formation.
Wide aperture seismic traveltime data obtained from the experiment have been inverted to estimate 2D P-wave velocity models of
the five shot lines. The results from modeling indicate the presence of free gas in regions that show up as zones of high reflectivity
on the reflection profiles. The topography of the study area suggests presence of active salt bodies, which in turn, makes it
plausible for the gas in the Mississippi Canyon 798 to have deeper sources.

INTRODUCTION

Gas hydrates are naturally occurring solids
comprised of water molecules that form a rigid lattice of cages
around gas molecules of low molecular weight. Although other
gases (e.g. CO2, H2S, etc.) can and do form hydrate when
they are available, methane is the dominant gas, making up
probably >99% of naturally occurring hydrates [Kenvolden,
2000]. The ability of natural gases to form gas hydrate deposits
was first found out in the Soviet Union [Vasil’ev et al., 1970].
Since then, hydrates have been discovered and quantified in
many places around the world.

Reports on gas hydrates in the Gulf of Mexico (GOM)
can be traced to as early as 1984 [Brooks et al., 1984]. These
discoveries were commonly made by the analysis of high-
resolution shallow seismic datasets (also known as geohazard
datasets) collected by the industry to determine the seabed
and near subsurface conditions before deploying offshore
facilities [Prior and Coleman, 1981]. Neurater and Bryant (1989)
analyzed a geohazard dataset from the leased block Mississippi
Canyon 798, (hereafter referred to as MC798) and found
evidence for the presence of hydrates in a small topographic
mound in the SE region of the block. The mound seemed to be
acoustically amorphous in an otherwise generally well-
stratified region. It has 10 m of relief, stands beneath a water
depth of 810 meters and has a radius of 275 m. A 10 m piston
core taken at the crest of the mound revealed that it was a mud
diapir. The recovered core had approximately 5 m of greenish-
gray to black silty clay with white ice-like chunks of gas
hydrates disseminated in the matrix [Neurater and Bryant, 1989].

In 1998, the U.S. Geological Survey, the University of
Mississippi, and the Department of Energy jointly conducted
a high-resolution seismic survey on the R/V Tommy Munro.

The aim of the experiment was to collect and analyze data to
understand the properties of hydrate-bearing sediments in
the leased block MC798. Both wide-aperture data using ocean
bottom seismometer (OBS) and high-resolution multi-channel
seismic (MCS) data were acquired in the experiment. The layout
consisted of six OBSs equipped with 4.5 Hz geophones
deployed in two north/south lines across the mud diapir
(Figure 1).  The spacing between neighboring OBSs along
each line was 1.5 km. No OBS was deployed on top of the
diapir because brine pools (observed commonly near similar

Figure 1: Location of the study area over the Mississippi Trough.
Bathymetry is contoured every 50 meters. Layout of the
seismic lines is shown as solid lines. The positions of
OBSs A, B, C, D, E and F are shown as black circles. The
mud diapir is shown as a white circle.  Line numbers are
circled and shown at the beginning of the lines.
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diapirs in the gulf) may have put the OBS at risk. Five shooting
profiles (two north/south, two east/west and one northwest/
southeast) approximately 10 km long (Figure 1.3), each were
acquired with a 575/575cm3 generator/injector (GI) airgun. The
deployment of seismometers was done in such a way that the
area bounded by the OBSs has dense enough ray coverage to
allow two-dimensional (2D) traveltime inversion along each
line.

DATA

The MCS data were acquired using a 24-channel
streamer with a near trace offset of 40 m and a shot spacing of
28m. The streamer was 240 m long with 10 m group interval
and three hydrophones per group. The near trace from each
the MCS shot is collectively termed the single-channel-seismic
(SCS) data. For display purposes in the paper the SCS data
have been mainly used because it is least susceptible to
processing artifacts and it shows all the relevant structural
features (Figure 2).

