
Case History

Quantitative interpretation for gas hydrate accumulation in the eastern
Green Canyon Area, Gulf of Mexico using seismic inversion and rock
physics transform

Zijian Zhang1, De-hua Han2, and Qiuliang Yao2

ABSTRACT

Gas hydrate can be interpreted from seismic data through ob-

servation of bottom simulating reflector (BSR). It is a challenge

to interpret gas hydrate without BSR. Three-dimensional quali-

tative and quantitative seismic interpretations were used to

characterize gas hydrate distribution and concentration in the

eastern Green Canyon area of the Gulf of Mexico, where BSR

is absent. The combination of qualitative and quantitative inter-

pretation reduces ambiguities in the estimation and identifica-

tion of gas hydrate. Sandy deposition and faults are

qualitatively interpreted from amplitude data. The 3D acoustic

impedance volume was interpreted in terms of high P-

impedance hydrate zones and low P-impedance free gas zones.

Gas hydrate saturation derived from P-impedance is estimated

by a rock physics transform. We interpreted gas hydrate in the

sand-prone sediments with a maximum saturation of approxi-

mately 50% of the pore space. Sheet-like and some bright spot

gas hydrate accumulations are interpreted. The interpretation of

sheet-like gas hydrate within sand-prone sediments around

faults suggests that fluid moves into the sand zones laterally by

conduits. Variations in depths of interpreted gas hydrate zones

imply nonequilibrium conditions. Low P-impedance free gas

zones within high P-impedance gas hydrate zones imply possi-

ble coexistence of hydrate and free gas within the hydrate sta-

bility zone. We propose that gas hydrate distribution and

concentration are associated with structures, buried sedimentary

bodies, sources of gas, and fluid flux.

INTRODUCTION

Gas hydrates are ice-like solids composed of gas molecules

enclosed in cages of water molecules. They occur in marine

sediments along continental margins (Kvenvolden and Barnard,

1982). It is important to understand the seismic properties of

gas hydrate because of its potential as a future energy resource,

a drilling hazard, and a submarine geologic hazard (Kvenvolden,

1998).

The occurrence of gas hydrate can be detected by observing

the bottom simulating reflector (BSR) from seismic data (Markl

et al., 1970). The BSR is often located at the base of the gas

hydrate stability zone, as the result of an impedance contrast

between gas hydrate-bearing sediment and free gas trapped in

the sediment underneath the gas hydrate. Numerous researchers

have interpreted and analyzed gas hydrate in various geologic

environments, where the BSR is visible (Andreassen et al.,

1995, 1997; Yuan et al., 1996, 1999; Ecker et al., 1998; Lu and

McMechan, 2002; Tréhu et al., 2004; Zhang and McMechan,

2006). In the Gulf of Mexico, however, the abundant continuous

BSRs are much less present than in other areas (Cooper and

Hart, 2002). To identify gas hydrate in an area without BSRs is

difficult.

Fluid migration is a relatively common process in the deep

marine environment. Mud volcanoes, seafloor mounds, pock-

marks, gas hydrate, and chimneys are possible products of the
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fluid migration. However, the process is not well understood.

Fluid migration is not only associated with faults and salt, but

also sand-prone deposits and erosion surfaces. Fluid migration is

much more effective in faults, salt diapirs, or unconformities

than a simple diffusive seepage through the sedimentary column

(Abrams, 1992; Brown, 2000). Faults acting as main pathways

for fluid migration in the Gulf of Mexico have been described

(Reilly et al., 1996). Gas hydrate occurs on the seafloor and

near seafloor, indicating that gassy fluids move into the gas

hydrate stability zone. One objective of this study is to under-

stand the relation between fluid pathways and gas hydrate.

Highly concentrated gas hydrate has been drilled in the

unconsolidated sandy deposits at Mallik 2L-38 well in the Arc-

tic in 1998 (Dallimore et al., 1999). Recent studies suggest

highly concentrated gas hydrate exists within coarse-grained

sandy deposits in marine environments in offshore Vancouver

(Expedition 311 Scientists, 2006) and the Gulf of Mexico

(Boswell et al., 2009). Scientists in Gulf of Mexico Gas

Hydrate Joint Industry Project (JIP) suggest a concept of gas

hydrate petroleum systems to identify the occurrence of gas

hydrate in coarse-grained sandy deposits (Hutchinson et al.,

2008; Jones et al., 2008). The concept emphasizes the presence

of sand-prone deposits within the gas hydrate stability zone, a

gas source close to the deposits, and a migration pathway that

can transport gas into the deposits (Ruppel et al., 2008).

Our study area is in the Green Canyon (GC) blocks 473

and 474, Gulf of Mexico. We present a method of integrated

seismic interpretation, both qualitative and quantitative, to pre-

dict gas hydrate reservoirs in sand-prone deposits by seismic

amplitude interpretation, seismic inversion, and rock physics-

based gas hydrate prediction. We first detected the sand-prone

sequences by qualitative seismic interpretation. Then, we esti-

mated the high P-impedance, indicating gas hydrate, and low

P-impedance, indicating free gas, within the sand-prone

sequences by acoustic inversion. Finally, we estimated the gas

hydrate saturation based on the rock physics model. Qualitative

seismic interpretation provides the structure and stratigraphy

information of the area. Quantitative seismic interpretation

presents the elastic properties of the sand-prone sediments with

gas hydrate and free gas.