The wide-angle OBS data were collected at the same
time as the MCS data using the same source. Each of the
OBSs collected four component data (three displacement
components and one pressure component) with a sampling
interval of 1.434ms. The OBS data have up to 7 km offsets on

some records although the usable part is mostly within 4.5 km.
Only the inline components of the OBS data recorded by the
hydrophone and the vertical geophone (z-component data)
have been used for modeling in this paper (Figure 3). For
better resolution, the MCS data from all the shot lines were
converted into six-fold CMP stacks with a trace spacing of
14.5 m [P. Hart, personal communication 2001].

MODELING METHODOLOGY

The traveltime t between a source and receiver along

a ray path is given in discrete form as t ∑
=

=
n

i i

i

v

l

1
, where l

i
 and v

i

are the path length and velocity of the ith ray segment,
respectively. The unknown model parameter is velocity, but
since the ray path is dependent on velocity, both the velocity

Figure 2: Unmigrated SCS data along Line 1. The location of the
diapir is indicated. Position of inline OBSs B and D are
shown as black circles. (L1) is the Holocene drape. (L2)
and (L3) are the sedimentary packages for the purpose of
modeling. Labels on the arrivals are as follows: (E1)
reflection from base of L1, (E2) reflection from base of
L2, (E3) reflection from base of L3, (R) reflectors that are
only locally continuous and coherent, (C) chaotic
reflections below the diapir, (W) wedge shaped feature
and (Z) HRZ below L2. E3 domes up below OBS D at the
approximate location of the diapir.

Figure 3a: OBS B hydrophone channel data from Line 1.  Plot made
with a reducing velocity of 2 km/s. Symbols have same
meaning as in Figure 2. The amplitudes of the direct
arrivals are clipped to about 3km on either side.

Figure 3b: OBS B z component data from Line 1.  Plot made with a
reducing velocity of 2 km/s.  Symbols have same meanings
as in Figure 2.  Ringing problem is severe near zero-
offset.
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and ray path must be treated as unknowns, making the inverse
problem nonlinear. To solve the inverse problem, an algorithm
developed by Zelt and Smith (1992), hereafter referred to as
ZS92, has been used. The ZS92 algorithm requires a starting
velocity model of the subsurface. The velocity field in a ZS92
model is described by two types of model parameters: velocity
nodes and boundary nodes, the latter specifying the depth of
interface points between layers. Rays are traced through the
starting model and traveltimes are predicted. Predicted
traveltimes are compared with the observed traveltimes picked
from the seismograms and their difference, in form of χ2 error,
is used to update the starting model. The updated model serves
as the starting model for the next iteration, and the process is
repeated until the updated model predicts traveltimes that
agree with the observed traveltimes to a degree determined
by the assigned pick uncertainties.

Picks were made on the MCS and OBS data and were
jointly inverted to maximize model constraint and ensure
model consistency with both datasets. After identifying
common reflection events in both datasets, the picks from the
MCS data were used to construct a pseudo 1-D P-wave
velocity model using reasonable velocity values for shallow
marine sediments. This “1-D” starting model has four layers
and a constant velocity within each layer. The layer
boundaries have the lateral structure required by the shape
of the events in time in the MCS data. Using different sets of
velocity values for the layers by trial and error, traveltimes to
3 km offset were computed at all OBS positions. The velocity
functions obtained independently at each OBS position that
best predicted the traveltimes were found to be close enough
to be replaced by a common velocity function throughout the
starting model (1.5, 1.6, 1.7 and 1.8 km/s in layers L1, L2, L3
and L4, respectively).

The “1-D” starting model was parameterized using
one velocity node placed below each OBS in all layers and
more nodes were added only if required by the data. There are
no vertical velocity gradients with the layers because there is
insufficient refracted ray coverage. In the early stages of the
modeling, the model and OBS picks were refined in a bootstrap
fashion in a few iterations. Using the starting model, reflection
and refraction times from the base of L1, L2 and L3 were
predicted. The predicted times were compared to the OBS
data and used as a rough guide to pick events to greater
offset and refine a few earlier picks that were largely
inconsistent with the predictions. The new set of picks was
used to update the model and this in turn was used as a guide
to slightly refine the model and a few picks in the next cycle.
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A few cycles like this were repeated until picks had been made
at all possible receiver locations and a reasonable 2-D model
for each line had been estimated that could be used as the
starting model for traveltime inversion using the ZS92
algorithm. Final models were sought that had the following
characteristics:

1. A minimum number of velocity and depth nodes to predict
the observed traveltimes to within their associated
uncertainties.

2. Allow rays to be traced to the maximum possible number
of observation points.

3. Contains only those features that are required by the
data, as opposed to merely being consistent with the
data, to avoid over-interpretation.

The determination of pick uncertainties used during
the traveltime inversion was based on a combination of the
magnitude of the pick refinements required by the initial
models, and the dominant frequency of the seismic data.
Uncertainties of 6ms for the OBS data and 4ms for the MCS
data were used.

In this way velocity models along five shot lines were
estimated independently.

RESULTS AND INTERPRETATION

The contour map of interval velocity within L2 shows
a systematic decrease in velocity towards the diapir location
(Figure 4a). The lowest velocity of 1.57 km/s occurs near OBS
D along Line 4 directly adjacent to the diapir location.  This
zone, hereafter referred to as LVZ2, has a thickness in L2 of
~120 m. The contour map of velocity within L3 shows a velocity
distribution of 1.66–1.72 km/s throughout the region except in
the south-east where a systematic lowering in velocity is
indicated (Figure 4b). This zone, hereafter referred to as LVZ3,
has a velocity of ~1.56 km/s and occurs east of OBS D along
Line 4.  The thickness of L3 at LVZ3 is ~200 m.

Lowering of velocities in the model was observed in
association with high reflectivity zones (HRZs) in the data.
This lowering, therefore, has been attributed to the presence
of gas. It is well known that salt tectonics in the GOM causes
intense fracturing and faulting.  The surface topography in
MC798 is indicative of active salt tectonics in the region.  It is
likely, as in the case of MC853 [Sassen et al., 2001], that gas
present in the study area has a deeper source and comes up
through these types of conduits.
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MODEL ASSESSMENT

In order to check the consistency of the results
obtained by the inversion along all five lines, 1-D velocity-
depth profiles at the line intersection points have been
compared. This corresponds to the location of OBSs B, C, D
and F (Figure 5a). 1-D velocities below A and E have also
been compared (Figure 5b). The comparison of the profiles
suggests that the velocity and the depth node values in the
final models may have errors of 10m/s and 20 m, respectively.
These relatively small errors are indicative of robustness of
the model and the high-resolution nature of the data.

CONCLUSION

The minimum parameter - minimum structure
modeling approach allowed inclusion of prior knowledge,
helped in tracing rays to a maximum number of observations
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Figure 4a: Velocity map in L2. Shot lines are shown as solid lines
and numbered at their beginnings. OBSs A thru F are
shown as black circles. The diapir is shown as a white
circle. Also shown is the location of LVZ2.

Figure 4b: Velocity map in L3. \Shot lines are shown as solid lines
and numbered at their beginnings. OBSs A thru F are
shown as black circles. The diapir is shown as a white
circle. Also shown is the location of LVZ3.

Figure 5a: 1-D velocity profiles below the OBSs overlaid at the line
intersection points. In all plots, the profiles from Line 1
are black, Line 2 are red, Line 3 are green, Line 4 are
magenta and Line 5 are blue. Vertical axis in the plots is
two-way reflection times.
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Figure 5b: 1-D velocity profile below OBS A (in black) and OBS E
(in red). Vertical axis in the plots is two-way reflection
times.