THE STUDY AREA

Geologic setting

The study area is in the eastern Green Canyon on the upper

continental slope of Texas and Louisiana, where near-surface

geology is dominated by active salt tectonics and rapid sea

level-driven sedimentation (Figure 1). Salt diapirs are common

on the upper slope. The mobile salt has extensively fractured

the overlying sediments with regional growth faults and associ-

ated fault types. These faults act as conduits for the migration

of hydrocarbons from deep layers to shallow sections.

Gas hydrate has been found in the northern Gulf of Mexico

for years. In 1984, Brooks et al. (1984) discovered gas hydrate

in the near-surface sediments from piston cores in the Green

Canyon. The Deep Sea Drilling Project (DSDP) collected gas

hydrate from 20 to 40 m below seafloor at site 618 in Orca Ba-

sin (Pflaum et al., 1986). JIP identified gas hydrate from logging

data with high anomalies of resistivity and velocity in the Green

Canyon and Walker Ridge (Boswell et al., 2009). In addition to

gas hydrate, oil and gas seeps have been observed on the sea-

floor in the Gulf of Mexico (MacDonald et al., 1989; Sassen

et al. 1999a,b). Sassen et al. (2001) illustrate a belt of gas

hydrate, oil and gas seeps with chemosynthetic communities,

and oil fields across the Green Canyon. Our study area is

located within the southern portion of this belt.

The terrigenous coarse-grained sediments were delivered and

mainly deposited onto the upper continental slope in our study

area in the form of turbidite deposits during sea level low-

stands. Channels and fan lobes may be present in the period

(Mann et al., 1992). During periods of sea level highstands,

fine-grained sediments formed thin hemipelagic and pelagic

layers in the area (Mann et al., 1992). The occurrences of

shallow water flow sand during drilling in the northeastern

Green Canyon suggest sandy sediments and fast sediment

accumulation rates during the late Pleistocene

in the area (Ostermeier et al., 2002).

Prediction of the hydrate stability zone

Free gas can be stable as a solid gas hydrate

under the conditions of high pressure and low

temperature. We estimate the conditions using

the CSMHYD hydrate program (Sloan, 1998).

The base of the hydrate stability zone is also

controlled by salinity. Normal salinity in the

Gulf of Mexico is about 3.5% (Milkov and Sas-

sen, 2002), but it can be quite high on active

seeps and/or near salts. Figure 2 illustrates the

gas hydrate stability curves of both 3.5% and

8% NaCl for a gas composition of 100% meth-

ane. Geothermal gradients in deepwater range

from 10�C/km to 25�C/km in the central Gulf

of Mexico (Milkov and Sassen, 2002), but the

geothermal gradients could be locally higher in

some areas near faults with fluid flows. Forrest

et al. (2005) estimate a geothermal gradient of

Figure 1. (a) Location of Green Canyon. (b) The 3D seismic survey and three wells
represent the inset in (a). The seafloor rendering is computed from seafloor picking of
3D seismic data and illustrates seafloor fault scarps and seafloor mounds in the vicin-
ity of the fault scarps. Contours are at 10-m intervals of water depth. The black circles
are the wells of GC473 #1, GC473 #2, and GC474 #1.
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15�C/km in the Green Canyon area. The constant geothermal

gradients of 15�C/km to 30�C/km are shown in Figure 2.

Assuming the bottom water temperature of 4.4�C, we expect

that the base of the gas hydrate stability zone to range from

approximately 280 to 880 m below mudline (BML) in the area.

Data set and well information

This study used a poststack Kirchhoff time-migrated 3D seis-

mic volume. The data were processed for hydrocarbon explora-

tion purposes and are suitable for a shallow gas hydrate study.

The frequency of the seismic data in the shallow section ranges

from 40 to 60 Hz. Inlines are spaced 40 m (131.2 ft) apart;

crosslines are spaced 25 m (81.02 ft) apart.

Offset well control in the area includes GC473 #1 and GC474

#1. Checkshots from well GC473 #1 were used to build a sub-

surface depth conversion function. Well logs from wells GC473

#1 and GC474 #1 were available for the study. The wells log

measurements include velocity, density, porosity, resistivity, and

gamma ray. The measurements for velocity, density, resistivity,

and gamma ray start at approximately 640 m BML in the

GC473 #1 well; porosity starts at 975 m BML (Figure 3). The

velocity and porosity profiles in shallower sections are extrapo-

lated by empirical shale trends for the shallow sediments in the

Gulf of Mexico. The density profile shallower than 640 m BML

is computed from the porosity trend of shale. No well logs for

GC474 #1 were recorded in the shallow depths.

QUALITATIVE INTERPRETATION

Water depths range from 1160 m in the northeast to 1270 m

in the southeast, generally increasing to the south. Large arcuate

faults are downthrown to the south and the east and have offsets

from 15 to 30 m (Figure 1b). A crossline profile on the south of

the survey illustrates the normal master fault that intersects the

seafloor (fault A in Figure 4b). The arcuate faults form a salt

withdrawal basin in the east. Seafloor mounds are located to the

west and north of the faults (Figures 1 and 5). A wipe-out zone

under the mounds indicates possible fluid migration upward to

the seafloor (Figure 5). These mounds are interpreted to be

authigenic carbonate mounds or hydrate mounds.

For the purpose of description, we assigned three depositional

sequences. The mapped horizons and sequences have no special

significance other than the fact that sequence boundaries are rel-

atively continuous reflections throughout the study area. The

boundary between sequences 2 and 3 indicates the base of chan-

nels. Figure 4a and 4b depicts a seismic inline and a crossline

showing the shallow stratigraphy.

Sequence 1 consists of two distinct depositional sections

(Figure 4). The upper section is parallel to the seafloor and con-

tains continuous reflectors representing clay-prone hemipelagic

drape. The lower section is a low-amplitude acoustically chaotic

section that is interpreted to represent thick clay-prone submar-

ine landslide deposits. The thickness of the landslide deposits

ranges from 145 m in the northwestern corner to 390 m in the

minibasin in the southeastern study area. The landslide deposits

indicate rapid sedimentation in the area.

The seismic characteristics of sequence 2 are different from

those of sequence 1, and they are composed of moderate-to-high

amplitude, chaotic seismic reflections on the upper section inter-

preted to represent predominately clay-filled debris flow deposits

possibly interbedded with silts and sands (Figure 4). The lower

section of the sequence is characterized by complex channel sys-

tems (Figure 4b). The channel system displays low-to-high ampli-

tude, irregular reflection facies. In Figure 6, a 3D amplitude map

at 0.4 s below seafloor indicates the channel system trending

north-south in the western part and a possible slope fan in the

eastern part. Over the extent of the study area, the width of the

channel system ranges from 2250 to 4200 m. The seismic charac-

teristics suggest sand-prone sediments within the lower section.

Channel systems and lobes are relatively common in sequence

3. The sequence is divided into upper, middle, and lower sec-

tions. The upper section is characterized by a low-to-moderate

amplitude, locally discontinuous reflection interpreted to repre-

sent clay-prone landslide deposits possibly interbedded with

sands (Figure 4). The middle section is interpreted as sand-prone

Figure 2. Gas hydrate equilibrium for 100% methane with 3.5%
NaCl and 8% NaCl intersecting with geothermal gradients shows
the possible gas hydrate stability zone. The equilibrium calcula-
tion is from the CSMHTD program (Sloan, 1998).

Figure 3. Velocity (P-wave), density, and porosity log from the
GC473 #1 well. The solid lines are extracted from the well data
by the empirical depth trends.
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channel and channel lobe deposits (Figure 4).

The low-to-moderate amplitude, irregular reflec-

tions in the northwestern part of the study area

(Figure 4b) may represent channel fill or levee

deposits, whereas the moderate-to-high ampli-

tude, parallel reflections in the southwestern

part of the study area (Figure 4a) probably indi-

cate channel lobe deposits. The interpretation is

supported by information from the GC473 #2

well (Figures 1 and 6) that shallow sand was

reported in the Bureau of Ocean Energy Man-

agement, Regulation and Enforcement

(BOEMRE) database (2010). The lower section

is interpreted as low-amplitude mass transport

deposits.

We interpreted possible free gas by identify-

ing the anomaly of high negative amplitude and

bright spots from 3D seismic data. The inter-

preted gas is generally within the window of

the bottom of the gas hydrate stability zone

from 230 to 820 m BML. No high amplitude

anomalies interpreted to be free gas are found

in sequence 1. The free gas interpreted from

these anomalies is associated with channel

deposits and/or fault traps in sequences 2 and 3.

Classic BSR is a negative continuous reflection

parallel to the seafloor. McConnell and Kendall

(2002) indicate an interpreted BSR that is a

number of bright spots from different reflections

parallel to the seafloor in the Gulf of Mexico.

Neither a classic nor an interpreted BSR was

found in the area. A detailed interpretation of

the absence of BSR is discussed below.

Two large normal faults are clearly shown in

the western part of the study area from the

inline profile (faults B and C in Figure 4a).

These faults generally trend to the northwest

and are downthrown to the northeast. The pres-

ence of these faults is very important for the

vertical migration of free gas. These faults are

formed in response to salt movement. Seismic

data shows salt cut across gas-filled sand inter-

vals at approximately 4000 m below sea surface

(BSS). The evidence indicates that salt and

faults serve as conduits for gas migrating

upward. The tops of these buried faults are

located in the base of sequence 2 at approxi-

mately 2-s two-way traveltime (TWT; �360 m

BML). These buried faults cut sand-prone chan-

nel levee deposits at approximately 2.3-s TWT

(�520 m BML) in the middle part of sequence

3. High-amplitude anomalies interpreted to be

shallow gas suggest that free gas has migrated

laterally into the sand-prone deposits. The sand-

prone deposits are located within the computed

base hydrate stability zone. In Figure 4a, the

seismic response of local high positive ampli-

tude over high negative amplitude in the depos-

its could indicate high-impedance gas hydrate

over low-impedance free gas.