Figure 6a: Interpretation on Line 1. Top of the channel and levee
complex have been outlines with bold lines. F1 and F2
are interpreted as faults. (A) is the channel axis, (L) is the
levee complex. Remaining symbols have the same meaning
as in Figure 2. The axis of the channel complex is a zone
of high reflectivity and lower velocity compared to
sediments laterally. The gas that seeps up from depth
gets trapped in the axis. This channel should not be
confused with the Mississippi river system.

Figure 6 b: Estimation of depth of BSR.
a. Stability of methane hydrate in seawater as defined by
temperature (T) and Pressure (P, indicated as water
depth). The seawater equilibrium curve is plotted with
data obtained from laboratory experiments. Variations of
stability with variations in salinity are not taken into
account in this diagram. The data on the equilibrium curve
is shown as cross marks. Horizontal line at 800 m depth
is the seafloor. Dashed lines are geotherms calculated
with a bottom water temperature of  8° C. The intersection
point of the geotherm with the equilibrium curve is the
expected depth of BSRs at 800 m water depth. According
to this diagram the thickness of the Gas Hydrate Stability
Zone (GHSZ) can vary anywhere from 50 to 150 m
below sea floor depending on the geotherms taken into
consideration. The actual thickness in the study area can
be more or less depending on the lateral variations of the
bathymetry, geotherm, salinity and bottom water
temperature [Sassen et al., 2001].
b. Schematic diagram of solubility curves and phase
relationships. This diagram is relevant to understanding
the presence of free gas and gas hydrates in the study
area. O is the triple point. Dashed curves are the methane
concentration. (1) Variation in methane concentration such
that BSR is absent even though free gas and hydrate is
present, and (2) variation of methane concentration such
that the hydrates are in contact with free gas and BSR is
formed at the contact. The strength of the BSR reduces
as (2) moves towards left with decreasing methane
concentration and disappears as soon as the concentration
curve crosses the triple junction. After that point, the
hydrates and free gas may be present but the BSR is
absent. (1) explains the absence of BSR in the presence
of hydrates and free gas, and (2) explains the presence of
the BSR.
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in the leased block Mississippi Canyon 798. The USGS and
University of Mississippi provided grants for the cruise.
Thanks to Dr. Alan Cooper (USGS), Dr. Patrick Hart (USGS),
Dr. Tom McGee (U. Mississippi), and all the scientists, captain
and crew of the R/V Tommy Munro for their work during the
experiment.
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points, and prevented the model from being over-interpreted
by keeping it geologically simple. Comparing 1-D velocity
profiles at the OBS positions at the intersection of the lines
showed that the final models of all lines are consistent to
within ± 10m/s error in velocity and ± 20 m error in depth.
Similarity of velocity profiles below OBS A and E suggests
that study area has subtle lateral variations in velocity.

The lowering of velocity in the HRZs was attributed
to the presence of free gas. It was speculated that the gas has
deeper source and its migration to the shallower subsurface is
related to the ongoing deformation due to the movement of
proximal salt bodies. Two possible geological scenarios were
proposed. According to the first scenario, the wedge shaped
feature W (Figure 2) is identified as the levee and HRZs were
identified as the axis of a channel complex (Figure 6a). The
axis of the cannel complex, which is sandier, acts like a reservoir
sealed effectively on its sides and top. According to the second
scenario, the top the wedge shaped feature W is a Bottom
Simulating Reflector (BSR). The reflection strength and shape
of the BSR is due to the concentration of the free gas and
salinity decreasing laterally away from the HRZs (Figure 6b).

According to the first scenario, the chance of gas
being present anywhere else in the minibasin, apart from
regions near the HRZs is low. As the sustenance of a hydrate
system requires a constant and steady influx of free gas, it is
possible that the hydrates may not exist anywhere else in the
study area apart from the regions (like the mud diapir) that are
close to the HRZs. In this case, it is not possible to explicitly
identify the hydrate- gas interface in the present seismic.
According to the second scenario, it is possible that gas
hydrates may be present throughout the study area and give
rise to BSRs at places where the concentration of free gas is
adequate.
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