Figure 4. Three-dimensional seismic inline profile (a) and crossline profile (b). The inter-
preted sequence 1, sequence 2, and sequence 3 are labeled. The black solid lines are interpreted
as faults. Fault A is a seafloor fault. Faults B and C are buried faults and cut possible sand-
prone sediments between 2.2-s TWT and 2.3-s TWT. Interpreted channels are shown in (b).

Figure 5. Seismic image illustrates a seafloor mound. Dashed lines delineate the
expulsion feature of the seafloor mound in the seismic section. Note the continuous
reflectors in horizon 10 and the chaotic zones beneath the mound.
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QUANTITATIVE INTERPRETATION

Gas hydrate estimation

We perform a two-step approach to estimate the gas hydrate.

First, we invert for acoustic impedance through seismic inver-

sion. Then, we estimate the gas hydrate saturation from the

acoustic impedance (P-impedance) using a rock physics model

of gas hydrate.

Rock physics depth trends

Understanding the expected depth trends in rock physics

properties can reduce the uncertainties in gas hydrate estimation.

In addition, these depth trends are crucial in estimating a low-

frequency model for seismic inversion in very shallow areas,

where well log data are not available. In general, acoustic im-

pedance increases with depth, due to compaction and porosity

reduction. Dutta (2009) derives empirical compaction depth

trends for the shallow sediments in the Gulf of Mexico by inte-

grating in situ logging data in the Green Canyon, the laboratory

measurements, and core data provided by Gregory (1977) and

Hamilton (1979). Given the porosity and velocity constraints in

the deep sections, we modified the empirical parameters of the

trends to obtain our porosity trend,

u ¼ 0:2875e�0:00774z þ 0:4083e�0:00003261z; (1)

and velocity trend,

VP ¼ 6618e0:00002963z � 1652e�0:0003646z: (2)

In equations 1 and 2, u is the porosity in fraction, VP is the ve-

locity in ft/s, and z is the depth below seafloor in feet.

The porosity of clays is expected to vary

from 41% at 200 m BML to 37% at 820 m

BML within the interested gas hydrate occur-

rence zone; the porosity of sands would vary

from 39% to 37% in the same area. We assume

that no anomalously higher porosity than nor-

mal trend and anomalously higher pore pres-

sures are present in the sandy sediments in the

study area. We made this assumption because

there are no shallow water flow events suggest-

ing high pressure sands in the GC473 #1 and

GC474 #1 wells, and the GC473 #2 well is a

shallow-water-flow-sand well, but no flow was

reported (BOEMRE, 2010).

Seismic inversion

We performed a trace-based inversion for

acoustic impedance using linear programming

sparse spike inversion with Hampson-Russell’s

software. The inversion finds acoustic imped-

ance by minimizing the objective function that

is a combination of the reflection coefficient

and seismic fit. The function is given as (Li,

2001)

J mð Þ ¼
XN�1

n¼0

rnj j þ Lm� dj j (3)

where rn is the reflection coefficient of the model, L is the linear

operator, m is the model data, and d is the actual seismic data.

Such seismic inversion for gas hydrate characterization in shal-

low unconsolidated sediments has been used by Lu and McMe-

chan (2002), Dev and McMechan (2010), and others.

The low-frequency impedance trend is not present in the seis-

mic data. It is usually derived from well logs or a seismic veloc-

ity model. We have neither VP nor density log in the shallow

section. Therefore, we estimated the low-frequency VP and den-

sity from the empirical depth trend and check shots data, cali-

brated with deeper well logs from wells GC473 #1 and GC474

#1. The wavelet is defined by finding the best match between

the real seismic data and the synthetic data computed by con-

volving well log reflection coefficients with the source wavelet.

Rock physics transform between acoustic impedance
and gas hydrate saturation

Rock physics analysis can provide the relationship between

the seismic parameters (VP, density, and P-impedance) and sedi-

ment parameters (porosity and hydrate saturation). Under the sit-

uation of normal compaction, the relation between acoustic im-

pedance and porosity for the clay baseline can be established

from the rock physics depth trend. A smooth baseline curve

shows that porosity decreases and impedance increases with

increasing depth. The impedance derived from the smooth base-

line is defined as background impedance. We divide shallow

sediments into water-saturated sediments, hydrate-saturated sedi-

ments, and gas-saturated sediments. At any given depth, the

sum of water, gas hydrate, and free gas volume fractions is

Figure 6. Map view of seismic amplitude at 0.4 s below seafloor. Dashed lines illus-
trate the interpreted channels.
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equal to the total porosity of the sediments. The difference

between these sediments is the gas hydrate and gas content in

the pore space. When the water saturation decreases, resulting

from gas hydrate filling the pore space, impedance increases.

Therefore, we can see higher impedance in hydrate-saturated

sediments than water-saturated sediments. Similarly, if free gas

fills the pore space, both water saturation and impedance will

decrease. We define the higher impedance as hydrate-associated

impedance. The impedance ratio (the ratio of the hydrate associ-

ated impedance to the background impedance) will increase as

gas hydrate saturation increases.

An effective medium rock physics model has been used to

quantify gas hydrate saturation for high-porosity shallow sedi-

ments in the Outer Blake Ridge (Helgerud et al., 1999; Ecker et

al., 2000), the Mackenzie Delta (Sakai, 1999), and the Gulf of

Mexico (Xu et al., 2004). In Hertz-Mindlin contact theory, elas-

tic bulk and shear moduli of the dry frame are described by

assuming that the matrix consists of a random dense pack of

elastic spherical grains that have normal and shear stiffness

because of the grains contact. Saturated bulk modulus can then

be calculated by Gassmann’s fluid substitution. Velocity can be

computed once saturated bulk modulus, shear modulus, and den-

sity are given. The fundamental principles of the rock physics

model are presented by Mavko et al. (1998).

We use a three-phase model for hydrated-saturated sediments:

matrix, fluid, and hydrate. First, we consider sediments without

hydrate using the Hertz-Mindlin (Mindlin, 1949) contact theory

and Gassmann’s fluid substitution. Then, the hydrate effect

can be expressed through the Hashin-Shtrikman (Hashin and

Shtrikman, 1963) lower bound. Nur et al. (1998) interpret the

Hashin-Shtrikman lower bound by using the critical porosity.

When porosity is greater than the critical porosity, grains in

sediment are mostly suspended; when porosity is less than the

critical porosity, grains in sediment start to contact. Similarly,

one of the main concerns regarding the gas hydrate rock-physics

model is that the hydrate that generates in the pore space either

acts as a component of the fluid, a component of the mineral

frame, or both. Lee and Waite (2008) indicate that some

hydrates act as fluid and other hydrates act as a mineral. They

suggest a parameter (e) of hydrate formation to describe the

hydrate’s effects on sediment stiffness. The parameter separates

the two different behaviors that gas hydrates exhibit. If gas

hydrate saturation is less than e, saturated moduli are not

affected significantly by gas hydrates. For the saturation greater

than e, the moduli increase obviously as saturation increases.

Lab measurements (Yun et al., 2005) support the concept that

few velocity changes occur in low hydrate saturation and large

changes start from a hydrate saturation of 0.4. We use the pa-

rameter (e) in the Hashin-Shtrikman lower bound.

We use the model to calibrate a relation between the imped-

ance ratio and gas hydrate saturation. Figure 7 shows the cross-

plot of the impedance ratio and gas hydrate saturation in the

sands with 40 6 5% and clays with 40 6 5%. In general, each

sedimentological package in a sequence has an individual cali-

bration. However, Figure 7 illustrates that the relationship for

the shallow sediments are similar, except in very high gas

hydrate saturation. For simplicity, a single relationship is applied

to the whole study area.

Two populations mark two trends in Figure 7. The first popu-

lation is composed of sands and clays with a gas hydrate satura-

tion less than 0.5, defining the first trend; the second population

is composed of those with a gas hydrate saturation greater than

0.5, defining the second trend. The slope is steeper in the first

trend than the second one, indicating that the changes in lithol-

ogy distribution and compaction state will more strongly affect

gas-hydrate estimation in low saturated hydrated sediments.

Sands and clays are dispersed in the second population, where

the gas hydrate saturation is greater than 0.7. We suggest that

gas hydrate estimation needs to be reevaluated in the postdril-

ling stage by combining seismic data with logging data.

Saturation and distribution of gas hydrate

The interpretation based on inverted acoustic impedance has

more advantages than traditional amplitude interpretation in the

study of gas hydrate. The acoustic impedance represents the

physical characteristics of the lithology. Tuning effects are

reduced because the wavelet is removed. Additional low fre-

quencies integrated into acoustic impedance provide a full

broadband solution. However, although the inversion algorithm

has constrained the impedance trend and narrowed the range of

possible solutions, seismic inversion theoretically offers nonuni-

que solutions. Thus, the interpretation of acoustic impedance is

important.

Figure 8 contains a final 2D acoustic impedance section. High

acoustic impedance anomalies, interpreted to be gas hydrate,

and low acoustic impedance anomalies, interpreted to be free

gas, are observed within sand prone deposits in sequence 3,

which is consistent with the amplitude interpretation. Prominent

features in the figure are the high-over-low impedance layers,

labeled H1, L1, and H2, and high-impedance bright spots, la-

beled S1, S2, and S3. These acoustic-impedance anomalies of

layers (H1 and H2) cut by faults (faults B and C) in the south-

ern part are shallower than those anomalies of spots (S1, S2,

and S3) on the base of sequence 3 in the northern part. A possi-

ble explanation for the occurrence of gas hydrate at different

depths is that the gas hydrate stability zone was moved upward

Figure 7. The relation between gas hydrate saturation and imped-
ance ratio. The curve is fit to the rock physics model at 35%,
40%, and 45% porosity of sand and clay. The small black squares
are lab measurements for 40% porosity of sand (Yun et al., 2005).
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into a shallower section by thermal flow. The two features,

interpreted as zones of highly concentrated hydrate, are similar

to the bright spots (Hornbach et al., 2003) and lens (Hornbach

et al., 2008) that were found in the Blake Ridge.

Acoustic impedance anomalies are present as layer distribu-

tion on both sides of the faults in the southern part of the study

area (H1 and H2 in Figure 8). A similar phenomenon was found

in JIP at GC955, about 55 km further south. Channel/levee

sandy sediments close to the base of the gas hydrate stability

zone are cut by faults. Highly concentrated gas hydrate is

detected in sandy sediments from logging data in the GC955 H

location (Guerin et al., 2009). Figure 8 illustrates an acoustic

impedance range from 4.2 to 4.7 (�106 kg/

m3�m/s) in the gas hydrate layers, higher than

the normal background acoustic impedance of

3.5 to 3.9 (� 106 kg/m3�m/s). This is similar

to the observation made by vertical seismic pro-

file (VSP) data in the lens in the Blake Ridge

(Hornbach et al., 2008). The strength of the

anomalies decreases away from the faults. The

character of the acoustic impedance distribution

suggests that the formation of highly concen-

trated gas hydrate needs enough gas accumula-

tion. Gas is interpreted to migrate along the two

buried faults (faults B and C in Figure 8).

The highly concentrated sheet-like gas

hydrate consists of roughly north-south trending

linear features on the plane view (Figure 9),

covering about 0.9 km2 of the study area. The

presence of gas hydrate has a maximum con-

centration of approximately 0.2 of the sediment

volume and a maximum saturation of approxi-

mately 0.5 of the pore space (Figure 10). We

compute the average hydrate concentration of

0.2 by volume. Assuming the average vertical

thickness of 20 m, the layers may contain

3.4� 109 kg of gas hydrate.

High acoustic-impedance anomalies are pres-

ent as spot distributions (S1, S2, and S3) in the

northern part in Figure 8. The strength of the

anomalies is weaker than those in the southern

part (Figure 8). The presence of gas hydrate has

a maximum concentration of approximately

0.15 of the sediment volume and a maximum

saturation of approximately 0.4 of the pore

space (Figure 10). The bright spots interpreted

from impedance sections have lower gas

hydrate saturation than those observed from am-

plitude waveform inversion in the Blake Ridge,

where gas hydrate was estimated to be 50% to

70% of pore space within the bright spots

(Hornbach et al., 2003).

The spot gas hydrate shows high variability

in vertical and lateral distribution (Figures 9

and 10). The size of spot gas hydrate ranges

from 50 m, or less, to 500 m in diameter (Fig-

ure 9). We estimate that spot gas hydrate covers

1% of the 60-km2 study area and occurs in an

average thickness of 15 m. Assuming an aver-

age hydrate concentration of 0.15 of volume,

the total methane hydrate is estimated to be 1.3� 109 kg. The

lower saturation in the spot distribution compared to the layer

distribution is discussed below.

DISCUSSION

Understanding and identifying gas hydrate systems from seis-

mic data remains a challenge. Methane is stable as a solid under

certain pressure and temperature conditions. However, in the

Gulf of Mexico, gas hydrate occurs in a dynamic nonequili-

brium system. The traditional gas hydrate indicators, BSRs and

blanking zones, are not often observed from seismic data in the

Figure 8. Inverted acoustic impedance inline 5533 from 3D seismic data. L1 is a low-
impedance layer. H1 and H2 are two high impedance layers. S1, S2 and S3 are high-
impedance bright spots.

Figure 9. Various slices through 3D acoustic impedance volume show sheet-like gas
hydrate and spot gas hydrate.
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system. We investigate gas hydrate formation, migration, and

accumulation, as well as new gas hydrate indicators.

Faulting and sand and fluid flow

Fluid flow plays an important role in the formation of gas

hydrate. A fault may provide a pathway for the migration of

fluid to form gas hydrate above the gas hydrate stability zone

(Rowe and Gettrust, 1993). In hydrodynamic environments,

although gas usually moves vertically upward due to buoyancy,

water may move in any direction. Thus, fluid (including both

water and gas) migration can be vertical along faults, which act

as pathways for fluid transport; it also can be horizontal within

high permeability sandy sediments, where water potential is not

zero. The sandy sediments may act as either pathways or inter-

mediate reservoirs to concentrate fluids (Gay et al., 2007).

Cooper and Hart (2002) illustrate that fluid/gas migrates upward

along faults extending to the seafloor and moves into reservoir

sand to form gas hydrate in a fault-flow model.

A large fault (fault A in Figure 4) deeply cuts low-saturation

gas sands in approximately 3430 m BSS in the vicinity of well

GC474 #1 (O’Brien, 2004). O’Brien indicates that gas has

escaped from the sand bodies in the dynamic system due to the

absence of a gas cap, which is consistent with these seafloor

mounds along the large fault (Figures 1 and 5). These mounds

are interpreted to be fluid expulsion features (Figure 11). Our

result shows only a small amount of accumulation of gas

hydrate within the gas hydrate stability zone in the subsurface

area near the fault (Figure 10). The phenomenon may be caused

by high heat flow and/or high-salinity fluids if the fluid migra-

tion is active or rent active (Roberts et al., 2006). The base of

the gas hydrate stability zone rises to the sea-

floor with the rapid fluid gas expulsion. Another

possible explanation is that the fault is a sealing

fault in most of the area so little free gas can

move horizontally into sandy sediments to form

gas hydrate within the gas hydrate stability

zone.

A fault zone with two buried faults (faults B

and C in Figure 4) cuts high-saturation gas sand

in deep section in the vicinity of the well

GC473 #1 (O’Brien, 2004). Gas may migrate

into the shallow section along the fault zone.

The overlying fine-grained clay with low per-

meability above the fault zone acts as a barrier

(sequence 2 in Figure 4). The barrier to migra-

tion results in gas horizontally advecting into

sandy sediments and accumulating within the

sediments. Our result shows a high accumula-

tion of gas hydrate near the top of the buried

faults in the sandy sediments within the gas

hydrate stability zone (Figure 10). Figure 8

shows where the buried faults cut the high

concentration gas hydrate layers (H1 and H2).

The migration flux is interpreted to be slower

than in the area of the large accurate faults

(Figure 11). The temperature and salinity are

moderate, so gas hydrate can accumulate in the

subsurface.

No obvious faults are found in the area of

spot gas hydrate (S1, S2, and S3 in Figures 8

and 9). Fluid migration is interpreted to be

caused by buoyancy and water flow. Fluid

moves laterally along strata boundaries and

moves vertically in permeable heterogeneities in

clays and accumulates in the fractures or sepa-

rate sand bodies (Figure 11). Gas may also pass

vertically through fine-grained sedimentary sec-

tions by diffusion (Cooper and Hart, 2002).

Presence of free gas within the gas
hydrate stability zone

Free gas has been found within the gas

hydrate stability zone at the southern summit of

Hydrate Ridge (Milkov et al., 2004; Torres
Figure 10. Slices show the predicted gas hydrate saturation 0.61 s below seafloor (a)
and 0.78 s below seafloor (b).
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et al., 2004), Black Ridge (Gorman et al., 2002), and offshore

Peru (Netzeband et al., 2005). The interbed between gas hydrate

layers H1, H2, and free gas layer L1 (Figure 8) suggests the

possibility that free gas exists within the gas hydrate stability

zone in our study area.

The possible reasons for the occurrence of free gas within the

gas hydrate stability zone could include the source of gas, the

kinetics of gas hydrate formation, and overpressure caused by

high methane flux. The structure II thermogenic gas hydrate,

which includes more ethane, propane, and isobutane than struc-

ture I methane gas hydrate, is abundant in the Green Canyon

and was found in GC185 (Sassen et al., 1999a) and GC232

(Orcutt et al., 2004). The structure II gas hydrate can form at

lower pressures and higher temperatures than the structure I gas

hydrate (Sloan, 1998). Gas hydrate is not stable under relative

high fluid flux due to high-saline brines (Milkov et al., 2004)

and heat (Ruppel et al., 2005) as a result of hydrate formation.

Hydrate, water, and free gas may not reach the thermodynamic

equilibrium in this case. Xu and Ruppel (1999) predict that

methane flux into the gas hydrate stability zone has to exceed a

critical methane flux to have free gas and gas hydrate coincide

at the base of the hydrate stability zone. A trapped free gas

accumulation under gas hydrate may lead to overpressure that

can open fractures or activate preexisting faults, so that gas

quickly migrates upwards along the fractures or preexisting

faults (Flemings et al., 2003). Our study generally fits these

models. Free gas interpreted to be within the gas hydrate layers

indicates that the fluid flow is currently active. Gas would be

associated with a commercial gas reservoir in the deep section,

which is leaking from the reservoir and migrating into the shal-

low section.

The coexistence of free gas and gas hydrate would be a local

variation of hydrate stability in a small-scale area. We do not

consider the coexistence in the microstructure rock physics

model. High P-impedance indicates highly concentrated gas

hydrate, and low P-impedance indicates free gas in the study

area. Both impedance anomalies can generate amplitude anoma-

lies in the seismic reflection section.

BSR and the gas hydrate stability zone

The classic BSR is not recognized from 3D seismic data in

our study area. Different mechanisms have been proposed for

the absence of BSR in the Gulf of Mexico. In general, insuffi-

cient gas hydrate and free gas at the base of the gas hydrate sta-

bility zone cause BSR to be absent. We interpret three reasons

for the absence of the BSR in the area. The first reason is the

sources of gas. Thermogenic gas originating from the deep sec-

tions is abundant in the study area, but microbial gas generated

in situ is deficient. The second reason may be different fluid

flux acting on different sediments. The shallow geology is com-

plex (Figure 4), in contrast to the clay-rich uniform deposits in

the Black Ridge. The observations of the seafloor expulsion fea-

tures along the arcuate fault and highly concentrated gas hydrate

in the top of the buried faults suggest focused fluid flow in the

area (Figure 11). Only little diffuse fluid flow with dissolved gas

moves vertically through the sedimentary layers (Figure 11).

Thus, there is not enough dissolved gas to exceed the critical

methane rate in the area. Highly concentrated gas hydrate and

the free gas zone below it are difficult to form in the clay sedi-

ments. Another possible reason is that the rapid sedimentation

rates cause the gas hydrate stability zone to quickly migrate

upward. Submarine landslide deposits in sequences 1 and 2 indi-

cate rapid deposition in the area. Dissolved gas toward the sea-

floor moves too slowly to accumulate hydrate and free gas in

the clay sediments.

Although BSRs are difficult to form in the clay in the Gulf of

Mexico, the highly concentrated gas hydrates are possibly found

in the sandy sediments. We suggest that high amplitude and

high-impedance anomalies may be hydrate indicators. These

anomalies are more likely to represent as local and scattered

features within the gas hydrate stability zone and may vary lat-

erally with depth in the dynamic nonequilibrium gas hydrate

system in the Gulf of Mexico. Both amplitude and impedance

anomalies in sand deposits are found in the area (H1, H2, S1,

S2, and S3 in Figure 8). The interpreted anomalies are located

within the sand-prone sediments in the western part of the study

area (Figures 8 and 9). Unlike other interpreted BSRs that trun-

cate the lithologies, the anomalies consist of several bright spots

aligning with the seafloor (S1, S2, and S3 in Figure 8). The

interpreted anomalies (H1 and H2 in Figure 8) are shallow in

the southwest because the base of the gas hydrate stability zone

moves upward due to the relatively high fluid flux (Figure 11).

The anomalies disappear in the eastern area, where the sand-

prone sediments are deeper than the base of the gas hydrate sta-

bility zone.

Accuracy of hydrate saturation

We estimate the gas hydrate saturation based on seismic

inversion and a rock physics transform. As with any seismic

inversion, seismic data quality and ambiguities associated with

the inversion affect the accuracy of the impedance. We deal

carefully with the wavelet and the initial geological model to

minimize the ambiguities during the inversion. Highly concen-

trated hydrate sediments and gassy sediments provide enough

Figure 11. Geological interpretation of the expected fluid flow
system and relation to gas hydrate formation. The rapid fluid sys-
tem transports fluid and gas along the seafloor faults, creating sea-
floor mounds. Fluid and gas migrate along the buried fault and
generate layer gas hydrate in the moderate fluid system. The slow
fluid system transports them along the lithology boundaries or
high permeability lithologic layers generating spot gas hydrate.
Thick solid arrows, rapid fluid flux; thin solid arrows, moderate
fluid flux; dashed arrows, slow fluid flux.
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impedance contrast to allow separation from nonhydrate or non-

gas sediments. Thus, estimated acoustic impedance is a viable

tool to identify highly concentrated gas hydrate and free gas.

The accuracy of the hydrate saturation is also dependent on

the gas hydrate rock physics model and the rock physics depth

trend. We assumed an average trend of clays as a background.

All estimated acoustic impedances above the background are

expected to be caused by gas hydrate occupying the pore space

of the sediments. No elder lithology extrudes into the shallow

sections in our study area; sequences 1, 2, and 3 were inter-

preted to be under the relative normal compaction. However,

local subsequences could have high-acoustic impedance because

of local geologic complexity. On the other hand, the gas hydrate

rock physics model has not been calibrated by in situ logging

data or laboratory measurements. Thus, the value of predicted

hydrate saturation may not represent realistic gas hydrate con-

centration; however, high-hydrate saturation indeed indicates the

potential for gas hydrate occurrence within sediments.

The estimated hydrate saturation provides additional informa-

tion to assess potential drilling location for gas hydrate explora-

tion, while it will be revised from the result of postdrilling. We

recommend that the prestack seismic inversion be considered in

areas of highly concentrated gas hydrate when developing a dril-

ling plan for gas hydrate exploration wells in the area. A P-im-

pedance anomaly associated with an S-impedance anomaly

would offer further confidence for the presence of gas hydrate.

CONCLUSIONS

We have qualitatively interpreted seafloor features, subsurface

faults, and seismic sequences from seismic reflection data. The

occurrence of highly concentrated gas hydrate is interpreted to

be in the sand-prone deposits in sequence 3. Seismic acoustic

inversion and a rock physics model transform provide quantita-

tive interpretability and improve the interpretation of sand-prone

gas hydrate deposits in the area. Seismic acoustic inversion can

provide quantitative interpretation for low impedance, which

can be representative of gas sands, and high impedance, which

can be representative of hydrate sands. The rock physics model

transform can quantitatively interpret the concentration of gas

hydrate and map its distribution. Integrating both qualitative and

quantitative interpretation provides a better tool for gas hydrate

interpretation.

In our study area, gas hydrate is estimated to have a concen-

tration of up to 0.2 by volume. Highly concentrated gas hydrate

is interpreted to be present as a layer distribution in 2D or a

sheet-like distribution in 3D data in the southwestern part of the

study area and present as spot distribution in other areas. Gas is

coexists with gas hydrate.

We observe the evidence that highly concentrated gas

hydrates are associated with underlying structures (seafloor

faults, buried faults, and salt) and stratigraphy (sand-prone

deposits) in the study area. Fluid migrates both vertically along

the faults and laterally within sand-prone sediments and sedi-

ment boundaries. Free gas accumulates within the sand-prone

sediments to form highly concentrated gas hydrate in the low to

moderate fluid flux environment, whereas highly concentrated

gas hydrate does not occur within the same sequence in the high

fluid flux environment. Scattered gas hydrate in discontinuous

sand bodies forms from the low fluid flux or when dissolved gas

exceeding the critical rate in the dynamic gas hydrate system.

Traditional gas hydrate indicators, classic BSRs and blanking

zones, are not found in the study area. A number of high ampli-

tude anomalies within sand-prone sediments are associated with

high acoustic impedance caused by highly concentrated gas

hydrate and low acoustic impedance caused by free gas. These

amplitude and impedance anomalies, located in the base of the

hydrate stability zone and close to the fluid flow zone, may be

considered as gas hydrate indicators.
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